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It has long been an axiom of mine that the little things  
are infinitely the most important

—Sherlock Holmes in A Case of Identity  
by Sir Arthur Conan Doyle.



This book is dedicated to our wives: Samia, Miriam,  
and Janice.
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It is fitting to now have a book dedicated entirely to the role of the microbi-
ome in our rheumatic diseases. After all, the study of the infectious origins of 
rheumatoid arthritis alone is an exercise in exploration of the modern besti-
ary. From 30,000 feet I would like to draw attention to observations that may 
help to open our minds on this topic before entering this valuable new addi-
tion to the literature which bridges the fields of rheumatic and immunologic 
diseases and microbiology.

First, while I am genuinely excited at the exploration of the interface of 
rheumatic disease etiology, pathogenesis, and natural history and the human 
microbiome, I am more basically left in wonder by how our microbiome 
shapes our relationships not just with diseases but with our sum total of expe-
riences with the natural world. Recognize that we are not humans at all but 
exist as superorganisms or holobionts who have been imprinted with a 
remarkable spectrum of microbial entities whose own interests may not coin-
cide with ours at any given time. Furthermore and even more remarkable is 
that our DNA is about 8–10% of viral origin (i.e., endogenous retroviral ele-
ments) that has created a host-parasite co-evolutionary dynamic affecting 
everything from our integrated host defenses to our behavior. Based on this 
remarkable fact alone it is imperative that we increasingly dedicate our pre-
cious resources to furthering our understanding of these relationships and 
how they contribute to enhancing health and causing disease.

Second, I would like to remind us that the study of the microbiome and its 
relationship to health and diseases is a long road and that reductionist aspira-
tions to find a microbial culprit that causes a given disease or to therapeuti-
cally manipulate the microbiome through microbial supplements or dietary 
change are likely to be unrewarding, at least for now. Study of the microbi-
ome in many ways, including the massive global efforts to categorize it such 
as the Human Microbiome Project and the Earth Microbiome Project, remind 
me in many ways of the excitement and effort poured into the Human Genome 
Project which in the end taught us relatively little about specific human dis-
eases but opened up a Pandora’s box of ever new questions to be addressed. 
While we hope that some clarion concepts may arise from such reductionist 
approaches to the microbiome, we may find ourselves in the same situation, 
facing an ever increasing and complex set of questions to address if we are to 
move forward. To do so I urge us all to think expansively and consider how 
our microbiome interacts with other networks such as our food supply, our 
environment, and our society.
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So with these humbling caveats which hopefully remind us of our small 
vantage point in our complex world I welcome you to The Microbiome in 
Rheumatic Diseases and Infection.

 Leonard H. Calabrese
Department of Rheumatic and Immunologic Diseases 

College of Medicine of Case Western Reserve University 
Cleveland, OH

USA
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RA Rheumatoid arthritis

 Past: Surprising Insights into 
Today’s Microbial World

All disease starts in the gut.—Attributed to 
Hippocrates

In the 1670s, Antony van Leeuwenhoek was 
the first to describe the presence of bacteria, which 
he described as “animalcules of the most minute 
size which moved themselves about very energeti-
cally [1].” Very little progress was made toward 
identifying or characterizing bacteria over the next 
two centuries. Infectious agents had not, it appears, 
captured the attention of the scientific community 
until Louis Pasteur promoted the concept that 
germs can cause transmissible disease, and Pasteur 

as well as Robert Koch further contributed to the 
field by developing techniques to culture bacteria 
[2]. As reviewed in 1911 [1], in the 1870s, two 
independent groups detected the presence of bac-
teria in stool. However, much of the work at the 
time, quite understandably, was focused on isola-
tion of specific organisms associated with devas-
tating diseases. Along those lines, there were some 
major discoveries at the time, including discovery 
of the bacteria causing anthrax in the blood of a 
dead animal accompanied by the demonstration 
that the disease could be transmitted through injec-
tion of the blood into a healthy animal as well as 
isolation and identification of the bacteria causing 
such diseases as tuberculosis, bacterial dysentery, 
and cholera [1]. Of note, the investigator who dis-
covered both Mycobacterium tuberculosis in 1882 
and Vibrio cholerae in 1884, Robert Koch, is still 
known today for his work proving pathogenicity 
of these bacteria.

Interest in the intestinal microbiota as a 
whole did not emerge until early in the twentieth 
century. Elie Metchnikoff had a rather dismal 
view of the microbiota, fearing that it released 
toxins into the systemic circulation that pro-
duced senility, and he therefore advocated alter-
ing the colonic microbiota [3]. An extreme 
method of doing so, which gained some attrac-
tion in the early twentieth century, was colec-
tomy. There were some adherents to this belief, 
including Dr. Arbuthnot Lane, who performed 
colectomy or colonic bypass for a variety of 
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indications [4]. By the 1920s, this procedure 
had fallen out of favor [3].

A more nuanced view of the intestinal micro-
biota was offered by Arthur Kendall, who hypoth-
esized that they were typically benign, unless the 
host is colonized with specific pathogenic agents 
[1]. That the intestinal microbiota was essential 
for the health of the host was initially demon-
strated in 1915, through studies on germ-free 
chicks, which showed poor development of the 
germ-free animals starting at 10 days of life [5]. 
These observations resulted in the conclusion 
that “man has a bacterial population in his intes-
tinal tract; that under normal conditions the 
organisms in the intestinal tract are fairly charac-
teristic and constant; normally they are harmless; 
[and] they may be protective [5].”

In addition to work in germ-free animals, sev-
eral further lines of current research into the 
microbiota had their start 100 years ago. One of 
them is the functional capacity of intestinal bacte-
ria, which today is studied through such tools as 
shotgun sequencing of microbial DNA and mass 
spectroscopy of fecal and plasma metabolites. 
Ford initially noted that bacteria differ in their 
ability to metabolize carbohydrates and proteins, 
characterizing bacteria into two categories: fer-
menters (carbohydrates metabolizers) and putrifi-
ers (protein metabolizers) [6]. Kendall extended 
these findings, observing that “Food largely deter-
mines the type of intestinal bacteria [1].” 
Specifically, diets rich in carbohydrates resulted 
in the generation of bacteria with increased capac-
ity to metabolize carbohydrates. Today, it is well 
recognized that fiber-rich diets result in increased 
abundance of bacteria capable of metabolizing 
complex carbohydrates [7]. While carbohydrate 
and protein metabolism were the focus of atten-
tion in the first two decades of the twentieth cen-
tury, by mid-century, the microbial effects on 
multiple other endogenous substances were stud-
ied, including B-complex vitamins [8–10], vita-
min C [11], and cholesterol [12].

Another area of active interest today that had 
its roots 100 years ago is interest in treating dis-
ease through alterations in the intestinal micro-
biota. While today’s efforts, as will be seen 
throughout this textbook, focus on the treatment 

of chronic inflammatory diseases, interest in the 
pre-antibiotic era was in the management of 
infectious diseases. As discussed above, colec-
tomy was an extreme method of altering the 
intestinal microbiota, but not the only one. Diet 
has long been recognized as a very effective 
means of doing so, beginning with observations 
from 1911 that bottle-fed and breast-fed infants 
had substantially different microbial populations, 
with these studies even showing increased 
“homogeneity” of the intestinal microbiota in 
bottle-fed infants [1]. These observations are a 
precursor to recent findings showing decreased 
alpha diversity in bottle-fed compared to nursed 
infants [13]. Torrey as well noted that diet 
strongly influenced the contents of the microbi-
ota, writing “It has been my experience that the 
intestinal flora of dogs reacts very promptly and 
with great uniformity to changes in diet [14].” 
Kendall proposed using simple sugars to alter the 
microbiota as a therapeutic tool for bacterial dys-
entery, thus in effect introducing the first instance 
of a therapeutic prebiotic [1]. Lane followed ther-
apeutic colectomies in the first decades of the 
twentieth century with introduction of pure cul-
tures of bacteria, first Lactobacillus bulgaricus 
and later Lactobacillus acidophilus, an early use 
of probiotics [3]. In perhaps the first published 
fecal microbial transplant, Dalton transplanted 
Escherichia coli from a healthy subject to a child 
undergoing antibiotic therapy for meningitis, 
reporting that rectal but not oral administration of 
the organism resulted in successful uptake and 
may have contributed to resolution of the illness 
[15]. In 1955, Winkelstein evaluated Lactobacillus 
acidophilus as a therapeutic agent in 53 subjects 
with a variety of intestinal disorders, including 
ulcerative colitis, reporting mixed results [16]. 
For the most part, however, interest in probiotics 
remained low until the 1990s [3].

Loss of interest in probiotic therapy as a tool 
to alter the microbiota may have been due to the 
development of antibiotics, with penicillin intro-
duced in 1928 and many others to follow. 
Improved public health measures in developed 
nations, including vaccinations and improved 
hygiene, likely also dampened enthusiasm in 
research into microbial-based therapy of intestinal 
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infections. In any event, the widespread use of 
antibiotics spurred interest in the 1940s and 
1950s on the effect of these therapies on the con-
tents of the intestinal microbiota [17–20] and 
subsequently on the development of antibiotic 
resistance [21]. Another line of research in that 
era that pertained to antibiotics, which at the time 
was largely of interest to the agricultural field, 
were the effects of antibiotic therapy on the 
growth of livestock. Several studies demonstrated 
that young animals fed antibiotics demonstrated 
increased growth [22–24]. Observations that 
these growth-promoting effects of antibiotics did 
not occur in germ-free animals [25] and were 
associated with increased efficiency of absorp-
tion of dietary fatty acids [26] resulted in the con-
clusion that changes in the fecal microbiota 
mediated the increased weight gain of young ani-
mals treated with antibiotics [26]. Although this 
practice has fallen in disfavor due to concerns of 
transmission of antibiotic-resistant bacterial 
pathogens to humans, interest in the effects of 
antibiotics on growth remains, with a recent 
study showing that early exposure to antibiotics 
may be associated with an increased risk of child-
hood obesity [27].

One final theme that emerged in the 1950s and 
is germane to this textbook is the association of 
the intestinal microbiota with autoimmune dis-
eases, including those not intrinsic to the gastro-
intestinal tract. Perhaps the first such study was 
published by Seneca, who reported increased 
total and coliform bacteria in the feces of 15 
patients with UC as compared to four healthy 
controls [28]. Studies in the 1950s evaluated the 
intestinal microbiota in pediatric celiac disease 
[29] and acne [30]. Subsequent early studies on 
the intestinal microbiota were published in Crohn 
disease in 1969 [31], rheumatoid arthritis (RA) in 
1966 [32], and ankylosing spondylitis (AS) in 
1978 [33].

Ultimately, all of these efforts were limited by 
technology. For 100  years following the resur-
gence of interest in the intestinal microbiota, the 
only tool available to characterize them was cul-
ture, which we know today to be a highly ineffi-
cient means to characterize bacteria. It is often 
cited that only 20% of intestinal bacteria can be 

cultured [34]. Although this number may be 
higher [35], many of these bacteria require spe-
cialized media, and anaerobic culture is also 
technically demanding. In 1977, Carl Woese 
introduced the concept of identifying bacteria 
according to their ribosomal 16S DNA sequence 
[36], and 10 years later he published an immense 
database of bacterial 16S sequences [37]. This 
permitted use of DNA probes to characterize bac-
terial communities, and this technology was used 
in studies of RA [38] and AS [39] to name but 
two. However, the real explosion in microbial 
DNA technology had yet to come.

 Present: “Democratization 
of Metagenomics”

The intestinal tract is a wonderfully perfect incuba-
tor and culture medium combined… It must be 
evident that the direction that this flora takes will 
not be without influence upon the host.—Arthur 
Kendall (1911)

The last 10 years has witnessed an explosion 
of research into the microbiota. A PubMed search 
of microbiome or microbiota identified nearly 
40,000 publications, the vast majority of which 
are under 10–15 years old. This research has been 
enabled by advances not only in sequencing tech-
nology but primarily in computing power; indeed, 
a typical smartphone contains more than 100,000 
times the computing power of those that launched 
the lunar mission in 1969. More recently, even 
the initial sequencing of the Human Genome 
Project costs over $3  billion and took approxi-
mately 13  years, whereas today, the estimated 
cost of whole human exome sequencing is under 
$1000 http://www.genome.gov/sequencingcosts/ 
(accessed December 18, 2017). Due to the lower 
costs, investigators around the world are able to 
contribute to the field, a capacity that Jeff Gordon 
dubbed the “democratization of metagenomics 
[40].” These efforts around the world have been 
tremendously supported by massive centralized 
efforts to catalog the microbiota: the Human 
Microbiome Project in the United States [41] and 
Euro-HIT in Europe [42]. Thanks in no small part 
to these efforts, reference databases contain over 
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1.4 million bacteria and 53 thousand archaea [43] 
as of the end of 2016.

Much of the human work involving the micro-
biome consists of identifying differences in the 
microbiota between patient groups, e.g., those 
with versus without a particular disease. Such 
work is open to criticism that these differences 
are associative, but do not necessarily reflect a 
causal relationship. That is, the inflammatory 
milieu associated with a particular disease, or 
even its treatments, may result in alterations in 
the microbiota that are challenging to control for 
using comparison groups of healthy individuals. 
However, important work in animals and even in 
humans to some extent has shown the power of 
the microbiota to shape the disease, as well as the 
therapeutic potential of alterations of the 
microbiota.

Multiple animal models of inflammatory dis-
ease are attenuated or in some cases accelerated 
when the animals are raised in a germ-free set-
ting, either in a true gnotobiotic facility or 
through treatment with broad-spectrum antibiot-
ics. These include models of RA [44], ulcerative 
colitis [45], and chronic noninfectious osteomy-
elitis [46]. In each of these models, disease was 
highly attenuated in the germ-free state, and, fur-
thermore, Koch’s postulates of disease causation 
were partially established by recurrence of the 
disease when the microbiota were reintroduced 
into the animals.

A striking example of mediation of disease 
through the microbiota is the transfer of the obe-
sity phenotype. Turnbaugh et  al. studied mice 
that were genetically programmed to develop 
obesity based upon mutations in the gene coding 
for the satiety signal leptin [47]. Obese mice had 
increased Firmicutes in their intestines, findings 
typical in the obese state. Impressively, transfer 
of the fecal microbiota to germ-free mice resulted 
in increased weight gain among mice that 
received microbiota from obese as compared to 
lean mice. There were no differences in chow 
consumption, so this difference reflected 
increased energy harvest.

Another example is the HLA-B27 transgenic 
rat model of spondyloarthritis. Typically, trans-
genic rats develop a spontaneous arthritis, orchi-

tis, and colitis. When raised in a sterile 
environment, the rats are protected against arthri-
tis and colitis [48]; however, disease recurs when 
the animals are exposed to a cocktail of bacteria 
that includes Bacteroides vulgatus [49].

Human studies as well demonstrate that the 
microbiota can impact inflammatory diseases. 
One interesting illustration of this came from 
research in infants at risk for type I diabetes mel-
litus based upon HLA types [50]. The investiga-
tors obtained serial fecal specimens from 33 at-risk 
children from birth through age 3  years, finding 
that changes in the contents of the fecal microbiota 
preceded development of clinical disease.

Similarly, a study of adults with newly diag-
nosed RA showed an expansion of a single organ-
ism, Prevotella copri, in 75% of newly diagnosed 
subjects, that was not seen in healthy controls or 
established patients [51]. The pathogenic nature 
of this species was further demonstrated by oral 
gavage of mice, which resulted in colitis.

Finally, the impact of the microbiota on human 
disease is illustrated by therapeutic responses to 
treatment, possibilities that are still in their infancy. 
While antibiotic [52] and probiotic [53] therapy 
have long been a mainstay of treatment of inflam-
matory bowel disease, there has been increasing 
interest in the potential role of fecal microbial 
transplantation [54]. Additionally, it is clear that 
dietary manipulation through the use of exclusive 
enteral nutrition (EEN) can induce remission of 
inflammatory bowel disease (IBD) as effectively 
as can corticosteroids [55, 56], and EEN has also 
been reported to be beneficial in children with 
juvenile idiopathic arthritis [57]. Although dietary 
changes can induce rapid shifts in the microbiome 
[58], it is not clear whether the beneficial effects of 
dietary changes are mediated through the microbi-
ome or some other mechanism. It remains to be 
seen whether microbial manipulation will have 
similar effects in other diseases.

It is not at all surprising that alterations in the 
microbiota can impact inflammatory diseases. 
The microbiota is required for normal develop-
ment of the immune system [59], and the 
 intestinal microbiota in particular represents the 
largest mass of microbial antigen and adjuvant 
that is encountered in life, thus setting the stage 
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for marked effects on systemic and mucosal 
immune systems [60]. Indeed, antibodies directed 
against commensal microbial components are 
present and potentially pathogenic in a variety of 
autoimmune diseases, including IBD [61], spon-
dyloarthritis [62], and RA [63].

Finally, it bears mentioning that certain micro-
biota may also be beneficial. Not only are certain 
bacteria generally considered protective (e.g., 
Faecalibacterium prausnitzii in IBD (Chap. 19)), 
but there is a body of literature that an entire class 
of organisms, helminth parasites, may also be 
protective against allergic or autoimmune dis-
eases. The data in mice were summarized in a 
recent review [64]. Evidence that parasitic infec-
tion may be protective against allergy or autoim-
munity is as follows: (a) A meta-analysis 
determined that current infection with an intestinal 

parasite was associated with reduced risk of aller-
gic sensitization [65]; (b) worldwide rates of mul-
tiple sclerosis and parasitic infestation show an 
inverse correlation [66]; and (c) in an area endemic 
for filarial parasites, patients with RA were sig-
nificantly less likely to be infected as compared to 
healthy controls [67]; an observational study of 
multiple sclerosis patients demonstrated that hel-
minth infection was associated with reduced dis-
ease progression [68]. It does bear mention, 
however, that some studies have shown contradic-
tory data with respect to helminth infection and 
atopic diseases [69–71], and consequently not all 
investigators have been convinced by the epide-
miologic data [72]. Additionally, interventional 
studies of live parasites in a variety of human 
autoimmune disorders have generally shown 
mixed results (Table 1.1).

Table 1.1 Therapeutic trials of parasitic worms

Study Patient population Study design Parasite Outcome
Allergic rhinitis
[79] 100 adults RCT Trichuris 

suis
No improvement in symptoms

[80] 100 adults RCT Trichuris 
suis

No changes in allergic reactivity

Asthma
[81] 30 adults RCT Necator 

americanus 
larvae

No improvement in airway hyperreactivity

[82] 32 adults RCT Necator 
americanus 
larvae

No improvement in airway hyperreactivity

Inflammatory bowel disease
[83] 4 adults with CD 

and 3 with UC
OL, 
uncontrolled

Trichuris 
suis

6/7 achieved remission for at least part of the study 
period

[84] 29 adults with 
CD

OL, 
uncontrolled

Trichuris 
suis

At week 24, 21/29 (72%) responded; 23/29 (79%) met 
criteria for remission

[85] 54 adults with 
UC

RCT Trichuris 
suis

Favorable response seen in 13/30 (43%) in the 
treatment group versus 4/24 (15%) controls (p = 0.04). 
Remission occurred in ≤10% in both groups

[86] 36 adults with 
CD

RCT Trichuris 
suis

Improvements in symptoms seen in placebo and 
treatment groups; no comparisons performed

Multiple sclerosis
[87] 5 treatment- naïve 

adults
OL, 
uncontrolled

Trichuris 
suis

Decrease in number of new MRI lesions from 6.6 to 2; 
no change in self-reported symptoms

[88] 10 adults OL, 
uncontrolled

Trichuris 
suis

Increase in number of new MRI lesions from 6 to 21

[89] 16 treatment- 
naïve adults

OL, 
uncontrolled

Trichuris 
suis

Nonsignificant improvement in MRI lesions; 
self-reported improvement in symptoms in 12/16

CD Crohn disease, MRI magnetic resonance imaging, OL open-label, RCT randomized controlled trial, UC ulcerative 
colitis
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It is of particular interest that we have come full 
circle in our understanding that some of the 
chronic rheumatic diseases may have microbial 
causes. Over a century ago, C. Fred Bailey pro-
posed that RA was likely caused by toxins elabo-
rated by microorganisms, which potentially 
resided in the joints, nasopharynx, or gastrointesti-
nal tract [73]. Sulfasalazine was developed as a 
therapeutic agent on the basis of this assumption 
that RA is an infectious disease [74]. Indeed, as 
discussed in the RA chapter (Chap. 15), there have 
been multiple successful trials of antibiotics in 
RA, yet by the late twentieth century, the notion 
that this was an infectious illness was abandoned, 
and the effectiveness of antibiotics was attributed 
to intrinsic anti-inflammatory effects of these 
agents [75]. Yet now, as shall be discussed as well 
in the RA chapter (Chap. 15), there is substantial 
evidence that specific microbes and their associ-
ated inflammatory properties underlie the disease.

 Future: Microbiota-Based 
Therapeutics or Prevention

A lack of knowledge of the normal intestinal bac-
teria and their relations will be a serious handicap 
in recognizing the abnormal bacteria and their rela-
tions… Arthur Kendall (1911)

Much work lies ahead to understand not only 
the contributory role of the microbiota to the dis-
ease but also the extent to which microbial 
manipulation may have therapeutic potential. As 
with any medication, this will require well- 
designed randomized studies to assess safety and 
efficacy. Many rheumatologists are familiar with 
the concept of a “window of opportunity” to treat 
an inflammatory disease. We are also familiar 
with the idea that the disease process begins long 
before the first symptom emerges, as illustrated 
by lupus-associated antibodies being formed 
years before the clinical onset of disease [76]. For 
diseases mediated by the microbiota, the window 
may be long before even the first disease mani-
festation. We will learn in the juvenile idiopathic 
arthritis (JIA) chapter (Chap. 17) of evidence that 
elevated fecal Bacteroides in JIA may reflect not 
intrinsic pathogenicity of this genus but altered 

immune development on account of it. We are 
also learning that early childhood events affect-
ing the gut microbiota may influence the risk not 
only of pediatric autoimmune disease but possi-
bly even adult disease as well. Gordon proposed 
the concept of microbial prevention, such as 
administering probiotics to infants immediately 
after birth, or even to their mothers just before 
delivery [40]. Probiotic studies involving infants 
have shown benefit in reducing the risk of type I 
diabetes [77] and atopy [78]. Thus, the future of 
microbiota-based therapeutics may prove to be as 
much of a public health measure as therapeutic 
measures for individual diseases.
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Abbreviations

CD Clostridium difficile
CD Crohn’s disease
CDI Clostridium difficile infection
DGGE Denaturing gradient gel electrophoresis
FACS Flow cytometry (FCM) fluorescence- 

activated cell sorting (FACS)
FISH Fluorescence in situ hybridization
GC-MS Gas chromatography-mass 

spectrometry
MAR Microautoradiography
OTU Operational taxonomic unit
RTF Reduced transport fluid
SIMS Secondary ion mass spectrometry
SIP Isotope-labeled substrates
TGGE Temperature gradient gel 

electrophoresis
T-RFLP Terminal restriction fragment length 

polymorphism

 Introduction

We live in a world dominated by microbes [1]. In 
fact, various environments, including multicellular 
organisms, are inhabited by a myriad of complex 
and diversified microbial assemblages. The com-
plete set of microorganisms that resides in a given 
habitat is referred to as “microbiota” and combines 
diverse microbial species such as bacteria, viruses, 
and fungi. Through this chapter, we will be mainly 
focusing on the bacterial communities that are 
associated with several human body sites.

 Microbiota Research: From Culture- 
to Molecular-Based Methods

Until early in the twenty-first century, studies of 
microbiota were traditionally addressed using 
culture-dependent methods. Culture of pure 
microbial colonies using selective and diverse 
culture media (solid, semisolid, and liquid), 
which take advantage of the distinctive metabolic 
properties of the microorganisms, has enabled 
isolation, identification, and characterization of 
several microbial species, ultimately defining 
treatments against many pathogenic microbes [2, 
3]. Nowadays, culture methods continue to be an 
approach in exploring microbial diversity [4–7] 
and are central for identifying pathogenic organ-
isms from clinical specimens. However, numerous 
microbial species show fastidious growth 
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requirements which render their isolation and 
identification extremely challenging. In fact, cul-
turable bacteria in laboratory conditions repre-
sent solely a tiny fraction of the entire bacterial 
diversity, and the unculturable species play 
essential roles in community functioning such as 
synthesizing and degrading key components [8]. 
Besides missing the unculturable members of the 
community, differences in growth requirements 
across different species potentially lead to biases 
in describing the relative abundances of the taxa 
within a mixed community. Indeed, bacteria with 
less fastidious growth requirements likely over- 
compete the more challenging species, thus pro-
viding an inaccurate estimation of the real relative 
abundances of the species within a community. 
Fortunately, over the last decades, methods of 
microbiota investigation have tremendously 
improved, allowing deep, detailed, and complete 
characterization of the microbial components in a 
given environment (Table 2.1). Specifically, with 
the introduction of the bacterial 16S rRNA genes 
described by Pace et al. [9] that harbor hypervari-
able and much conserved regions which permit 
the identification and reconstruction of the bacte-
rial phylotypes phylogeny, the strong advance-
ment of molecular-based approaches, and 
sequencing technologies, the field of microbiome 
research has massively expanded and host- 
microbiota interactions became a central interdis-
ciplinary area of research in health and disease.

 High-Throughput Sequencing 
of 16S rRNA Genes and Whole 
Community Profiling

With the aim to identify and quantify the relative 
abundances of microbial species, the 16S rRNA 
genes are amplified, commonly using primers that 
target one or two hypervariable regions such as 
V1–V2, V3–V4, or V6 regions. The primers for 
each sample contain a unique barcode sequence 
which allows merging several samples together in 
one sequencing run. Substantially, PCR products 
are pooled together at identical concentration and 
sequenced using high- throughput sequencing 
technology such as the Illumina platform [10, 11]. 

Of note, primer choice is crucial and might impact 
the detection of certain microbial species and thus 
impact the downstream analyses. Indeed, the abil-
ity to discriminate between diverse species is 
essential in clinical investigations. In this line, 
previous studies reported that the choice of the 
V1–V3 region is valuable in discriminating 
between common skin resident bacteria espe-
cially the Staphylococcus species [12, 13]. Deep 
sequencing of 16S rRNA genes offers phyloge-
netic and quantitative data, including for unknown 
species; however, phylogenetic definition depends 
on available databases, and the technique suffers 
from PCR biases and remains relatively expensive 
and laborious.

Whole community approaches or the so-called 
“omics” are advancing the characterization of 
microbial assemblages by addressing several 
community aspects. The Human Microbiome 
Project Consortium [14] employed metagenomics 
approach, which is based on the massive and par-
allel sequencing of the entire genomes of micro-
bial communities associated with several human 
body sites. This technique takes advantage on 
genomics, sequencing tools, as well as bioinfor-
matics analyses to define the genetic content of all 
community members and infer their functions 
[15]. The study reported higher stability among 
individuals at the level of bacterial metabolic 
pathways, whereas the structural disparities 
assessed via sequencing the 16S rRNA genes 
were substantial. Similarly, Oh et al. [16] applied 
metagenomics technique to the skin microbiota 
and reported that the microbial functional diver-
sity varied along the different skin sites.

While metagenomics reveal the potential func-
tions of the complete collection of microbes, it 
does not define the actual physiological or meta-
bolic status of the community members. 
Metatranscriptomics provide further information 
about the current activity state. In fact, this method 
which requires RNA isolation identifies the rela-
tive expression of genes in a community, without 
characterizing the actual or direct enzymatic 
activity. Recently, Maurice et al. [17] defined the 
active part of gut- associated microbial communi-
ties in human using metatranscriptomics and 
revealed that the gut harbors a distinctive set of 
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active species compared to the present species 
defined on the DNA level. Ultimately, metapro-
teomics provide information about the actual 
enzymatic functions that are expressed in a com-
munity [18]. Erickson et al. [19] took advantage 

of the improvements in protein isolation and prep-
aration techniques reviewed by Xiong et al. [20] 
and combined shotgun metagenomics and meta-
proteomics methods to characterize and identify 
potential functional signatures of human gut 

Table 2.1 Description of various methods employed in microbiota research

Method Description Data provided
Culture Isolation of bacteria on selective culture 

media and growth conditions
Identification and characterization of 
metabolic properties of the bacteria

Direct and high-
throughput sequencing 
of 16S rRNA

Amplification of a hypervariable region 
of the 16S rRNA and massive parallel 
sequencing of the amplicons

Phylogenetic identification and quantification 
of bacteria of also unknown sequences

qPCR Amplification of 16S rRNA with 
fluorescence labeled, primers or probes

Phylogenetic identification and quantification 
of species of known sequences

Cloning of the 16S 
rRNA

Amplification of full-length 16S rRNA 
gene using broad primers, cloning, and 
Sanger sequencing

Phylogenetic identification of bacteria

Microbiota array Amplification of full-length 16S rRNA 
gene with degenerate primers; 
amplicons hybridize to an array that 
contains a set of specific probes

Phylogenetic identification and quantification 
of bacteria species of known sequences

Gram staining Staining of bacteria cells based on the 
composition of the cell wall

Detection, localization, visualization, and 
sorting of bacteria species

Immunofluorescence Binding of an antibody, linked to a 
fluorophore, and a specific bacterial 
antigen, e.g., lipopolysaccharide which 
generates fluorescence signal

Detection, localization, identification, and 
visualization of bacterial structure for 
bacteria of known sequences

Fluorescence in situ 
hybridization (FISH)

Fluorescence-labeled probes target the 
16S rRNA genes of total and specific 
bacteria taxa

Phylogenetic identification, localization, 
visualization, and quantification of microbial 
presence and activity of known sequences

Microautoradiography 
(MAR)

Substrate absorption is quantified using 
radioactive-labeled substrates

Determination of the physiological status of 
a single cell

Temperature gradient 
gel electrophoresis 
(TGGE) and denaturing 
gradient gel 
electrophoresis (DGGE)

Gel separation of 16S rRNA PCR 
products using temperature or chemical 
denaturation

Comparative and quantitative assessment of 
bacterial profiles

Terminal restriction 
fragment length 
polymorphism T/RELP

16S RNA is amplified using 
fluorescence-labeled primers; amplicons 
are digested with restriction enzymes 
and separated by gel electrophoresis

Quantitative  assessment of bacterial profiles

Flow cytometry (FCM) 
fluorescence-activated 
cell sorting (FACS)

Cell sorting based on cell properties 
including metabolic activity, cell 
damage, growth rate, gene content, and 
transcription levels

Definition of cell categories within a 
community based on the chosen sorting 
criteria, e.g., highly active vs. dormant cells

Mass spectrometry Stable isotope labels of bacterial 
components such as peptides

Quantifies the actual metabolic activity 
within a single cell

Whole community 
profiling “omics”

Massive parallel sequencing of whole 
genome, transcriptome within a 
community

Phylogenetic identification, quantification, 
and reconstitution of functions, activity, and 
metabolic properties of the collection of 
microbes within a community

Single-cell omics Whole genome, transcriptome, or 
proteome sequencing of a single cell, 
e.g., single-cell RNA sequencing 
(scRNA-seq)

Definition of gene content, function, activity 
and metabolic status of a single microbial 
cell
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microbiota in the context of Crohn’s disease. This 
pioneering study reported novel differences in 
microbial communities between healthy and dis-
eased individuals that include several genes, pro-
teins, and pathways. An additional technique 
includes metabolomics, which focuses on the 
metabolome, i.e., the entire collection of metabo-
lites such as hormones, and signaling molecules 
which belong to a given sample (e.g., cell, organ-
ism, and community). This method aims to define 
the metabolic profile by identifying, characteriz-
ing, and quantifying the metabolites of interest, as 
well as describing the biochemical pathways of 
metabolites. Antharam et al. [21] investigated the 
contribution of specific gut microbes to fecal 
metabolites in Clostridium difficile-associated gut 
microbiome. The researchers employed gas chro-
matography-mass spectrometry (GC-MS) and 
16S rRNA deep sequencing, to analyze the 
metabolome and microbiome of fecal samples of 
patients suffering from C. difficile infection and 
from healthy controls. This study identified 63 
human gut microbes with cholesterol-reducing 
activities, thus supporting a potential role of 
microbial components in host lipid metabolism. 
Overall, mass spectrometry quantifies the actual 
metabolic activity. This technique combines sta-
ble isotope labels and Raman microspectroscopy 
or secondary ion mass spectrometry (SIMS) [22, 
23]. In addition, nuclear magnetic resonance 
spectroscopy technology is also employed to 
characterize the metabolic profile of the microbial 
communities. Mass spectrometry methods are 
powerful in terms of coverage, sensitivity, and 
quantification to characterize the metabolic prop-
erties of the cells including uncultured microor-
ganisms and associate the structure and function 
in complex microbial assemblages. To date, these 
techniques remain fairly expensive.

In short, whole community approaches are 
focusing on a global characterization of the 
microbial species within a community; nonethe-
less, these techniques remain relatively costly, 
while the process of data analyses is laborious 
and time costly. Of note, annotations of the vari-
ous databases (e.g., reference genomes, tran-
scripts) continue to expand, to improve the 
accuracy of study’s conclusions [24].

 Beyond the 16S rRNA High- 
Throughput Sequencing

While sequencing of the 16S rRNA phylogenetic 
marker revolutionized the field of microbiome 
research, this approach provides a subset of infor-
mation on the microbial assemblages, and addi-
tional techniques are valuable in providing 
supplementary pieces of information on several 
community aspects.

 Quantitative PCR

Real-time PCR is frequently employed to iden-
tify and quantify microbial taxa, while quantifi-
cation is based on the measure of fluorescent 
signals from primers or probes; identification is 
based on the use of specific primers that are com-
monly designed for the 16S rRNA gene [25, 26]. 
The specific primers target various taxonomical 
levels such as genus or species. Real-time PCR is 
sensitive and accurate, yet it is subject to PCR 
biases and targets solely taxa of known sequences. 
It is frequently used to confirm findings obtained 
through deep sequencing of the 16S rRNA gene.

 Cloning of the 16S rRNA Genes

In this technique, 16S rRNA genes are amplified 
using broad-range primers; then PCR products are 
purified and cloned. A high number of colonies are 
randomly picked and processed for Sanger 
sequencing, and phylogenetic identification is per-
formed using a classification database tool [27, 28]. 
This method provides phylogenetic data based on 
the full length of the 16S rRNA gene; however, it 
suffers from PCR and cloning biases and remains 
laborious and relatively expensive.

 Microbiota Array

The microbiota array requires the amplification 
of full-length 16S rRNA gene with degenerate 
primers. PCR products hybridize to an array that 
comprises a set of specific probes whereby the 
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specificity of the probes allows the identification 
of the taxa, while quantification of the bacterial 
taxa is achieved through the assessment of fluo-
rescence signal [29, 30]. Nevertheless, cross 
hybridization is likely to occur, and unknown and 
very low abundant microbes are challenging to 
detect.

 Staining-, Histology-, 
and Microscopy-Based Methods

Spatial localization of microbes is critical in the 
characterization of microbial assemblages. 
Accordingly, Nakatsuji et  al. [31] investigated 
whether microbial species localize in deep sec-
tions of the skin and combined several staining 
techniques. Gram staining was employed to 
visualize and localize the bacterial structure 
across various skin layers. This technique dis-
criminates bacteria based on the chemical and 
physical properties of their cell walls through 
detection of peptidoglycan, a structure present in 
Gram- positive bacteria [32]. Moreover, immu-
nofluorescence was used to target particular bac-
terial structures. This technique is based on the 
specificity of an antibody to its antigen, e.g., 
lipopolysaccharide, whereby the specific bind-
ing triggers fluorescent signal that permits the 
visualization of the target species [33]. These 
techniques allow the detection, localization, and 
visualization of bacterial components and dem-
onstrated that commensal bacteria are also local-
ized in deep layers of the skin. Similarly, 
fluorescence in situ hybridization (FISH), which 
requires RNA isolation and labeled probes with 
fluorescent dyes such as cyanine 3 (Cy3) and/or 
cyanine 5 (Cy5), aims to define, localize, and 
quantify the 16S rRNA gene content. Broad and 
specific probes are employed separately or in 
combination to assess total and specific micro-
bial abundance. Namely, the Eub338 targets the 
16S rRNA of most but not all bacteria and 
defines the total bacterial abundance [34], while 
probes for specific taxa, for instance, Alf968 for 
α-proteobacteria [35] and Bet42a for 
β-proteobacteria [36], allow the detection of 
uniquely these taxa. Cottrell and Kirchman [37] 

quantified the relative abundances of major bac-
terial species inhabiting an estuary, while Earle 
et al. [33] quantified taxa abundances in different 
sections of the mouse gut. Both studies com-
bined FISH and high-resolution microscopy. Of 
note, high-resolution microscopy and image 
analysis permit the description of relevant cell 
properties such as volume and size.

In addition to identifying, localizing, and 
quantifying the relative abundances of distinct 
taxa within a mixed community, FISH can be 
combined with microautoradiography (MAR), a 
technique employed to define the physiological 
state of a single cell. MAR is based on quantify-
ing substrate absorption using radioactive-labeled 
substrates; for example, it can identify cells spe-
cifically uptaking radiolabeled leucine. Thus, 
MAR defines the metabolic state of the cell [38], 
while FISH provides phylogenetic data, and the 
two procedures can be used in tandem to identify 
which bacteria are metabolizing a specific com-
pound of interest. Overall, these techniques are 
sensitive and accurate, though they do not define 
unknown species.

 Electrophoresis-Based Methods

Methods that apply electrophoresis include the 
terminal restriction fragment length polymor-
phism (T-RFLP), which is based on fluorescently 
labeled primers that amplify 16S rRNA genes, 
whereby restriction enzymes digest the amplicons 
and the fragments are separated by gel electro-
phoresis. Sizes of every sample’s terminal frag-
ments are defined via sequencing and fluorescence 
intensity [39]. Similarly, temperature gradient gel 
electrophoresis (TGGE) and denaturing gradient 
gel electrophoresis (DGGE) use either a tempera-
ture or chemical gradient, respectively, to dena-
ture the sample during the migration process on 
an acrylamide gel. At last, sample specific profiles 
are generated during migration [40]. Zoetendal 
et al. [41] compared the composition of the active 
and present bacteria in human fecal samples by 
applying temperature gradient gel electrophoresis 
of 16S rRNA genes. Terminal restriction fragment 
length polymorphism and gradient gel electro-

2 Methods for Microbiota Analysis: Sample Collection and Laboratory Methods



18

phoresis provide only quantitative data, and 
henceforth are outdated methods.

 Flow Cytometry (FCM)

Flow cytometry is a great tool that permits fast 
and simultaneous analysis of millions of cells. 
The microbial cells are held in suspension and 
exposed to a strong source of light, so that fluo-
rescence signals for every single cell are col-
lected and recorded [42]. Flow cytometry sorts 
cells based on different characteristics such as 
size, shape, intracellular content, or membrane 
integrity [17]. For example, cell damage, or 
whether a cell is deceased, can be investigated 
by examining the membrane integrity using 
exclusion dyes (PI, EtBr, TOPRO dyes). 
Furthermore, the enzymatic activity is assessed 
via quantifying the esterase activity, while 
nucleic acid content, to define cell activity lev-
els, is measured using nucleic acid dyes such as 
SYBR Green or SYTO 13. An additional exam-
ple includes substrate usage, which is quantified 
through isotope- labeled substrates (SIP). 
Recently, Peris-Bondia et  al. [43] investigated 
the active fraction of human gut microbiota by 
measuring the nucleic acid content using 
Pyronin-Y, a fluorescent dye for total RNA, to 
sort the cells into categories based on the activity 
levels. A recently developed technique involves 
sorting intestinal bacteria based upon adhesion 
to mucosal IgA, with IgA+ bacteria demonstrat-
ing greater ability to mediate colitis [44]. Flow 
cytometry performs high- throughput analysis, 
yet it does not define the phylogeny or the local-
ization of the microbial cells.

 Single-Cell Approaches

Single-cell approaches are valuable for charac-
terizing various properties of the cell within a 
mixed microbial community. Based on cell sort-
ing, these methods deeply describe intra- and 
intercellular variations of several properties 
including metabolic activity, cell damage, growth 
rate, gene content, and transcripts levels.

Several approaches of single-cell analyses have 
been developed and applied on microbial assem-
blages. These methods, which include whole-
genome sequencing, transcriptomics, proteomics, 
and metabolomics, do not require prior culture and 
thus potentially reveal new genomes of uncultur-
able species [45, 46]. Single-cell analysis was 
applied on an unculturable bacterium inhabiting 
the human oral cavity which belongs to the TM7 
phylum, through which the whole- genome ampli-
fication and sequencing permitted the identifica-
tion of thousands of genes and disclosed several 
microbial functional pathways. Ultimately, the 
collected genetic information likely contributes to 
understanding the culture requirements of this 
bacterium [47]. In the future, these methods will 
continue to improve to achieve deeper cell pheno-
typing, particularly when combinations of these 
analyses are performed within a single cell (e.g., 
genome sequencing, transcriptomics) [48–51].

 Combination of Various Methods 
in Microbiota Studies

While using one method is common in investigat-
ing the microbiota, the approach of integrating 
several methods is also frequently employed. 
Indeed, combination of various methods is advan-
tageous and allows the definition of complemen-
tary pieces of information on diverse community 
aspects and/or confirms each method outcome. 
Shankar et al. [52] characterized the gut microbi-
ota of human patients suffering from C. difficile 
infection (CDI) by combining microbiota array, 
high-throughput Illumina sequencing of the 16S 
rRNA genes, and fluorescence in situ hybridiza-
tion (FISH). Precisely, the microbiota array pro-
vides data on the phylogeny and abundances of 
microbial taxa, while the FISH localizes and also 
identifies the present taxa. Xu et  al. [53] com-
bined RNA sequencing and metabolomics to 
identify the pathogens in a clinical specimen in 
the context of esophageal squamous cell carci-
noma, while Yu et al. [54] combined 16S rRNA 
sequencing and metabolomics to characterize 
association between gut microbial phenotypes 
and depression. On the other hand, previous 
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studies have combined culture-dependent and 
culture-independent methods to investigate 
microbial assemblages. Molecular approaches 
successfully bring valuable insights on several 
features of a microbial community and overcome 
the inability to culture some microorganisms. 
However, comprehensive characterization of the 
physiology of microbial species and their interac-
tions with their environments necessitates their 
culture in the laboratory. Fortunately, microbial 
growing techniques are improving, in particular 
when various techniques are combined, to increase 
the fraction of culturable bacteria. These methods 
include co-culture with other bacteria, restoring the 
“natural” environments in laboratory conditions, 
and microculture technology [8]. Lau et  al. [55] 
employed a combination of culture and 16S rRNA 
gene sequencing, referred to as culture-enriched 
molecular profiling, whereby numerous culture 
media were used along with a large number of cul-
ture conditions. Following that, PCR amplification 
of the V3 region of the 16S rRNA gene was per-
formed, and amplicons were processed for 
sequencing. Furthermore, the operational taxo-
nomic units (OTUs) recovered by sequencing of 
the cultures were compared to those obtained from 
the uncultured community. Interestingly, the study 

revealed that a large number of species were suc-
cessfully cultured. Similarly, Stearns et al. [56] and 
Sibley et al. [57] applied the same approach to the 
airway microbiome, to investigate shifts in com-
munity composition associated with age and cystic 
fibrosis. Likewise, Browne et al. [58] described a 
new approach that combines culture, whole-
genome sequencing, phylogenetic analysis, and 
modeling on human fecal microbiota. Overall, 
these studies emphasize the advantage to combine 
several methods in order to boost the culturable 
fraction of the microbiome.

 Sample Collection and Sampling 
Strategies in Microbiota Studies

 Sample Collection

Any microbiota study starts with sample collec-
tion. This crucial step is performed according to 
the site of interest, the addressed question, and 
the planned downstream analyses. Globally, we 
distinguish three different sampling methods of 
the microbial material including swab, scrape, 
and punch biopsy (Fig. 2.1). First, the swab tech-
nique, which consists of vigorously swiping the 

Swab

Scrape

Biopsy

b

a

qPCR, microbiota array,
FISH... etc.

Culture of the micro-organisms Molecular-based techniques Combination of various techniques

-FACS + 16S rRNA high-
throughput sequencing
-FISH + MAR...etc.

Fig. 2.1 Sampling methods and profiling approaches of 
the microbiota. (a) Sampling techniques of the microbial 
material. (b) Diversity of microbiota profiling techniques. 

FISH fluorescence in situ hybridization, MAR microauto-
radiography, FACS fluorescence-activated cell sorting
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area to be sampled, is widely used to collect 
microbial material from the skin, oral and nasal 
cavities, vagina, and gastrointestinal tract. Studies 
of the skin microbiota have mainly employed 
swabs [59–62]. These investigations used a ster-
ile Catch-All swab which consists of a cotton 
pledget that is usually pre-humidified with a lysis 
solution, and the body region of interest is ener-
getically rubbed for about 30  s. After that, the 
swabs are either frozen in the lysis buffer or a 
homogenization buffer (i.e., the first solution to 
be used from the nucleic acids isolation kit). 
Likewise, The Catch-All swab is employed to 
collect material from the oral and nasal cavities 
where the interior mucosal surfaces are gently 
rubbed, and then the swabs are stored in the 
extraction kit buffer until the extraction process. 
Similarly, the vaginal cavity is sampled by swirl-
ing the Catch-All swab five times, withdrawing 
it, and transferring the specimen into a collection 
tube with a buffer from the nucleic acid isolation 
kit [63]. Recently, Budding et  al. [64] investi-
gated the properties and applicability of rectal 
swabs in a clinical routine setting with the pur-
pose of profiling the gut microbiota in patients 
with different gastrointestinal diseases. Moreover, 
the researchers assessed the effect of storage and 
processing of rectal swabs by employing two 
storing protocols: the rectal swabs were snap fro-
zen (i.e., dry swabs) or swabs were kept in 
reduced transport fluid (RTF) buffer prior to stor-
age at −20 °C. Comparison of the two sampling 
approaches yielded highly similar microbiota 

profiles, and overall the rectal swabs seem to be 
a suitable approach for profiling the gut 
microbiota.

The punch biopsy has been applied on the skin 
commonly using, for example, 4 or 6 mm punch 
biopsy forceps [60, 65]. Likewise, in the gastroin-
testinal tract, mucosa, or epithelium tissues, sec-
tions are incised usually during medical 
examination such as gastroscopy [66, 67]. The 
scrapping technique has been employed on the 
skin where superficial scrapings were obtained 
from a 4 cm2 area with two soft regular strokes of 
a sterile blade [68], while in the intestine, the 
mucosa was scraped off with slides for the exami-
nation of mucosal-associated microbiota [69].

Besides the choice of the sampling technique, 
sample collection and processing should include 
crucial steps: negative control or blank samples 
which consist of sampling the environment, e.g., 
ambient air, and/or keeping a collection tube with 
all extraction reagents except for the microbial 
material. These negative controls are necessary to 
assess the noise signal in the collected microbial 
material and thus define the accuracy of the data. 
Such inspection is particularly relevant for low 
biomass organs such as the skin [70]. In Fig. 2.2, 
we present an example of the proportion of con-
taminant estimates in mouse skin samples using 
the SourceTracker tool [71]. We assessed the sim-
ilarity percentage between the core microbiota 
community and the extraction negative controls 
from which PCR products were detectable. We 
performed this analysis distinctively on the bacte-
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Fig. 2.2 Analysis of environmental contamination in ten mouse skin samples. (a) DNA, (b) RNA. Y-axis represents 
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rial genomic DNA and RNA reverse transcribed 
into complementary DNA (cDNA). We observe 
lower levels of contamination in the transcripts 
compared to genomic DNA, suggesting environ-
mental noise is higher in the DNA [72]. This 
approach allows setting a threshold (e.g., 10%) 
beyond which the sample is considered contami-
nated and discarded from downstream analyses.

 Choice and Consequences 
of the Sampling Method 
on a Microbiota Study

Previous microbiota investigations reported that 
the outcomes of a microbiota study are affected 
by the sampling method. Stearns et al. [73] col-
lected biopsy samples from human healthy indi-
viduals along different sections of the 
gastrointestinal tract including the stomach, duo-
denum, and colon. Sample collection was 
achieved during a routine colonoscopy and gas-
troscopy performed in the context of inquiry of 
symptoms or screening for colorectal cancer, 
where a tissue was incised, placed in sterile solu-
tion of D-PBS, and frozen. Along with the biopsy 
tissue, stool samples were also collected and fro-
zen at −20 °C. Profiling of the microbiota com-
position was performed in tissue and feces 
samples. The results revealed that composition of 
several biopsy sites was overall distinct from that 
in the stool. Moreover, noticeable representation 
of bacterial taxa in samples from the colon was 
not apparent in the stool. This observation sug-
gests that the bacterial profiles derived from stool 
samples do not capture the complete diversity of 
the microbial species. Similarly, Gevers et  al. 
[74] investigated the microbiome in a large 
human cohort of Crohn’s disease (CD) and col-
lected various biopsy tissues from different sec-
tions of the gastrointestinal tract along with stool 
samples. The researchers revealed that mucosal- 
associated dysbiosis in microbiota composition is 
slightly reflected in stool samples, while for eval-
uating the power of microbiome composition in 
diagnosing CD, the biopsy-associated microbi-
ome performed well, whereas the stool samples 
yielded less accurate estimation. These results 

indicate that the biopsy technique is a preferable 
approach in characterizing the gut microbiota in 
health and disease contexts. For the most part, 
however, biopsy samples are limited by the 
requirement for the washout, which can affect the 
contents of the microbiota [75].

Similarly, Grice et  al. [68] sampled human 
skin using three different methods that span dis-
tinct depths and layers of the skin, namely, swab, 
scrape, and punch biopsy. The swab catches the 
superficial layer of the skin, while the scrape 
reaches deeper level in the epidermis, and the 
biopsy incised all several layers. Of note, the 
investigators found that the three methods of 
swab, scrape, and punch biopsy captured similar 
core microbiome. On the other hand, Nakatsuji 
et al. [31] showed that microbial components are 
also located in the deep dermis, a skin layer 
which is missed when sampling is performed via 
swab or scrape. Furthermore, Kim et  al. [76] 
investigated the vaginal microbiota using both 
swab and scrape and revealed that community 
compositions based on swab and scrape signifi-
cantly differed, with scrape samples harboring 
higher microbial diversity. This disparity reflects 
differences in the sampling method and/or physi-
ological changes at the sampling area during the 
collection process. While invasive methods seem 
to be preferable in characterizing the microbial 
assemblages, this approach is not always feasi-
ble, especially for healthy controls, and noninva-
sive techniques continue to be standard 
approaches in microbiota research. Altogether, 
these results emphasize that study conclusions 
may differ based on the chosen sampling method.

 Additional Sources of Variability 
and Sampling Design

Earlier studies revealed precious insights on the 
composition, diversity, and distribution of the 
microbial assemblages across body sites. 
Specifically, investigations reported that within a 
given body site such as the skin and the gut, dis-
tinct parts of the organ harbor distinguishable 
distribution and composition of microbial species 
leading to “biogeography pattern” [73, 77]. 
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Furthermore, temporal variability in community 
composition occurs in the diverse body sites. 
This baseline is critical to understand the normal 
microbiota variability and thus define meaningful 
shifts in community composition in disease state 
[78, 79]. Consequently, in a comparative investi-
gation of microbiota between healthy and dis-
eased individuals, the choice of the area to sample 
is crucial in the outcome, interpretation, and con-
clusions of a study. Indeed, the biogeographic 
pattern needs to be accounted for in the sampling 
strategy to avoid confounding the disparities in 
community composition which are caused by the 
disease state and those due to the biogeographic 
pattern. For a patient, the lesional area is sampled 
using one of the previously described methods 
(swab, scrape, biopsy), and the identical area 
should be sampled in the healthy controls. This 
comparison allows evaluating the extent of alter-
ations in community aspects (e.g., composition, 

diversity) caused by disease characteristics. 
Likewise, a non-lesional area should also be sam-
pled in patients and the matching region in the 
healthy controls. Contrasting community aspects 
between the lesional and non-lesional areas 
within a given patient determines the potential 
systemic changes caused by diseased state and 
whether the biogeographic pattern of microbial 
distribution can be recovered, while comparing 
the non-lesional sites between patients and 
healthy controls will further describe the extent 
of any effect of the disease on the microbiota 
composition (Fig.  2.3). Moreover, the sample 
sizes of patients and controls should be large and 
similar to detect any subtle disease effect on the 
microbiota. Ideally, the matched controls harbor 
similar characteristics of age, gender, and diet, to 
ensure accurate assessment of shifts in the micro-
biota between health and disease states, and draw 
clinically meaningful conclusions. Further, a 

Healthy control Patient

Body site to
sample e.g. skin,
GI tract

Lesional area

Matched area in healthy control to the lesional one in patient

A distinct area within the body site, non-lesional

Comparison of microbiota profiles

Body site to
sample e.g. skin,
GI tract

Fig. 2.3 Sampling 
strategies for microbiota 
profiling in health and 
disease states. GI 
Gastrointestinal tract
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thorough description through a detailed question-
naire of patients and healthy controls is critical in 
a microbiome study. Alternatively, these potential 
confounding factors must be taken into account 
in the downstream analyses. Besides, for a pow-
erful design, sampling and phenotyping of the 

microbiota over time is valuable as it likely dis-
entangles the normal temporal and disease- driven 
variation in microbiota composition, thus allow-
ing an accurate understating of the disease- 
triggered changes in the community. In summary, 
aspects of sampling strategies, sample collection, 
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-80ºC

NaCI, TWEEN buffer
-80ºC
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RNA later
-20ºC
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Snap frozen

-80ºC

Paraformaldehyde
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Fig. 2.4 Summary of critical steps in a microbiota study. 
(a) Study design which includes recruitment of patient 
and healthy controls, collection of microbial material, and 

collection of metadata. (b) Storage of microbial material 
in various laboratory investigation techniques. (c) 
Extraction of nucleic acids from hosts and microbiota
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and storage and data generation influence the 
results of a microbiota study (Fig.  2.4). 
Furthermore, a robust study design should 
include consistent metadata collection, together 
with consideration of any possible confounding 
factors, standardized collection and storage of the 
samples, and the value of addition of negative 
blank and positive controls such as mock com-
munity cannot be overemphasized [70, 80].

 Conclusion
Across the decades, methods to investigate the 
microbial assemblages have continued to 
improve. Nowadays, researchers have at their 
disposal a diversified panel of techniques that 
capture different and relevant pieces of infor-
mation on the microbial communities, while 
various approaches can be combined to yield 
detailed description of the microbial commu-
nities. In the future, our understanding of host-
microbiota interactions will continue to 
increase, hopefully allowing us to delineate 
the microbial disease associations and apply 
appropriate therapeutics.
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 Universal Marker

In the past, anatomical and morphological differ-
ences were employed to structure the domains of 
life. For characterization of bacterial species, 
morphological, biochemical, or metabolic prop-
erties are important but require cultures. 
Unfortunately, cultivation in the laboratory is 
limited as many species and whole phyla are 
(still) not cultivable, or the efforts for cultivation 
are enormous [2–4]. However, it has been recog-
nized that genetic information is a much richer 
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pool of characters for the inference of evolution-
ary ancestry and classification. Early on, univer-
sal markers were favored to allow for systematic 
comparison among organisms and led to a new 
way of ordering the biological world and the dis-
covery of the domain archaea [5]. A universal 
marker has to fulfill certain requirements: (1) it 
has to occur among all species and (2) it has to 
accumulate enough variability to distinguish spe-
cies and (3) still be stable enough to allow for 
comparisons among far diverged taxa. As one 
such marker, ribosomal RNAs (rRNA), central 
parts of the translational machinery, have been 
established [6]. Their secondary structure and 
central role in the cellular machinery prevent the 
sequences from accumulating too much diversity, 
while hypervariable regions allow for genetic 
variation even between different species [7].

A commonly used marker for bacterial and 
archaea classification is the 16S rRNA gene [7]. 
The gene is about 1300 bp long and comprises 
nine hypervariable regions (V1–V9) of different 
informational content [8]. Traditional Sanger 
sequencing is able to capture the full sequence 
information of the gene. However, with recent 
advances in shotgun sequencing (next generation 
sequencing), short sequence technology became 
the most dominant technology, which allows for 
short reads up to 300 bp using Illumina technol-
ogy [9] or 800 bp using Roche 454 technology 
[10]. Other technologies like Ion Torrent [11] and 
PacBio [12] allow for even longer read lengths 
with higher error rates compared to the two other 
methods. Due to the different information con-
tent of the V-regions, it is not necessary to 
sequence the full-length 16S rRNA. The most 
representative regions are V1–V2 and V3–V4 
[13, 14], and in combination with Illumina 
sequencing, these are the most widely used mark-
ers for classification. For eukaryotes the main 
marker genes became 18S rRNA, ITS (internal 
transcribed spacer), and the cytochrome c oxidase 
subunit I (COI; universal barcode for eukaryotes 
[15]) and have been established as phylogenetic 
and taxonomic markers.

Note that even universal markers may have 
biases because variations in the conserved 
sequences make it difficult to capture all species 

with the same likelihood [8, 16, 17]. This even 
led to the underappreciation of whole phyla in 
marker gene analyses, as recently discovered for 
genetically unusual candidate phyla [17–19].

 Sequence Preprocessing  
and OTU Binning

A typical workflow from bacterial DNA isolation 
to analyzing the data is shown in Fig.  3.1 and 
described below.

 Merging and Trimming

Sequencing errors can blur taxonomic classifica-
tion of sequences. Therefore, it is necessary to 
apply strict filtering steps to minimize sequenc-
ing errors [20]. Compared to single-end sequenc-
ing, paired-end sequencing has the inherent 
benefit that a large proportion of the sequence 
can be read twice and can also reach longer read 
lengths through partial merging. Basically, for-
ward and backward reads of paired-end sequenc-
ing overhangs are trimmed, the remaining reads 
aligned and merged under consideration of the 
respective base quality [13, 21, 22]. That is, with 
paired reads, there is often overlap between the 
forward and reverse reads. As the two reads 
should be identical in their area of overlap, this 
overlap in essence constitutes double-checking 
the sequence. Furthermore, if there is disagree-
ment between the forward and reverse read at a 
particular base pair, then the read with the higher 
quality score counts, or both reads are discarded 
depending on the stringency of the protocol.

 Chimera Detection and Denoising

During library preparation, sequences are ampli-
fied using several PCR cycles. Although error- 
correcting polymerases are used, the resulting 
products are not free of errors. The typical per 
base error rate is in the range of 10−7 to 10−5, 
depending on the polymerase used [23], and it 
further increases with the number of cycles [24]. 
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When only short sequence fragments are used, 
sequencing errors can lead to misclassifications 
and in consequence lead to more diversity within 
and between samples. To reduce the impact of 
these uncertainties, different denoising strategies 
are applied, e.g., via clustering [13, 22, 25]. 
Additionally, abundance analysis can be applied 
to filter out uninformative variation [21].

Self-priming of PCR products leads to chi-
meric sequences, without biological relevance 
[26–28]. Database-driven approaches match 
sequences against a curated database to identify 
sequence fragments with multiple ancestry and 
potential breakpoints within the sequences, as 
implemented in ChimeraSlayer [26] or UCHIME 
[27, 29]. In addition to the alignment strategy, de 
novo approaches use the given dataset to construct 
a database and calculate the abundance distribu-
tion of sequences and exploit the characteristic 
abundance distribution of chimeric sequences 
[27]. Compared to database-driven methods, this 
is computationally more demanding.

 OTU Binning

Many analytic protocols involve binning simi-
lar sequences into operational taxonomic units 
(OTUs), which constitute artificial species clus-
ters of highly similar sequences. Before the clus-
tering step is performed, it might be necessary 
to align them depending on the strategy used for 
clustering and classification. Different strategies 
for this have been developed and are mainly based 
on large and well-curated seed alignments (RDP 
core set, Silva core set). The nearest alignment 
space termination (NAST) algorithm [30–32] is 
the most common and most reliable alignment 
strategy, based on a primary search and subse-
quent alignment to the best database entry [33]. 
As a side note, lane masks which cover extremely 
variable sites in the NAST seed alignment (e.g., 
Greengenes) should be avoided [34].

OTUs are based on sequence similarity 
thresholds. Traditionally a similarity threshold 
of 97% is applied to delineate bacterial species. 
However, this threshold can be adjusted depend-
ing on the aspects of community assembly under 

investigation (e.g., Moeller et al. 2012, threshold 
of 99%) [35]. Basically, three approaches are 
available to bin sequences into OTUs: closed-ref-
erence clustering (e.g., as implemented in QIIME 
[36]), de novo clustering (as implemented in 
QIIME, mothur [37] or VSEARCH [38]), and 
open- reference clustering (e.g., implemented in 
QIIME). In closed-reference OTU picking, each 
sequence is aligned with an operator-selected 
database; those that do not align with the data-
base are usually discarded. De novo OTU pick-
ing, in contrast, does not make any use of a query 
database. Instead, sequences are aligned and 
clustered only with each other. Open-reference 
OTU picking constitutes a hybrid approach, in 
which sequences are initially aligned to a data-
base, while those that do not align to the database 
subsequently undergo de novo OTU picking. 
Due to the variety of approaches, it is important 
to know the benefits, weaknesses, and potential 
biases of the methods on the OTU assignments 
[39, 40].

The effectiveness of closed-reference cluster-
ing depends on an appropriate reference database 
on which sequences are aligned. The validity of 
the obtained OTUs highly depends on the order 
and diversity of the query, as well as on the qual-
ity of the reference database [39]. The advan-
tages are that the approach scales linearly with 
the number of sequences and is easily paralleliz-
able and its results are comparable between stud-
ies. The drawback is that species not represented 
in the database cannot be clustered into OTUs 
(the same applies to sequences too diverged). 
Additional problems occur if sequences match to 
two or more database entries leading to incon-
sistent assignments [39]. Closed-reference OTU 
picking works better for habitats that have been 
widely studied, such as human fecal specimens, 
as it is more likely to find relatives of those bac-
teria in the database.

De novo clustering of OTUs is based solely 
on the sequences within the respective dataset. 
Generally, two methods exist to perform this: 
distance-based and heuristic approaches. The 
traditional distance-based clustering relies on 
the hierarchical ordering of a distance matrix via 
different algorithms such as complete  linkage 
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(CL; furthest neighbor), single linkage (SL; 
nearest neighbor), and average linkage (AL; 
unweighted pair group method with arithmetic 
mean) [41]. The CL method assigns a sequence 
(or group of sequences) to a cluster if it is similar 
to all members of the cluster. SL bins a sequence 
into an existing cluster if it is similar to any of 
the sequences in the cluster. AL links a sequence 
to a cluster if it is similar to the arithmetic aver-
age of the cluster and recalculates the average 
distance between the members of the cluster. AL 
is the preferred method as it represents a com-
promise between SL and CL leading to neither 
under- nor overestimation of OTU numbers and 
provides a high consistency of OTU assignments 
[39]. However, AL is computationally the most 
demanding method (scales quadratic with num-
ber of sequences). Heuristic methods are most 
similar to CL clustering as they are mainly based 
on greedy clustering, which tend to find local 
optimal solutions in reasonable time, but are not 
guaranteed to find the global optimal differen-
tiation between OTUs, resulting in split OTUs 
or inconsistent sequence affiliations. Different 
methods are implemented, e.g., optimal global 
alignments (e.g., VSEARCH), heuristic seed 
with extend aligner (e.g., USEARCH [42]), or 
word length similarity (e.g., CD-HIT [43]). 
Heuristic methods are usually faster than dis-
tance methods but are not guaranteed to find the 
best clustering and tend to split OTUs and inflate 
diversity.

 Classification, Taxonomic 
Assignment, and Phylogenetic 
Inference

Classification of sequences is another important 
step to investigate the composition of a commu-
nity by placing sequences/OTUs in the context of 
a known taxonomy or phylogeny.

In the case of closed-reference clustering, 
taxonomic classification is already known for 
each OTU, while de novo clustering needs a 
posterior assignment to taxonomic groups. OTU 
sequences can be matched against several data-
bases to obtain a consensus classification for 

each OTU. The most commonly used databases 
for 16S rRNA gene sequences are Greengenes 
[44], the Ribosomal Database Project (RDP) 
[45, 46], and Silva [47, 48]. They share a com-
mon core of sequences but differ in their cura-
tion strategy (length, quality, chimeras) and in 
their taxonomic backbone. The Greengenes 
database was last updated in 2013, whereas 
the two others are updated more regularly. The 
Greengenes database has the advantage of car-
rying species level assignments, whereas the 
two latter ones contain information only to 
genus level. However, OTUs cannot always be 
classified to the lowest possible level (species 
or genus) due to missing information in either 
database or query sequence. In addition, clas-
sification by a majority vote instead of distance-
based representative sequence usually provides 
better results [49]. That is, OTUs will constitute 
sequences that have similar but not identical 
taxonomies. One approach to assign taxonomy 
is to pick a “representative” sequence from each 
OTU, assess its taxonomy, and apply it to the 
rest of the OTU. The “majority vote” approach 
assigns taxonomy to each sequence within the 
OTU and selects the most common to apply to 
the entire OTU.

Classification has been the subject of many 
investigations regarding the algorithms and 
databases. The most widely used and validated 
method for amplicon-based analyses is the naïve 
Bayesian classifier developed by the RDP team 
[50]. This technique can be used for other marker 
genes as well with the appropriate training data-
sets (e.g., ITS, 18S rRNA) [51] and is available 
as a stand-alone program or re-implementation 
in mothur. It derives support values via a boot-
strap heuristic, for which empirical evidence 
suggests cutoff values ≥80%. As for every other 
classifier, it is only as good as the underlying 
database; thus decoy sequences to root the clas-
sification (e.g., human, plant sequences), as well 
as the option to adjust the database with addi-
tional sequences, can improve classifications 
[52, 53].

Recent developments also provide good 
alternatives based on k-mer similarity scores 
as implemented in UTAX/SINTAX [54] which 
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reduces overclassification. Also the widely used 
Basic Local Alignment Search Tool (BLAST) 
[55] and variations thereof [25] can be used to 
classify short amplicon reads, although with cer-
tain shortcomings [56]. Furthermore, placement 
of sequences on a guide tree was developed for 
classification as well but may not be well suited 
for automated taxonomic assignments [56].

 Phylogenetic Inferences

Phylogenetic inferences on highly conserved, 
slowly evolving genes like the 16S rRNA gene 
are less reliable than multigene or whole genome 
inferences but have the power to delineate deep 
relationships among taxa [5], while the number 
of sequences and their heterogeneous divergence 
can be challenging to existing inference meth-
ods. FastTree has been specifically developed 
to accommodate short-read data using sophisti-
cated evolutionary models [57, 58]. Alternative 
approaches which map sequences to curated 
guide trees as implemented in ARB [59] are 
also available [60]. Fast but less sophisticated 
tree building methods (e.g., neighbor-joining 
approaches) via clearcut (also part of mothur) 
[61, 62], however, may not represent the most 
accurate depiction of species relationships. 
Phylogenetic trees can later be examined and 
edited in dedicated programs (e.g., Dendroscope 
[63]) or incorporated into measures of alpha and 
beta diversity such as UniFrac (see below “Alpha 
and Beta Diversity”).

 Diversity Analysis

 Alpha and Beta Diversity

A commonly used concept to compare ecologi-
cal samples is that of the diversity within a given 
community (alpha diversity) or among commu-
nities (beta diversity). The two concepts were 
conceived by [64, 65]. Alpha diversity describes 
the local species pool in a sample or community 
and can be seen as a summary statistic, whereas 
beta diversity describes the total species diver-
sity or (dis-) similarity between communities. 
Table 3.1 summarizes the categories of diversity 
indices.

Regardless of whether alpha or beta diversity 
is being used, all measurements can be distin-
guished broadly into two categories. First, some 
measurements use only the presence/absence of 
taxa (qualitative data; richness of samples), while 
others take into account the abundance (quanti-
tative data; evenness of samples) of each taxon. 
Second, some measures treat all taxa equally in 
relation to each other (species-based), while oth-
ers incorporate the relatedness (phylogeny) of 
the taxa (divergence-based). That is, with mea-
sures that incorporate phylogenetic information, 
extra weight is given for two OTUs that are dis-
tantly related (e.g., different phyla), compared 
to two that are from the same family or genus. 
Generally, methods with the same properties give 
quite similar results, but one or the other mea-
surement is more suitable for a specific question 
(Table 3.1).

Table 3.1 Diversity measurements according to their category (qualitative vs quantitative and species vs divergence)

Category
Measurement of diversity
Alpha Beta

Qualitative Species Chao1 Sörensen index
ACE Jaccard index
Rarefaction

Divergence Phylogenetic distance UniFrac
Quantitative Species Shannon index Bray-Curtis

Simpson index Morisita-Horn measure
Divergence θ Weighted UniFrac
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Alpha diversity is important to understand 
the complexity of different communities. For 
instance, we can compare the gut microbiota 
of patients and healthy controls with respect to 
species richness and/or evenness and ask about 
a general effect of the disease. Qualitative mea-
surements like species richness and quantita-
tive measurements like Shannon index [66] and 
Simpson index [67] as well as their more gener-
alized versions [68, 69] have been successfully 
applied to summarize datasets. In contrast to 
these more traditional estimators, Faith’s phy-
logenetic diversity (PD) [70] has been widely 
used to incorporate the phylogenetic relation-
ship between species (or taxa) into the analysis 
of alpha diversity. Considering the divergence 
within and between the respective community 
members provides an insight into the history of 
community development and can even give prox-
ies for functional differentiation among them [70, 
71]. Alpha diversity indices implicitly assume 
that the total diversity in a community has been 
sampled, an assumption that is not always accu-
rate if sequencing depth is low. To overcome this 
limitation, techniques like rarefication curves can 
be used to predict the coverage and total diversity 
by curve-fitting methods, or even approximated 
diversities like Chao1 [72] or ACE [73, 74] can 
be applied (Table 3.1). Put simply, given a partic-
ular sample, the more unique sequences that are 
present, the more diverse the sample will appear, 
everything else being equal.

Beta diversity is used to evaluate how the com-
position and structure of the microbiota differ 
between sample groups [75]. Commonly, Jaccard 
index/distance [76] and Bray-Curtis dissimilarity 
[77] are used to analyze the community data in a 
qualitative or quantitative way (shared presence, 
shared abundance), respectively (Table  3.1). 
Divergence can be incorporated into the analysis 
as well via the unique fraction metric (UniFrac) 
[78, 79] as a qualitative measurement. It assumes 
that phylogenetically similar communities (e.g., 
separated by a short branch) have only recently 
diverged, which would also imply functional 

similarities. The UniFrac metric was further 
extended to account for changes in (relative) 
abundances of species or lineages between sam-
ples, the weighted UniFrac measurement [79], 
which was further generalized in different ways 
[80, 81]. Note that phylogenetically informed 
alpha and beta diversity measures depend on 
the quality/type of the phylogenetic community 
trees [79, 83–85]. In simple terms, the smaller the 
overlap of bacterial species between two samples 
is, the larger will be their community distance 
and thus their beta diversity.

Keep in mind that especially quantitative 
data might be affected by biases introduced dur-
ing DNA extraction and PCR amplification [85, 
86]. Additionally, different copy numbers of the 
16S rRNA gene between bacteria introduce fur-
ther biases [87, 88]. These biases are less pro-
nounced in qualitative measurements compared 
to quantitative measurements. Other problematic 
issues are contamination [89] and samples with 
source bias or low biomass (e.g., skin samples) 
[90], which can affect qualitative and quantitative 
measurements.

 Comparing Samples Using 
Diversity Estimates

Alpha diversity is a rather descriptive measure. 
Distribution of the data can be shown using, for 
instance, boxplots/violin plots or density plots to 
visually explore differences within and between 
groups. Samples or groups can be compared 
using statistical testing (e.g., Mann-Whitney 
U test, Kruskal-Wallis test). Additionally, con-
founding factors can be identified and quantified 
using more complex statistics like linear models 
and mixed effects models.

Beta diversity can be visualized using clus-
tering algorithms, like neighbor-joining (NJ), 
UPGMA, or partitioning around medoids (PAM). 
The resulting dendrograms show the related-
ness of the samples with respect to the chosen 
distance measurement and clustering algorithm. 
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Other commonly used exploratory tools are 
unconstrained and constrained ordination meth-
ods (indirect, direct gradient analysis). The for-
mer category comprises multidimensional scaling 
(MDS, e.g., principal coordinate analysis/PCoA) 
and nonmetric multidimensional scaling (NMDS). 
Constrained ordination methods include canonical 
correspondence analysis (CCA), redundancy anal-
ysis (RDA), and distance- based redundancy anal-
ysis (dbRDA) [92–94]. Generally, it is possible to 
correct for (partial out) confounding factors using 
constrained ordination methods before the con-
straints are applied (partial redundancy analysis), 
but this can also be addressed by appropriate per-
mutation regimes. Besides these exploratory meth-
ods, hypothesis testing methods can be applied on 
beta diversity. Most commonly, permutational 
multivariate analysis of variance (PERMANOVA) 
[94] and analysis of similarity (ANOSIM) [95] are 
applied to determine if the microbial composition 
differs according to specific variables such as dis-
ease status or treatment.

 Correlating Species with Habitats

As described above, microbiota data can be sum-
marized and compared between conditions (e.g., 
disease phenotype and healthy controls) using 
diversity indices (alpha or beta diversity) or dif-
ferences in total taxonomic abundance (e.g., on 
phylum or genus level). To gain more insights 
into differences between experimental condi-
tions, the more relevant questions are which 
species (or OTUs) are indicators for a certain 
condition and which are differentially abundant 
(DA) between conditions? Clearly, this analysis 
is not restricted to the species level and can be 
performed on any taxonomic level (e.g., fam-
ily or genera). Note, microbiota data are usually 
very sparse count data (most OTUs have zero 
counts) and are highly overdispersed (variance 
of the data is higher than variance expected by 
the model). These characteristics should be taken 
into account to build appropriate models to iden-
tify indicator species.

 Indicator Species Analysis

Identifying indicator species to describe differ-
ences between habitats is a common concept 
in ecology [96]. Due to their niche preferences, 
indicator species can be used to describe and dis-
tinguish habitats also among bacterial communi-
ties. One of the most commonly used methods to 
detect indicator species is the method introduced 
by Dufrêne and Legendre [97] and its extensions 
by De Cáceres [98, 99]. The method estimates 
an indicator value to measure the association 
between a species and a habitat while account-
ing for both abundance and frequency of species 
and can be expanded to combinations of species. 
Statistical significance is tested using permuta-
tion tests, which do not explicitly account for 
overdispersion or zero-inflated data.

Supervised classification is an alternative 
method of classifying microbiome samples and 
identifying indicator microbes. For instance 
RandomForest classification became a popular 
method to test clustering of samples and also to 
perform regression analysis in microbial com-
munity analysis [100, 101]. A RandomForest 
classifier can be tuned by k-fold cross-validation 
(variable selection, optimization) and provides 
information about the importance of each feature 
(e.g., OTU) to discriminate the respective groups 
and can be used to identify indicator species.

 Differential Abundance (DA) Analysis 
Based on Count Data

The problem of identifying DA taxa is quite sim-
ilar to the problem of differential gene expres-
sion (DGE) analysis, namely, the issue of taking 
into account multiple comparisons. Therefore, 
McMurdie and Holmes [102] proposed to use 
methods that are commonly used in DGE analysis 
like edgeR [103], DESeq2 [104] or baySeq [105] 
to identify DA taxa. However, methods devel-
oped for DGE analysis may not perform well on 
microbiome data because they do not account for 
sparsity in the data (zero-inflated data) [106]. An 
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approach more related to microbial marker sur-
veys is implemented in metagenomeSeq [107]. 
It exploits cumulative sum scaling to normal-
ize the data and a zero-inflated Gaussian model 
(ZIG model) that accounts for undersampling. 
Fernandes et  al. proposed another approach 
(ALDEx2) that emphasizes the compositional 
nature of sequencing data and uses Monte Carlo 
sampling of Dirichlet distributions and averages 
P-values across resamples [108]. However, so far 
no general recommendation can be given about 
which approach to use for DA analysis because 
of the very nature of each dataset [109].

 Network Analysis of Co-occurrence/
Co-abundance Relationships

Typically, ecological communities are not an 
assembly of independent entities that simply dif-
fer in number and abundance and develop accord-
ingly in a neutral fashion but highly structured and 
intricate networks connected by various mecha-
nisms (e.g., predator-prey, syntrophy). Thus, an 
analysis of interaction networks, or thereof their 
approximations, can increase our understanding 
of community assembly and dynamics, as well 
enable us to identify important species with central 
positions in those communities. However, micro-
bial communities rarely allow the observation of 
clear biological interactions (e.g., via fluorescent 
in situ hybridization) due to their complexity and 
turnover. Thus, most analyses rely on abundance 
relationships and co- occurrences that only rep-
resent statistical interactions. Several techniques 
exist to calculate those statistical relationships, 
aside from the commonly used but biased conven-
tional correlation routines [110, 111]. The main 
problems for the inference of interactions are the 
large number of tests, spurious signals by indirect 
correlations (false positives), compositionality 
of the data (relative counts), data sparsity, and a 
multitude of linear and nonlinear interaction types 
[112]. For example SparCC (also implemented in 
mothur) and CoNet (Cytoscape) were designed to 
handle the compositionality of metagenomic data 
by different techniques and generate  empirical 

P-values through permutation and bootstrap-
ping [110, 113, 114]. More detailed evaluations 
and selection criteria as for, e.g., time courses of 
networks (local similarity analysis [115]) can be 
found elsewhere [111, 116]. The resulting corre-
lation matrices should be culled by an appropri-
ate P-value threshold to reduce false positives and 
indirect interactions and analyzed with dedicated 
software packages (e.g., Cytoscape). The result-
ing networks denote bacteria as “nodes” and their 
correlation as “edges” (weighted/unweighted), 
for which indices and statistics can be derived, 
as well as for the network as a whole [118–120]. 
Measures to evaluate the positions of nodes and 
edges within a network can be employed to find 
important network members [121–124], from 
which degree centrality is the simplest (number 
of direct connections). Within a network one can 
employ permutation tests, network simulations, 
or null models (e.g., random Erdös-Renyi graphs) 
to analyze network properties or to specify the 
type of network (e.g., scale-free, small-world). 
Furthermore communities, cliques, and hier-
archical structures can be inferred by various 
algorithms (e.g., walktrap algorithm [124]), to 
investigate the super structure of the network and 
identify interesting subpopulations.

 Functional Imputation  
of Amplicon Data

As described above, amplicon data only give 
us information about the taxonomic composi-
tion of communities. However the ever-growing 
genomic databases and more sophisticated algo-
rithms allow for an indirect approach to approxi-
mate the functional repertoire of communities. 
By matching amplicon reads to a database of well 
analyzed bacteria, it can be assumed that the func-
tional content is present in the community in the 
abundance signified by the abundance of ampli-
cons corrected by copy number and relatedness. 
First developed by Okuda et al. in 2012 [125] but 
popularized and molded into the software suite 
PICRUSt by Langille et al. [126], it became an 
interesting addition to  taxonomic analyses with 
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new applications being continuously developed 
[128–130]. PICRUSt in particular is available 
through QIIME, as a stand-alone version, and 
through a mothur-based workflow, mainly based 
on matching OTUs to the Greengenes taxon-
omy backbone in combination with the Galaxy 
PICRUSt pipeline (https://huttenhower.sph.har-
vard.edu/galaxy/) [44, 130]. The results, consist-
ing of validity measures and functional category 
abundances, can be analyzed on their own or 
fed into pipelines like HumanN for additional 
inferences [131]. Results, however, have to be 
taken with caution, as these can only be seen as 
approximations of the metabolic capacities due 
to intrinsic problems (plastic bacterial genomes, 
incompleteness, accuracy). Although efforts to 
show their validity have been made [132], these 
techniques are not infallible and should be inves-
tigated for potential flaws (e.g., weighted Nearest 
Sequenced Taxon Index >0.15 for PICRUSt). 
Thus, shotgun DNA- or RNA-based metage-
nomic analysis is the only reliable method to 
derive functional information from microbial 
communities but requires larger financial and 
computational investments of the researcher.

Conclusion
In general marker gene analyses of complex 
communities are the first line of investigation 
and provide great first insights and hypothe-
ses. They combine low costs with fairly well-
established protocols and databases. However, 
as we have outlined, this type of analysis has 
its flaws (e.g., misrepresentation) which have 
to be taken into account to interpret results 
obtained.
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 Introduction

The primary immunodeficiencies are a group of 
genetic disorders characterized by defects in 
immune function and increased susceptibility to 
infection [1–3]. A subset of these inherited dis-
eases also includes immune dysregulation as a 
part of the phenotype with resulting systemic 
inflammation and autoimmunity. The loss of 
self- tolerance may be due to abnormalities in the 
development of either central or peripheral toler-
ance and usually involves either quantitative or 
qualitative (functional) defects in mature T cells. 
The largest subset of these disorders is charac-
terized by defects in the development of regula-
tory T cells (Tregs), but several other less 
common mechanisms have also been identified. 
For example, defects in B cell production and 
function have also been associated with autoim-
munity. The genes of the early portion of the 
classical pathway of complement comprise a 
third, smaller subset. In this latter group, there is 
no inherent defect in Treg function; instead it is 
likely that a defect in the clearance of apoptotic 
cells and immune complexes produced by defi-
ciencies in the early classical pathway permits 
the accumulation of self-antigens that over-
whelm immune tolerance permitting the devel-
opment of autoimmunity [4, 5]. Gene defects 
that selectively affect phagocyte number and 
function, such as ELANE (chronic or cyclic neu-
tropenia) and CYBB (X-linked chronic granulo-
matous disease), do not generally lead to 
autoimmunity per se although associated inflam-
matory conditions such as the granulomatous 
enteritis seen in chronic granulomatous disease 
are well described [6].

Tregs generated in the thymus have been 
called tTregs (previously “natural” or nTregs) [7, 
8]. They comprise 5–10% of recent thymic emi-
grants and express the cell markers CD4, CD25, 
and the transcription factor FoxP3 [9, 10]. While 
the process leading to their generation in the thy-
mus is still poorly understood, it is known that 

they are positively selected by self-antigens 
expressed in the thymus under the influence of 
transcriptional elements such as the product of 
the autoimmune regulator (AIRE) gene and that 
expression of FoxP3 is essential for their differ-
entiation and maintenance. A smaller subset of 
FoxP3+ Tregs, designated pTregs (formerly 
“induced” or iTregs), can be generated peripher-
ally through the differentiation of CD4+ T cells 
under the influence of IL-2, transforming growth 
factor (TGF)-beta, and other factors. While 
tTregs primarily mediate tolerance to self- 
antigens, pTregs are involved in tolerance to 
environmental antigens such as those in food or 
associated with commensal organisms and are 
therefore primarily generated in the gut [11].

Genes that adversely affect T cell maturation 
in the thymus can result in a constricted T cell 
receptor (TCR) repertoire and may lead to 
decreased Tregs with resulting autoimmunity. 
The recombinase-activating genes RAG1 and 
RAG2 are among the best examples of this. On 
the other hand, genetic defects in genes that are 
associated with Treg development or T cell func-
tion may lead to aberrant cellular responses and/
or defective Treg function. Forkhead box P3 
(FoxP3), a transcription factor required for Treg 
development, is the best example of such a gene. 
The occurrence of autoimmune phenomena in 
patients with dysfunctional immune responses 
may be triggered by environmental stimuli as the 
malfunctioning adaptive immune system pro-
duces autoantibodies to cytokines during the 
immune response to infection [12]. Walter et al. 
studied a series of patients with RAG mutations 
(vide infra) and phenotypes with a range of sever-
ity from combined immunodeficiency with gran-
ulomas and autoimmunity to severe combined 
immunodeficiency and found that many patients 
made neutralizing antibodies against α and ω 
interferons and IL-12. Further, using a mouse 
model of leaky severe combined immunodefi-
ciency (SCID) with hypomorphic RAG1 muta-
tions (Rag1S723C/S723C (mut/mut) mice), they 
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showed that many of the animals made antibod-
ies to these cytokines after being repeatedly 
injected with agonists for Toll-like receptor 
(TLR)3/melanoma differentiation-associated 
protein (MDA)5, TLR7/8, or TLR9. Thus, expo-
sure to microbial products in these immunocom-
promised animals triggers the development of 
autoantibodies that further impair the host 
immune response to infection. It is also likely 
that molecular mimicry by microorganisms may 
be more able to overcome tolerance to similar 
self-epitopes in patients with dysfunctional 
immune responses.

Though less well understood, similar quanti-
tative and qualitative defects in B cell number 
and function may lead to autoimmunity. In this 
review, we will concentrate on those primary 
immunodeficiency disorders which are associ-
ated with autoimmunity primarily by quantitative 
or qualitative effects on T cell numbers and func-
tion. A summary of the T cell defects associated 
with autoimmunity is included in Table 4.1.

 Autoimmunity due to Quantitative 
T Cell Defects

DiGeorge syndrome, conotruncal congenital heart 
malformation with parathyroid and thymic hypo-
plasia/aplasia due to defective organogenesis dur-
ing fetal development, leads to variably low 
thymic T cell production that may range from 
near normal to extremely decreased, resulting in 
virtual absence of T cells or severe oligoclonality 
(Omenn’s syndrome) [13]. Mature T cells exiting 
the thymus do not have an intrinsic functional 
defect, and the majority of these patients do not 
suffer from unusual, frequent, or severe infections 
despite their reduced T cell numbers. DiGeorge 
patients comprise the largest subset of patients 
detected in newborn screening for SCID, although 
the majority of DiGeorge patients have high 
enough T cell production to pass the screen [14]. 

Table 4.1 Primary immune deficiency disorders with 
autoimmunity

Autoimmunity due to quantitative T cell defects
 Thymic hypoplasia/aplasia
  DiGeorge syndrome
  Chromosome 22q11.2 deletion syndrome, CHD7 
haploinsufficiency, TBX1 deficiency
  FOXN1 deficiency
 Omenn’s syndrome
  Near complete LOF mutations in RAG1, RAG2, 
Artemis (DCLRE1C), IL7RA, RMRP, ADA, DNA 
ligase IV (LIG4), IL2RG, AK2, or associated with 
“atypical” DiGeorge syndrome (near complete thymic 
aplasia)
 Immunodeficiency due to hypomorphic mutations 
(RAG1, RAG2, others)
Autoimmunity due to defective development of central 
tolerance/thymic education
 AIRE deficiency (APECED/APS1)
Autoimmunity due to primary defects in Treg 
differentiation
 FoxP3 deficiency
 CD25 deficiency
 STAT5B deficiency
 ITCH deficiency
Haploinsufficiency of immunoregulatory genes
 CTLA-4
 NFAT-5
Gain-of-function defects
 STAT1 GOF
 STAT3 GOF
 APDS/mutations in PIK3CD
Other combined immune deficiencies with 
autoimmunity
 LRBA deficiency (CTLA4 expression defect)
 IL-10 signaling defects (IL10, IL10RA, IL10RB 
deficiency)
 TCR Signaling defects
  LCK deficiency
  TRAC (TCRα) deficiency
  CD3G deficiency
  ORAI-I deficiency
  STIM-1 deficiency
 Tripeptidyl-peptidase II deficiency
 SPENCD/mutations in ACP5
 KMT2D, KDM6A deficiency (Kabuki syndrome)
 WAS deficiency (Wiskott-Aldrich syndrome)/
Wiskott-Aldrich-like disorder (WIPF1 deficiency)
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The most common cause is 22q11.2 deletion syn-
drome, which has an estimated incidence of 
1:1000 live births [15]. However, monogenic 
causes are known, including T-box transcription 
factor 1 (TBX1) (which resides within the chro-
mosome 22q11.2 region), FOXN1, or two genes 
which in the haploinsufficient state lead to a 
severe congenital malformation syndrome called 
CHARGE syndrome (coloboma, heart defects, 
atresia choanae (also known as choanal atresia), 
growth retardation, genital abnormalities, and ear 
abnormalities): CHD7 (chromodomain-helicase-
DNA-binding protein 7) and SEMA3E (semapho-
rin 3E) [15–17]. In a retrospective study of 130 
patients with 22q11.2 deletion syndrome without 
severe immunodeficiency, Tison et  al. found an 
overall prevalence of autoimmunity of 8.5% (pri-
marily cytopenias, hypothyroidism, and juvenile 
arthritis) [18]. All of the patients who developed 
autoimmunity were from that fraction with lower 
numbers of naive T cells. In another study by 
Jawad et al., a similar rate was found; 20 patients 
out of 195 (10.5%) (excluding two with ataxia of 
unknown etiology) with chromosome 22q11.2 
deletion syndrome had autoimmunity of some 
type (principally idiopathic thrombocytopenic 
purpura (ITP) and juvenile idiopathic arthritis 
(JIA)) [19]. It is likely that the increased rate of 
autoimmunity seen in those DiGeorge patients 
with lower naive T cell numbers is due at least in 
part to decreased numbers of Tregs, although 
defective selection in the thymus may also play a 
role [20].

A second category of primary immune defi-
ciency disorders (PIDD) with decreased T cell 
production includes those disorders that are due to 
defects in the initiation and repair of double- 
stranded DNA breaks that impair TCR rearrange-
ment in precursor T cells within the thymus and B 
cell receptor (BCR) rearrangement in B cell pre-
cursors in the bone marrow [21]. These genes 
include the recombinase genes RAG1 and RAG2, 
DCLRE1C (DNA cross-link repair 1C, also known 
as Artemis), LIG4 (ligase 4), PRKDC (protein 
kinase, DNA-activated, catalytic polypeptide), and 
NHEJ1 (nonhomologous end- joining factor 1, also 
known as Cernunnos). When completely deficient 
in humans, each of these genes produces SCID, 

but heterozygous defects that include hypo-
morphic mutations may permit a leaky phenotype 
[22–24]. In the best documented examples, which 
are due to RAG1/RAG2 mutations, increased sus-
ceptibility to infection is accompanied by autoim-
munity [24–26]. The most common autoimmune 
manifestations have included alopecia, vitiligo, 
granulomas, myasthenia gravis, vasculitis, and 
psoriasis. Granulomatous inflammatory processes 
have been described that can mimic the granulo-
matous vasculitides [27, 28]. Analysis of the T and 
B cell populations in such patients reveals 
decreased proportions of naive cells and skewed 
receptor repertoires. As with the patients with 
DiGeorge syndrome who have more severely 
decreased T cell numbers, the tendency toward 
autoimmunity is likely due in part to the decreased 
thymic output and decreased Treg numbers and 
diversity, but the mechanisms leading to loss of 
tolerance are more complex. Specifically, there is 
also dysregulation in the B cell compartment in 
these patients which compounds the problem. 
Another mechanism includes a defect in thymic 
education from defective thymic architecture and 
expression of AIRE, the genetic deficiency of 
which will be discussed next [28–30].

 Deficiency in Development 
of Central Tolerance due to Defects 
in Thymic Education

Genetic deficiency of AIRE has become the pro-
totypical disorder marking defective thymic edu-
cation as a cause of a failure in central tolerance 
[31]. First identified as the cause of autoimmune 
polyendocrinopathy, candidiasis, and ectodermal 
dysplasia (APECED) (also called autoimmune 
polyendocrinopathy syndrome type 1, APS-1), 
AIRE has been shown to form part of a transcrip-
tion factor complex that is required for the 
expression of ectopic proteins within the thymus 
forming an essential component of the negative 
thymic selection process for nascent T cells [32, 
33]. Deficient individuals developed a character-
istic pattern of autoimmunity targeting endocrine 
glands, typically parathyroid and adrenals, as 
well as autoantibodies against Th17 cytokines. 
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The latter turns out to explain their marked pro-
pensity for chronic mucocutaneous candidiasis, 
Th17 immunity being particularly important in 
the defense against superficial cutaneous and 
mucous membrane fungal infections [34].

 Autoimmunity due to Defects 
in Treg Development

Defects in the expression of FoxP3, the transcrip-
tion factor essential for the development of Tregs, 
or in the expression of CD25, the receptor for IL-2, 
produce defects in Treg number or function and an 
increase in autoimmune phenomena. IPEX syn-
drome (immune dysregulation, polyendocrinopa-
thy, enteropathy, X-linked), first described in 2001, 
is due to loss-of-function (LOF) mutations in the 
X-linked FoxP3 gene [35]. Affected patients may 
develop symptoms of autoimmunity antenatally 
with severe enteropathy, inflammatory autoim-
mune skin disease, and other autoimmune disor-
ders, particularly diabetes mellitus, and may be 
stillborn or become critically ill soon after delivery 
[36–39]. Although IPEX is not a primary immune 
deficiency (affected patients’ T cells are fully func-
tional though dysregulated), without treatment 
most patients die from infection related to their 
inflammatory skin and gastrointestinal tract disease 
before the age of 2 years. A second disorder has 
been described with defective FoxP3 expression 
due to autosomal recessive (AR) loss-of-function 
(LOF) mutations in the ubiquitin E3 ligase ITCH 
[40]. ITCH deficiency in a rodent model severely 
decreased TGF-β-induced FoxP3 expression in 
developing pTregs and compromised TGF-β 
-mediated inhibition of T cell proliferation [41, 42]. 
Affected human patients in the original description, 
who were homozygous for a truncating mutation in 
the gene, were members of a large Amish kindred 
and exhibited a variable combination of clinical 
features including dysmorphic facies, short stature, 
relative macrocephaly, chronic lung disease, hepa-
tosplenomegaly, hypotonia, chronic diarrhea, and 
failure to thrive. Autoimmune features found 
among affected patients included hypothyroidism, 
autoimmune hepatitis, diabetes mellitus, and auto-
immune enteropathy.

Two PIDD that are characterized by recurrent 
infections due to defective adaptive immunity as 
well as deficient Treg development are discussed 
here. Autosomal recessive deficiency of CD25 
(the high affinity IL-2 receptor alpha subunit, 
CD25RA) is associated with both autoimmunity 
and immunodeficiency. Sharfe et al. described a 
3-year-old boy with a history of consanguinity 
who suffered from recurrent respiratory infec-
tions, including cytomegalovirus (CMV) pneu-
monitis and candida stomatitis/esophagitis [43]. 
His lymphocyte mitogen panels demonstrated 
moderately deficient responses, and he failed to 
reject a skin graft. There were dense lymphocytic 
infiltrates in the lungs, liver, and gut. A homozy-
gous four base pair insertion was found in the 
CD25RA gene that disrupted protein transcrip-
tion. He was successfully treated with a bone mar-
row transplant. Caudy et  al. described a patient 
with similar features to IPEX patients with endo-
crinopathies, eczema, hemolytic anemia, lymph-
adenopathy, hepatosplenomegaly, and enteropathy 
who was also confirmed to have CD25 deficiency 
[44]. They found that while CD4+ FoxP3+ T cell 
numbers were similar to control subjects, the pro-
duction of IL-10 from stimulated CD4+ T cells 
was severely decreased suggesting that CD25 
deficiency, in addition to causing a significant 
combined immunodeficiency, creates an IPEX-
like phenotype by suppressing Treg function.

Patients with homozygous or compound het-
erozygous mutations in STAT5b (signal trans-
duction and activator of transcription 5b) also 
present with an IPEX-like phenotype and immune 
deficiency as well as growth hormone-resistant 
short stature [45, 46]. They exhibit moderate 
lymphopenia and suffer from severe infections 
and display features of autoimmunity, including 
juvenile idiopathic arthritis, autoimmune thy-
roiditis, and ITP.  Because the IL-2 receptor is 
partly dependent on STAT5b for signaling and 
IL-2 signaling is important for FoxP3 upregula-
tion, CD4+ CD25+ FoxP3+ Tregs are signifi-
cantly decreased. Most patients have eczematous 
skin disease and have developed chronic pulmo-
nary inflammation with lymphoid interstitial 
pneumonitis and worsening pulmonary fibrosis, 
which can be fatal.
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 Autoimmunity by 
Haploinsufficiency 
of Immunoregulatory Genes

Haploinsufficiency in a number of different genes 
has been shown to cause a diverse array of phe-
notypes with immune dysregulation [47]. Of 
these, heterozygous LOF alleles in cytotoxic T 
lymphocyte-associated 4 (CTLA4) have been 
best described as causing autoimmunity [48, 49]. 
CTLA4 expressed by Tregs acts as a high-affinity 
competitor for CD28 in the activation of effector 
T cells by depleting its ligands CD80 and CD86 
from antigen-presenting cells and thus resulting 
in downregulation of effector T cell activation. 
Haploinsufficiency of CTLA4 results in immu-
nodeficiency (decreased B cells and hypogam-
maglobulinemia) and autoimmunity, including 
autoimmune cytopenias, autoimmune enteropa-
thy, and granulomatous infiltrative lung disease 
[47–50]. LRBA (Lipopolysaccharide (LPS)-
responsive vesicle trafficking, beach- and anchor- 
containing), expression of which is induced by 
bacterial lipopolysaccharide in B cells and mac-
rophages, upregulates Treg CTLA4 expression. 
Homozygous or compound heterozygous defi-
ciency of LRBA includes autoimmunity as part 
of the phenotype primarily because of impaired 
Treg CTLA4 expression [51]. As genomic data 
on patients with undefined immune deficiencies 
with autoimmunity continue to accumulate, it is 
likely that other genes will be discovered for 
which haploinsufficiency is the cause. For exam-
ple, it has been reported that a heterozygous dele-
tion on chromosome 16 that included the 
transcription factor nuclear factor of activated T 
cells 5 (NFAT5) was responsible for such a phe-
notype in a 19-year-old man [52].

 Autoimmunity from Dominant 
Gain-of-Function (GOF) Mutations

Mutations that produce constitutive activation of 
immunologic signaling pathways can result in 
autoimmunity. Some of the best examples include 
the syndromes created by gain of function (GOF) 
mutations in STAT proteins, STAT1 and STAT3, 

and activating mutations in the enzyme 
phosphatidylinositol- 3- kinase delta (PI3 Kinase 
δ), which produces the activated phosphati-
dylinositol-3-kinase (PI3K) delta syndrome, 
(APDS). Because they are key signaling interme-
diates in cytokine receptor signaling, abnormali-
ties in function in the various STAT family 
proteins can exert profound effects on immune 
function [45]. STAT1 among all the known fam-
ily members exhibits the broadest heterogeneity 
in phenotypes [45, 53]. Three different functional 
effects of STAT1 mutations are known—AR 
homozygous or compound heterozygous LOF 
mutations, autosomal dominant (AD) LOF muta-
tions, and AD GOF mutations. The LOF muta-
tions cause primary immunodeficiency with 
particular susceptibility to intracellular patho-
gens such as mycobacteria and herpesviruses 
while the GOF mutations add autoimmunity to 
the immunodeficiency [54–57]. The GOF muta-
tions were first described as the cause of AD 
chronic mucocutaneous candidiasis that is often 
associated with hypothyroidism but also occa-
sionally with type I diabetes, cytopenias, vitiligo, 
and systemic lupus erythematosus [45, 58–60]. 
Therapy of such patients with the Janus kinase 
(JAK) inhibitor ruxolitinib has been reported to 
provide significant immunologic improvement 
and offers hope for eventual effective avenues of 
specific therapy for these patients [61]. STAT3 
dominant negative and dominant activating muta-
tions present a similar spectrum of phenotypes 
with the dominant negative mutations responsi-
ble for AD Hyper- IgE (Job’s) syndrome and AD 
GOF mutations producing immunodeficiency, 
short stature, eczema, and autoimmunity [62–
64]. Autoimmune features have been reported to 
include hypothyroidism and type I diabetes, cyto-
penias, arthritis, and serum autoantibodies.

Phosphatidylinositol-3-kinases are a family of 
enzymes that are activated following receptor- 
ligand binding and phosphorylate a membrane 
phospholipid, phosphatidylinositol-4,5- 
bisphosphate (PIP2), to form phosphatidylinositol- 
3,4,5-trisphosphate (PIP3), which creates a 
binding site on the inner leaflet of the plasma 
membrane for the PH domain on cytoplasmic 
signaling molecules including the Akt kinase 
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(protein kinase B). Akt is a key activating serine 
kinase in multiple cellular processes including 
cell division mediated through the mTOR (mam-
malian target of rapamycin) pathway [65, 66]. 
Activating mutations in the catalytic domain of 
the isoform predominantly found in leukocytes, 
p110δ, were found to produce a dominant immu-
nodeficiency with features of autoimmunity and a 
predisposition for persistent Epstein-Barr virus 
(EBV) viremia and lymphoid malignancies [67, 
68]. Affected patients tend to exhibit decreased 
IgG and increased IgM levels, poor antibody 
responses, and lymphopenia that worsens with 
age associated with increased activation-induced 
lymphocyte apoptosis. Autoimmune features are 
frequent in APDS patients and have included 
cytopenias, seronegative arthritis, thyroid disease, 
pericarditis, sclerosing cholangitis, and glomeru-
lonephritis [69]. Importantly, therapy of APDS 
patients with mTOR inhibitors such as sirolimus 
results in improved lymphocyte counts, increased 
immune function, and decreased peripheral 
lymphadenopathy and splenomegaly [69].

 Autoimmunity with Selective B Cell 
Deficiencies

Autoimmunity can also be seen in B cell defi-
ciencies, and perhaps the best data supporting 
this association comes from patients with 
Bruton’s tyrosine kinase (BTK) deficiency (XLA, 
X-linked agammaglobulinemia) [70, 71]. These 
patients have a severe but leaky deficiency of B 
cells in which there is a block in the development 
of B cells at the pre-B cell stage. However, typi-
cally a very small percentage of B cells manage 
to pass this developmental choke point and 
develop into mature, functional B cells with an 
overall highly constricted repertoire exhibiting 
abnormal VH and VL gene utilization and defi-
cient regulation with a high percentage of polyre-
active autoantibodies as determined by single cell 
analysis [72]. Although T cells are thought to be 
functioning normally in XLA patients, their 
myeloid cells, which also express BTK protein, 
have deficient signaling through Toll-like recep-
tors [71]. A recent review of patients in the US 

Immunodeficiency Network (USIDnet) registry 
of 179 patients revealed that 5% of patients had 
hypothyroidism, 3.4% had Crohn’s disease/
enteritis (considerably higher than the reported 
incidence of 0.4%), 16% had arthritis (excluding 
septic arthritis), 4% had anemia, and 2% had ITP/
thrombocytopenia [71]. Thus, although it is 
unclear whether some of these autoimmune fea-
tures are due to the defect in B cell maturation, 
the occurrence of relatively high proportions of 
autoimmune diseases in XLA patients suggests 
that defects in B cell differentiation and function 
can contribute to the autoimmunity seen in some 
types of combined immune deficiency.

 Summary

Primary immune deficiencies are increasingly 
being recognized as underlying disorders in 
patients presenting with autoimmunity. Almost all 
of the known examples have been uncovered over 
the past two decades. A variety of mechanisms 
have been established, and there is little doubt that 
more genes and more mechanisms remain to be 
discovered. The role of microorganisms, both 
pathogens and elements of the normal microbi-
ome in the various anatomic sites in the human 
host, is just beginning to be elucidated, but it is 
likely that microbial triggers play an important 
part in the development of autoimmunity in many 
of these disorders of immune function.
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 Background

In rheumatoid arthritis (RA) as in several other 
inflammatory/immune conditions, there is ongo-
ing interest in the notion that pathogenesis may 
encompass consequences of microbiota dysbiosis 
[1–5]. Evidence for this view in RA, discussed in 
more detail below and in Chap. 15, encompasses 
strands such as the successful utilization of anti-
microbial therapeutics, the impact of microbial 
environmental differences in rodent models, and 

the evidence of microbial community differences 
in periodontal disease and gut microbiota corre-
lating with disease. However, whether microbiota 
differences are cause or effect of the disease pro-
cess remains unclear. Nevertheless, such studies, 
as well as those correlating microbiota phyla, 
species, or pathways with immune subset differ-
entiation and phenotype, underpin a view that a 
more thorough grasp of these interactions would 
facilitate new avenues for therapeutic interven-
tion as well as supplying new biomarkers for dis-
ease progression and prognosis.

The search for microbiota species correlating 
with susceptibility to RA or to other autoimmune 
or inflammatory conditions rests primarily on the 
notion, drawn from studies in mice, that specific 
bacterial species are not only recognized by 
receptors of the innate and adaptive immune 
response but can play specific roles in driving the 
development of polarized immune effector sub-
sets [6]. Keynote examples, as discussed below, 
were demonstrations of the requirement in the 
gut microbiota of segmented filamentous bacteria 
(SFB) for the development of Th17 cells, and of 
specific clostridial species, especially from phy-
logenetic cluster IV and XIV, for the develop-
ment of Tregs [7].

The concept of an equilibrium between the 
microbial species of the indigenous microbiota 
and the health status of the host goes back to 
Metchnikoff, while Lederberg is often credited 
with initiating the modern concept of microbiome 
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research—“we should think of each host and its 
parasites as a superorganism with the respective 
genomes yoked...” [8].

The ever-increasing granularity that has been 
attained in characterization of the microbiota—
not just bacterial but also viral and fungal—has 
offered many tantalizing disease correlates, offer-
ing hints of causality and prospects for therapeu-
tics. More laborious and challenging has been the 
process of drafting the new biology of the spe-
cific ligand-receptor interactions that might oper-
ate at the interface of host and microbiota, 
determining healthy or pathologic outcomes.

Old-school immunology teaches that this is a 
body system evolved to differentiate between self 
and nonself, or, at least, between contexts, such 
as danger and non-danger. Within this frame of 
reference, understanding interaction of the 
immune system with the commensals we carry 
would appear trivial: we may be colonized by 
1013–1014 bacteria, but our immune system can 
ignore them, either because of physical barriers 
at the mucosa and/or because the immune system 
has developed with them in place and learnt to 
ignore them in some form of tolerance or igno-
rance. However, this viewpoint has become 
increasingly untenable over several years, as it 
became clearer that changes to the microbiota 
could shift susceptibility to inflammatory, auto-
immune, and infectious diseases, that these were 
microbial proteomes just as capable of recogni-
tion by receptors of the innate and adaptive 
immune response as any pathogen, and that these 
recognition events could result in considerable 
modulation of immune subset development. This 
has posed conceptual challenges to aspects of the 
pre-existing models: the gateway for host defense 
to signal the presence of a microbial pathogen 
that must be cleared from the body by triggering 
an inflammatory response is recognition of 
microbial products via pattern recognition recep-
tors (PRR). How then could this same machinery 
be used in the very different context of needing to 
maintain a homeostatic, mutualistic relationship 
with microbes that should not trigger an inflam-
matory response for clearance? The emerging 
answer is that far from the interaction between 
microbiota ligands and PRR being some form of 

dampened version of pathogen recognition, this 
form of bidirectional host-microbe cross talk 
may be a key evolutionary function of pattern 
recognition [9, 10].

 Innate Recognition 
of the Microbiota

How then does one resolve the apparent paradox 
that we carry a large biomass of pathogen- 
associated molecular patterns (PAMPs)—
expressing symbiotic microbial species, and yet 
inflammation is rarely triggered by such interac-
tions and no sterilizing immune clearance acti-
vated? It is this conundrum that led some in the 
field to rename PAMPs more correctly microbe- 
associated molecular patterns (MAMPs) [10]. It 
is now appreciated that signaling to innate recep-
tors by the microbiota is essential for avoidance 
of dysbiosis and disease.

One solution was identified several years ago 
in the zebra fish [11]. It was found that recogni-
tion of microbiota-derived LPS by the TLR4/
MyD88 complex triggers an intestinal alkaline 
phosphatase that detoxifies the LPS and attenu-
ates inflammation. In the absence of this path-
way, an excessive, inflammatory neutrophil 
response is triggered.

In mouse studies, much evidence has come 
from analysis of PRR knockout strains. For 
example, Nod2 knockout mice show a number of 
downstream consequences of dysregulated inter-
action with the microbiota, including changes in 
microbial composition and impaired ability to 
clear Helicobacter hepaticus [12]. Of studies 
conducted in TLR knockout strains, loss of TLR5 
sensing of bacterial flagellin appears particularly 
decisive in determination of microbiota homeo-
stasis [13]. Investigation of the gut microbiota 
and its innate recognition in the type I diabetes of 
nonobese diabetic (NOD) mice has been particu-
larly interesting. Myd88 −/− NOD mice show 
distal gut microbiota changes, with a lower 
Firmicutes/Bacteroidetes ratio compared to 
Myd88 +/+ NOD mice. The Myd88 −/− NOD 
mice do not develop disease when in specific 
pathogen-free conditions; however, when housed 
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at germ-free (GF) status, Myd88 −/− NOD mice 
develop severe disease [14]. This was among the 
earliest studies that served not only to link caus-
ally the environment to microbiota composition 
and disease but also demonstrated the importance 
of recognition of the microbiota microbial com-
munity by innate immune receptors. Conditional 
deletion of MyD88 only in Tregs causes a loss in 
intestinal Tregs, expansion of Th17 cells, and 
dysbiosis with an expansion of SFB [15].

The Nod-like receptor family (NLR) contrib-
uting to inflammasome formation is also impli-
cated: loss of NLRP6, for example, leads to 
dysbiosis characterized by overrepresentation of 
Prevotellaceae [16]. While findings such as these 
confirm the existence of a dialogue between host 
PRRs and the microbiota so as to influence 
microbial communities and disease phenotypes, 
there are still many unknowns at the level of the 
specific annotations of the qualitative differences 
between those downstream functions that cause 
elimination of pathogens and those that merely 
modulate commensal communities. That this is 
an active, dynamic process is shown by the find-
ing that colonization of mouse gut by SFB leads 
to expansion of IL-17A-secreting Th17 cells and 
that this IL-17A in turn recruits neutrophils 
which recognize and curtail the expansion of 
SFB [17].

 Interaction of Adaptive Immunity 
with the Microbiota

Mice housed under GF conditions display 
immune dysregulation at several levels, from 
cytokine polarization to innate lymphoid cell 
development, with associated disease suscepti-
bilities [18]. Key insights into mechanisms by 
which specific microbiota species differences 
could influence immune function and thus, dis-
ease phenotypes, have come from studies exam-
ining intestinal lymphoid subsets. Thus far, a 
number of examples demonstrating the depen-
dence of immune subset differentiation on the 
presence of a specific bacterial species has been 
delineated in inbred mice. The assumption is that 
there may be many such examples to be docu-

mented in the mammalian adaptive immune 
response. The Littman lab initially demonstrated 
that differentiation of intestinal Th17 cells in 
mice required the presence of SFB [19]. 
Dependence on SFB for Th17 disease pheno-
types, such as experimental arthritis models, was 
subsequently shown [20]. Several studies indi-
cate that such subset expansions operate through 
more or less conventional, peptide-MHC-specific 
T cell receptor (TCR) immune recognition of 
microbiota antigens. Interestingly, TCR sequenc-
ing of intestinal Th17 cells reveals a highly 
focused population, specifically targeted on SFB 
antigens [21]. While any role for specific SFB-
like species from human gut remains unclear, 
using a panel of GF mice monocolonized with 
individual bacterial species derived from human 
gut microbiota, it was found that a number of 
other bacterial species, notably Bifidobacterium 
adolescentis, could promote intestinal, nonin-
flammatory, Th17 development [22]. This pro-
ceeded through a somewhat distinct 
transcriptional pathway from SFB-mediated 
Th17 expansion. Honda et  al. demonstrated 
requirement for clostridial species in the func-
tional differentiation of Tregs [23]. Subsequent 
studies showed that a number of other individual 
bacterial species including some from the 
Clostridia class and the Bacteroides genus could 
similarly support development of intestinal Tregs 
[24, 25]. The Mathis-Benoist labs looked for 
transcriptional profiles that were specific to intes-
tinal Treg cells involved in modulating recogni-
tion of the gut microbiota, and found that, both in 
mice and humans, intestinal Tregs often express 
RORγT [25]. This was surprising as RORγT has 
been considered the hallmark transcription factor 
driving the differentiation of Th17 (pro-inflam-
matory) effector function. Presence of the intesti-
nal RORγT Treg population was dependent on 
presence of the gut microbiota since treatment of 
mice with broad spectrum antibiotics largely 
ablated this subset. Again using the panel of GF 
mice monocolonized with individual bacterial 
species derived from human gut microbiota, it 
was found that several individual species could 
largely restore this Treg subset. The bacterial spe-
cies encompassed both Firmicutes and 
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Bacteroidetes phyla, among them, Clostridium 
ramosum, Staphylococcus saprophyticus, and 
Bacteroides thetaiotaomicron.

The cases of SFB and Clostridia demonstrate 
the principle that microbiota components could 
influence immune regulation and disease, both 
through effects on effector function and on 
immune regulation. Currently lacking is the detail 
of these relationships: how many different species 
act in this fashion on various immune subsets, and, 
most importantly, what is the nature of any of 
these relationships for human immunity? 
Possession of this knowledge would greatly 
enhance the ability to design therapeutic strategies 
to modulate microbiota-driven effects on autoim-
mune and inflammatory disease phenotypes. The 
knowledge gap with respect to human gut-derived 
species is being somewhat resolved by the afore-
mentioned studies with monocolonized GF mice: 
analysis of 53, individual human gut-derived bac-
terial species in this system yields a complex pic-
ture, whereby a wide array of host transcriptional 
and immunological consequences are discerned, 
although not attributable to specific, simple, cor-
relations with given microbial phyla [26].

The gut microbiota is the largest and most 
experimentally accessible in the body and offers 
a clear window onto the local interaction with 
development of host immune subsets as this site. 
Still to be fully characterized are the ramifica-
tions of this for immunity and disease at other 
sites or systemically. While the rules for interac-
tion of microbiota species in the gut with the 
immune system are starting to be understood, 
much of this knowledge is lacking when it comes 
to microbiota at other mucosal interfaces.

 Implications for Etiology of RA

In terms of the interaction between genetics and 
environment in RA, arguably the environmental 
factor that has been most strongly implicated is 
the microbial environment, not least due to the 
role of bacterial infections in triggering reactive 
arthritis [27]. In brief, the evidence in support of 
a role for the host microbiota in RA etiology may 
be assembled as follows (see also Chap. 15):

• RA therapeutics have a history of successful 
application of antibiotic/anti-inflammatory 
treatments, notably the use from the 1940s 
onward of sulfasalazine [28].

• Since the 1970s, it has been apparent that 
rodent models of RA-related joint pathology 
are strongly influenced by the microbiological 
status of the colony and facility. The 1979 
adjuvant arthritis study by Kohashi et al. found 
that severe disease developed in 100% of GF 
rats, while less severe disease developed and 
was seen in 20% of conventionally housed 
rats, leading to the conclusion that “a bacterial 
flora may have some suppressive effect on the 
development of the disease…possibly through 
modulation of the immune response.” [29]. On 
the other hand, for the articular disease pheno-
type of HLA-B27 rats reported by the Taurog 
lab, GF status prevented disease development 
[30]. Taken together, the diverse rodent dis-
ease model studies appeared to argue that 
there may be both pathogenic and regulatory 
immune subsets differentially influenced by 
the presence or absence of microbiota 
species.

• A long-standing hypothesis of RA etiology 
was once termed the “oral sepsis hypothe-
sis” (and led historically to RA being treated 
by dental extractions) and is more currently 
construed in terms of a role of periodontitis 
in general and Porphyromonas gingivalis 
infection in particular in pathogenesis. There 
is a potential link to pathogenic mechanisms 
since P. gingivalis has a peptidylarginine 
deaminase that can convert arginine to citrul-
line [31].

• A New  York-based study of microbiota and 
disease in RA patients by Scher et  al. found 
that in new-onset, untreated RA patients, pres-
ence of Prevotella copri (and a reduction in 
Bacteroides) was strongly correlated with dis-
ease [32]. This was to some extent reiterated 
in a Japanese RA cohort [33]. A major study 
in a Chinese RA cohort found no evidence for 
alterations in abundance of Prevotella species 
but did find that patient microbiota displayed a 
deficit in Haemophilus species and an abun-
dance of Lactobacillus salivarius [34].
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As discussed above, studies in mouse models 
show that presence of specific gut commensal 
species can shape development of immune sub-
sets and disease, including arthritis models [6, 
22]. These findings support the notion of a “gut- 
joint axis,” dictating disease susceptibility via the 
differential impact of microbiota species on the 
early programming of immune subsets.

The issue of whether one can define a core, 
healthy, human, microbiota has been highly con-
tentious, not least due to differences in terms and 
definitions such as whether this core is described 
both qualitatively and quantitatively [35, 36]. An 
alternative view is that a core microbiome is more 
usefully defined in terms of core transcriptional 
functions and pathways present, rather than purely 
by the species enumerated that mediate these 
functions [37]. This emphasizes the need for long-
term microbiota research programs to be able to 
progress beyond the statistical attribution and 
enumeration of 16S rRNA gene sequences to a 
more multifaceted omics analysis, encompassing 
pathway analysis, metabolomics, biochemistry, 
and transcriptomics, combined with an ability to 
culture and study individual bacterial species, and 
then attempt to recapitulate the disease and its 
modulation in experimental animal models.

Many studies have been reported on associa-
tions between dysbiosis and inflammatory/autoim-
mune disease phenotypes, notably in inflammatory 
bowel diseases (IBD) including Crohn’s disease 
and ulcerative colitis (see Chap. 19) and in type I 
diabetes. More or less without exception, these are 
correlative studies, unable to distinguish between 
cause or consequence of the disease process. 
IBD appears to be associated with a reduction in 
diversity of gut microbiota. Several reports have 
shown that the microbial populations in the intes-
tine of IBD patients are different from those of 
healthy individuals [38]. The MetaHIT consortium 
describe IBD patients as carrying on average, 25% 
fewer 16S rRNA defined genes than individuals 
not suffering from IBD [39]. The mechanistic case 
has for the most part been based on modulation of 
disease phenotypes in animal models, as described 
above.

With respect to pathways by which microbiota 
differences may impact inflammatory disease, 

attention has focused on the relationship between 
diet, particularly dietary fiber, microbiota com-
position (especially the ratio of Firmicutes to 
Bacteroidetes), and control of inflammation [40]. 
A mechanistic link is supplied by the fact that gut 
microbiota metabolize fiber, thereby increasing 
the concentration of circulating short-chain fatty 
acids (SCFAs) [40]. In one recent study [40], 
mice were fed for 6 weeks with a diet that was 
either normal, high, or low fiber, and hyperim-
munized with allergen, and then subjected to a 
respiratory allergen challenge. The low-fiber diet 
was associated with a gut (and lung) microbiota 
of decreased complexity and dominated by 
Firmicutes and correlated with increased severity 
of the pulmonary inflammatory response. The 
high-fiber- associated microbiota could metabo-
lize fiber to generate SCFAs, particularly propio-
nate, detectable in serum and urine. Importantly 
for consideration of translational initiatives in 
relation to microbiota control of inflammatory 
phenotypes, simple administration of propionate 
in drinking water could to a large extent amelio-
rate the inflammatory phenotype. Studies such as 
this support the notion that diet can influence the 
effect of the microbiota on control of inflamma-
tion in disease, that analysis of metabolic prod-
ucts in serum or urine may offer prognostic 
biomarkers, and that disease might be treated 
with dietary supplements of this type.

 Concluding Remarks: 
The Implicated Immunological 
Mechanisms

Thus far, this chapter has described two, non- 
mutually exclusive routes through which change 
in the mix and abundance of microbiota species 
might impact risk of RA and other autoimmune 
and inflammatory diseases: the first notion is that 
different species have the ability to preferentially 
promote the development of immune subsets of 
particular effector function. This field is cur-
rently progressing from initial analysis focused 
on the intestinal Th17 and Treg compartments, 
to wider analysis of other innate and adaptive 
subsets at other sites. From studies in various 
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autoimmune mouse models, these compartmen-
tal perturbations may be sufficient to shift the 
balance to or from disease. The second, related, 
notion is that microbiota differences lead in turn 
to local or distant differences in bacterial-derived 
metabolites such as SCFAs, and these in turn 
have immune- modulatory properties. Also men-
tioned has been the observation, worthy of fur-
ther analysis, that microbiota differences can 
modulate citrullination of self-proteins with 
associated impacts on autoantigen recognition. 
More recent studies suggest an additional mech-
anism that may link microbiota species to RA 
pathogenesis: the direct immune recognition by 
B and T cell receptors of bacterial antigens 
expressed by species such as Prevotella copri, 
leading to recognition of cross- reactive self-epi-
topes in synovium [41].

Taken together, recent findings have offered 
rapid progress in the elucidation of correlates of 
disease risk among microbiota species, with 
some clues as to associated mechanism. Such 
findings offer strong hopes for new microbiota- 
based therapeutic strategies based on modulation 
of inflammatory pathways.
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Abbreviations

AI Autoimmune
APCA Anti-parietal cell antibodies
BSA Bovine serum albumin
CAIA Collagen antibody-induced arthritis
CFA Complete Freund’s adjuvant
CIA Collagen-induced arthritis
GF Germ-free
IBD Inflammatory bowel disease
Ig RF RF-like immunoglobulin
IL Interleukin
LPS Lipopolysaccharide
mAB Monoclonal antibody
MS Multiple sclerosis
NSAID Nonsteroidal anti-inflammatory drug
PMN Polymorphonuclear cell
RA Rheumatoid arthritis
RF Rheumatoid factor
SCID Severe combined immunodeficiency

 Introduction

We are now well into a new century that has 
brought with it a considerable increase in our 
understanding of the underlying mechanisms that 
exist in several of the more prominent autoim-
mune (AI) diseases. This new understanding has 
led to a revolution in the treatment of RA, multi-
ple sclerosis, and inflammatory bowel diseases 
including ulcerative colitis and Crohn’s disease 
[1–6]. Many patients have seen enormous bene-
fits from new therapies that are also recently 
developed, in particular the use of therapeutic 
monoclonal antibodies (mAb) [1]. The principal 
reason for these advances has been the extensive 
use of animal models that mimic the various 
pathological aspects of these diseases and in par-
ticular the use of the mouse as an experimental 
tool [6–8]. These models have not only led to an 
increased understanding of the underlying cellu-
lar and molecular mechanisms of AI disease but 
have also served to establish Mus musculus as the 
test organism in translational studies [6]. It must 
also be said that the heavy reliance on the mouse 
as a model of human diseases has its drawbacks 
as well. It is by now well established that the 
mouse models have flaws [5, 6, 8–11]. It will be 
the focus of this brief review to discuss the use of 
animal models in RA giving both a historical per-
spective as well as presenting newer information 
as to what is understood about the pathological 
basis of RA.  In particular, the recent new data 
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that speak to the role of bacteria in the induction 
of RA will be discussed [12, 13].

 History of Animal Models of RA

Once it was understood that one of the guiding 
principles of immunity was the ability to distin-
guish between “self” and “not self,” it was not too 
great a conceptual step to conclude that autoim-
munity must arise as a result of a dysfunction in 
the immune system causing it to recognize “self”-
antigens. Two problems immediately arose from 
this. First, it raised the question as to the nature of 
the inciting antigen. And second, in the absence of 
knowing the inciting antigen, how could one 
model the disease? Related to these concerns is 
the question of what makes patients susceptible to 
RA? We will return to this question later. Early on 

it was noted that in RA as well as in other AI dis-
eases, there existed autoantibodies which were 
thought to be the primary pathological element in 
the development and maintenance of the disease 
(Fig. 6.1a) [14, 15]. This was due in part to our 
understanding developed in the early part of the 
twentieth century as to how antibodies could be 
induced via immunization with antigen, by vac-
cination, for example. Thus, the working assump-
tion was that there must be a close correspondence 
between disease initiation via an unknown, infec-
tious antigenic stimulus and the appearance of the 
symptoms of the disease itself. Complicating this 
notion are data from a variety of studies showing 
that normal individuals produce autoantibodies 
long before the onset of any autoimmune disease 
symptoms [12, 13]. Subsequently, as has been 
reviewed recently by Rosen and Casciola- Rosen 
[15], it has become possible to think of the 
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Fig. 6.1 Elements of rheumatoid arthritis (RA) in 
humans (a) and in the primary animal models of rheuma-
toid arthritis in rodents (b). (a) RA is a complex disease 
involving a variety of inflammation driven changes as 
illustrated here. (b) The primary models used to study RA 
are those in the rat and mouse that have been experimen-

tally designed primarily to mimic the joint destruction, 
cellular infiltrate, and production of pro-inflammatory 
mediators that reflect what is seen in humans. Both mod-
els have been successfully used to develop drugs that pro-
vide symptomatic relief (NSAIDs) as well as disease 
modification (anti-cytokines, antiproliferative agents)
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Fig. 6.1 (continued)

development of autoantibodies as part of the 
“continuum” of initiation and propagation of an 
immune response with tissue damage feeding into 
a loop of continuous autoantigen stimulation.

The early discovery of autoantibodies in RA, 
including the so-called rheumatoid factor (RF), 
was thought to explain many of the comorbidities 
that occur in RA patients. It also led researchers to 
ask how RF might be formed following an appro-
priate stimulus. As Izui et al. [13] showed many 
years ago, injection of bacterial lipopolysaccha-
ride (LPS) into mice resulted in the formation of 
IgM RF in several strains including nude (athy-
mic) mice. It also led to the induction of autoanti-
bodies (anti-DNA, anti-spleen cells, and anti-red 
blood cells). The thinking in that period was that 
polyclonal activation of B cells led to the induc-
tion of autoreactive B cell clones that generated 
the RF-like immunoglobulins (Ig RF). While 
research on the induction of RA using bacterial 
components has continued up to the present time, 

during the 1980s there was a shift in focus for 
researchers interested in developing new thera-
peutics due to the discovery of the role of soluble 
factors, first called lymphokines and later cyto-
kines, that were produced in abundance during 
immune responses of all types [2, 6]. Nevertheless, 
the recent advent of therapeutic mAbs has allowed 
investigators to show that depletion of B cells 
using rituximab in combination with methotrex-
ate or cyclophosphamide will provide significant 
improvement in a variety of autoimmune human 
diseases including RA [2, 3, 5, 6].

The discovery and elucidation of the biochem-
ical nature of cytokines changed the focus of 
many researchers studying RA both in animal 
models and in patients [1–5]. It became apparent 
by the early 1990s that the use of monoclonal 
anti-cytokine antibodies might represent a break-
through in the understanding and treatment of 
RA. In particular, the work of Feldmann and his 
collaborators established first in collagen-induced 

6 Animal Models of Rheumatoid Arthritis



66

arthritis (CIA) mouse models of RA, and then in 
patients, that treatment with anti-TNF mAbs 
could have profound effects on RA symptoms 
and disease progression [1, 6, 11]. Later, other 
researchers, following this lead, have discovered 
that mAbs to other cytokines such as interleukin 
1 (IL-1) and interleukin 6 (IL-6) may also be 
important therapeutics in treating many patients. 
In all of these studies, investigators principally 
used mouse models employing both bacterial 
components (usually as Freund’s adjuvant) as 
well as tissue proteins such as animal-derived 
collagen to induce an acute arthritis that devel-
oped over a few weeks rather than over years as 
occurs in human disease [6, 10, 11, 13, 16]. The 
CIA model has emerged as one of the principal 
tools for the development of therapeutics based 
primarily on the work cited above. We will later 
consider its advantages and disadvantages.

Finally, as alluded to earlier, there is the ques-
tion of disease susceptibility. Not every patient 
with RA has periodontal disease, and not every 
patient with periodontal disease develops 
RA.  Indeed, the prevalence of autoimmune dis-
eases in general is linked to many factors includ-
ing gender, age, genetics, and type of disease [16, 
17]. Beginning in the middle of the 20th century, 
there was a concerted effort to identify genetic 
risk factors in RA and other autoimmune dis-
eases. Studies in both mice and humans led to the 
discovery that the major histocompatibility com-
plex (MHC) is the genetic location of the suscep-
tibility genes associated with the development of 
autoimmune diseases. The MHC consists of a 
plethora of genetic loci that have been studied for 
decades [6, 18]. For our purposes here, it is the 
class II genes, the HLA-DR genes in humans and 
genes that are located in the H-2 I region in mice 
(I-A and I-E), that seem to confer susceptibility 
[5, 17]. These genes code for cell surface proteins 
present on antigen-presenting cells that are 
responsible for displaying antigenic peptides 
derived from infectious organisms as well as 
from self-proteins, principally to various T-cell 
subtypes [18, 19]. This discovery has been a 
powerful tool to understand the nature of the anti-
gens that induce RA in both animals and humans 
[11–13, 16].

 Animal Models of RA

When discussing animal models of RA, it is 
important to take cognizance of the different 
research disciplines that are interested in RA. The 
immunology community has largely gravitated to 
mouse models using a variety of approaches out-
lined in Fig. 6.1b. This was done to explore the 
fundamental cellular and molecular pathologies 
that are responsible for the induction and mainte-
nance of RA. It also involved the extensive use of 
both a variety of strains of mice as well as more 
recently the use of transgenic mice [5, 13, 14]. In 
addition, there has been extensive use of genom-
ics comparing both mice and humans not only in 
terms of genetic susceptibility but also in terms 
of understanding the role of the microbiome in 
the induction and exacerbation of the disease. By 
contrast, pharmacologists that have focused on 
inflammatory diseases and who are interested in 
the biochemical pharmacology of diseases have 
traditionally favored the rat as their research tool 
[6, 13]. As has been noted by many authors [5, 9, 
11, 13], models of RA are invariably acute mod-
els of disease with symptoms and pathological 
changes occurring in a matter of days or weeks in 
contrast to humans, where the disease may 
develop over years. In addition, some models are 
self-limiting so that the disease resolves itself 
after a period of time.

Thus, while these models have been highly 
useful in developing a comprehensive view of the 
disease, not all aspects of human RA may be seen 
in any one model [5, 8, 9, 12, 13]. Therefore, each 
animal model must be carefully deployed depend-
ing on what the ultimate goal of the given research 
project might be. There have also developed dis-
tinctly different approaches to therapy with initial 
treatment often focusing on pain management and 
reduction of inflammation using NSAIDs, corti-
costeroids, and methotrexate [5, 14]. Only with 
the more recent advent of the biologics (e.g., anti-
TNF) has it become possible to treat the underly-
ing cellular and molecular drivers of disease 
leading to remarkable reductions in disease mani-
festations [1, 5, 11, 14, 15, 18, 19].

With that introduction, the remainder of this sec-
tion will survey the animal models most commonly 
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used, their advantages and disadvantages, and pros-
pects for the future.

 Adjuvant-Induced Arthritis 
in the Rat

This model has proven to be remarkably success-
ful in predicting the likely clinical activity of 
classic nonsteroidal anti-inflammatory drugs 
(NSAIDs), in particular those that target the eico-
sanoid pathways such as the cyclooxygenase I 
and cyclooxygenase II inhibitors [20]. In this 
model, disease is induced with complete Freund’s 
adjuvant (CFA) containing inactivated mycobac-
teria, or with synthetic adjuvants. The primary 
choice of rat strains is the male Lewis rat as the 
disease is more variable in females. As with all 
models, the onset of disease is acute, generally 
occurring by days 9–10 as evidenced by paw 
swelling. The model is generally run for a period 
of 5–7 days following disease onset, and the rats 
may be treated either prophylactically at the time 
of injection or therapeutically with the onset of 
symptoms [14]. The model (Fig.  6.1b) is very 
consistent in terms of disease onset and progres-
sion with reliable pathology and tissue markers. 
As discussed by Bendele in her excellent review 
[14], it is characterized by polyarticular inflam-
mation, bone resorption, and periosteal prolifera-
tion. Cartilage destruction tends to be milder 
compared to the inflammation and bone resorp-
tion. As is true for most of the animal models dis-
cussed herein, the underlying mechanisms of the 
induced disease are not well understood. As will 
be discussed later, the most interesting finding 
may be the interactions with intestinal microbiota 
[12]. To carry out the detailed analysis of the dis-
ease, the animals are typically sacrificed, follow-
ing which the affected tissues are surgically 
removed and examined both grossly and by tis-
sue fixation and microscopy. Tissues other than 
the bones and joints may be affected including 
the spleen (splenomegaly), liver (hepatomegaly), 
and the eye (uveitis). These changes also will 
resolve following treatment with effective drugs 
or compounds. As suggested earlier, this model is 
particularly good for studying NSAIDs. Although 

the newer biologic agents such as anti-TNF will 
work, they are generally less effective when used 
alone than, for example, indomethacin [5, 12]. 
Combinations of both classes of drugs are also 
effective.

 Collagen-Induced Arthritis 
in the Rat and Mouse

Due to the joint destruction commonly seen in 
advanced cases of RA (and OA), it is not remark-
able that scientists interested in RA at the basic 
level as well as those interested in more transla-
tional research have used antigen induction mod-
els of arthritis, principally employing homologous 
or heterologous type II collagen. This model has 
been used in both rat and mouse, with the mouse 
dominating research into the cellular and molecu-
lar pathology of the disease (Fig. 6.1b) [1, 5, 20].

In the rat, injection of collagen either with or 
without an adjuvant results in an arthritis that 
involves both cellular and humoral aspects of the 
immune system. It consists of immune complex 
deposition on articular surfaces, bone resorption, 
periosteal proliferation of fibroblastoid cells, 
synovitis, and joint inflammation. In most 
respects, this model more completely reflects the 
pathology seen in humans including the forma-
tion of a pannus. However, as with the adjuvant 
model, this is an acute disease occurring on days 
10–13 usually after at least two injections of col-
lagen (normally using incomplete FA), this time 
in female rats. Treatments usually start with dis-
ease onset and may last for a week or less. 
Animals are sacrificed at the termination of the 
experiments so that the relevant anatomical and 
histopathological measurements may be made. 
Here, histopathological changes occur in the 
knee as well as the paws. The model is sensitive 
to all forms of therapy including NSAIDs, meth-
otrexate, and the biologics including anti-TNF, 
anti-TNFR, and IL-1ra (Anakinra) [5, 10, 14].

In the mouse, attention must be paid to the 
strains used here since not all strains of mice will 
develop arthritis in response to heterologous 
(usually bovine) type II collagen exposure. Here 
the role of the MHC haplotype is critical, and 
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induction of the arthritis also seems to require a 
humoral as well as a cellular immune response. 
Mice with an H-2q haplotype, including both the 
DBA/1J and B10.Q strains, seem to be uniquely 
susceptible, and the susceptibility maps to the 
H-2 I region, suggesting a requirement for T cells 
in disease induction (CD8+ T cells in particular). 
Interestingly, CFA is nonarthritogenic in mice, 
thus implicating the type II collagen as the induc-
ing agent. Thus, this model is rather different 
than the rat CIA model and has become a major 
research tool in the immunology community 
interested in RA (Fig. 6.1b) [1, 5, 14, 20]. There 
are a variety of protocols that have been used for 
sensitization to collagen, some employing CFA 
or endotoxin as well as bovine type II collagen. 
The incidence and severity of disease will vary in 
up to 100% of animals depending on the proto-
col, and disease onset generally occurs 4 or more 
weeks after induction. As noted above, a variety 
of NSAIDs and biologics are effective as thera-
peutics in this model including anti-IL-1, -IL-6, 
-IL- 17, IL-1ra, and, of course, anti-TNF or anti-
TNFR.  These data indicate strong cytokine 
dependence in the induction and maintenance of 
this disease model that also seems to reflect the 
disease seen in humans in terms of both humoral 
and cellular responses. That is also evident in the 
systemic, histopathological, and anatomical 
manifestations of the disease. These include tis-
sue and bone damage (resorption) to feet and 
knee joints, pannus formation, and fibroblastoid 
cell proliferation. As opposed to some of the rat 
models, disease in mice may persist for up to sev-
eral weeks. It should be noted that cortisone is 
often not as effective in this model, and due to 
toxicity to animals, use of methotrexate is not 
recommended. It has also been the model of 
choice to study the timing and role of cytokines, 
T cells, B cells, and monocyte/macrophages in 
the initiation and maintenance of the disease.

 Antigen and/or Antibody-Induced 
Arthritis Models

As has been pointed out by Benedele [14], most 
species of laboratory animals subjected to anti-
gen exposure by direct injection into the joint 

(e.g., cationic proteins such as methylated bovine 
serum albumin (BSA)) will develop an acute 
inflammation leading to joint destruction. This 
appears to involve an Arthus reaction on the 
articular cartilage with antigen-antibody com-
plexes depositing on the cartilage, resulting in 
complement activation and cartilage destruction. 
While this approach has been used with larger 
laboratory species such as the rabbit so as to 
obtain larger joint material, the lack of good 
markers for the various cell types that are 
involved here limits its utility as a research tool 
as opposed to using it as a model for therapy. 
The model can and has been used in the mouse 
where the response is not strain selective as is 
the case with collagen models [1].

As was pointed out earlier, the production of 
autoantibodies to self-type II collagen, citrulli-
nated proteins, and rheumatoid factor (IgG/IgM) 
are found in both RA and in many of the rat and 
mouse models. Indeed, serum from a collagen- 
immunized mouse will induce arthritis in a non- 
immunized mouse [20, 21]. Also mixtures of 
type II collagen and anti-collagen antibody will 
also induce arthritis (collagen antibody-induced 
arthritis, CAIA) [21]. These models also reveal 
the role of macrophages and polymorphonuclear 
leukocytes (PMN); however, there is a lack of T- 
and B-cell involvement. T cells can be shown to 
enhance the disease, however. These models are 
frequently used as research/pharmacological 
tools to study the role of innate immune responses 
in RA as opposed to the acquired (lymphocyte 
dependent) response. As with the antigen-induced 
models, this approach is not strain specific in the 
mouse, as virtually 100% of the animals are 
affected [10, 14].

 Genetically Modified Models 
of Spontaneous Arthritis

There are a variety of models that have employed 
transgenic technology primarily as tools to help 
in the exploration of the role of specific genes in 
RA. The first of these was reported in 1991 and 
involves the over expression of human TNF [22].

The human TNF-transfected mouse presents 
with a chronic, inflammatory, erosive polyarthritis. 
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Anti-TNF therapy completely blocks the disease. 
In that this is a chronic, non-resolving disease, it 
more closely resembles the human RA that is 
also highly responsive to anti-TNF therapy. The 
model has also been used to study the role of 
effector cytokines and chemokines in regulating 
both the inflammation and cartilage and bone 
destruction. Another transgenic model involves 
the study of human HLA class II alleles that share 
a common stretch of amino acids at the HLA-
DRB1 locus [22]. In addition to HLA-DR*0401, 
human CD4, an RA-related autoantigenic protein 
(HCgp-39), and a HCgp-39 epitope-specific 
TCR-αβ transgene have all been deployed to 
study the role of Th1 responses in overcoming 
self-tolerance that occurs in RA [14, 20]. There 
are additional spontaneous transgenic models of 
RA reviewed recently by Asquith et al. [20] all of 
which explore various cellular and molecular 
aspects of innate and acquired immunity and the 
role of self-antigens in disease induction and 
maintenance.

There are many additional models involving 
genetic manipulation that are also reported in the 
literature that have been used not only to explore 
the role of cytokines, chemokines, and proteo-
lytic enzymes but also to try to tease out possible 
initiating events that lead to human RA. These 
include the K/BxN model that implied a role for 
antibodies to glucose-6-phosphate isomerase in 
RA [23] and the SKG model that involves a 
mutation in ZAP-70, a protein kinase involved in 
T-cell activation, and is induced by environmen-
tal stimuli or zymosan [23]. The severe combined 
immunodeficient (SCID) mouse has been used as 
a platform to generate so-called SCID-hu chime-
ric mice that are implanted with human synovial 
tissue, thus allowing the exploration of the 
pathology of the human synovium involving car-
tilage invasion and destruction via the synovial 
fibroblast. All of the models outlined in this sec-
tion have been primarily used to explore the cel-
lular and biochemical basis of human RA as 
understood from studies of human RA pathology 
and as such are biased to reflect the particular 
hypothesis being studied. Most of these are not 
used in a drug discovery setting to explore the use 
of new therapeutics although they have suggested 
potentially new therapeutic targets [22].

 Animal Models Exploring the  Role 
of  Microbe-Induced Inflammation 
in RA

The rise of genomics as a tool to study the entire 
microbiome has had a profound effect on the 
study of the relationship between humans and 
their environment. This has been particularly pro-
found in the study of the interaction between 
individuals and their own microbial community. 
With the advent of modern genomics sequencing 
tools, it is now possible to accurately assess the 
microbial species resident in humans and mice in 
both healthy and disease states. Such studies are 
having a profound effect on how immunologists 
view autoimmune diseases of all types [5, 10, 14, 
23]. In particular, it has focused attention on the 
interaction between microbes at mucosal sur-
faces and the development of autoimmune dis-
ease [11, 12, 24]. As outlined in a review by 
Brusca et al. [12], the usefulness of labels such as 
commensal, mutualistic, and pathogenic has 
blurred, and the complexity of the host-microbe 
interaction is only now coming to be both appre-
ciated and more deeply explored. In this regard, it 
is now increasingly appreciated that host suscep-
tibility previously noted as being related to the 
MHC in both mice and humans is likely due to 
how bacteria on mucosal surfaces interact with 
the immune system located there.

Long before investigators had the tools to 
query the microbiota as we can today, there had 
been interest in the extent to which the microbi-
ota affected animal models of disease. In many 
cases, this was studied using animals raised in the 
germ-free (GF) environment. Multiple studies 
involving spontaneous induction of inflammatory 
bowel disease (IBD) using a variety of genetic 
models [25], as well as HLA-B27-transgenic 
mouse and rat [26] models of spondyloarthritis, a 
model of multiple sclerosis (MS) due to a T-cell 
transgene directed against a protein that consti-
tutes the myelin protective sheath [27], and the 
K/BxN model of RA, all have diminished or 
absent disease induction in the GF state [28]. 
Attenuated disease was also observed in the 
model of SpA induced by injection of SKG 
(ZAP-70 deficient) mice with the bacterial and 
fungal sugar curdlan (β-1,3-glucan aggregates) 
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[29]. Additionally, in most of these studies, the 
disease can be reintroduced by a limited consor-
tium of bacteria, such as segmented filamentous 
bacteria in the models of RA [29] and MS [28]. 
Two studies of the nonobese diabetic model of 
type I diabetes have demonstrated that GF mice 
have increased lymphocytic infiltration of the 
pancreas, although this has not translated into a 
more aggressive diabetes phenotype [30]. There 
are some exceptions to these observations. One 
study of the CIA rat model of RA showed that the 
disease was not altered one way or the other in 
the GF state [31], and another showed more 
severe disease in the same model among rats 
raised in the GF state [32, 33]. Despite these lat-
ter two findings, microbiota from mice that 
developed arthritis following injection of colla-
gen, compared to that from mice that were resis-
tant to disease induction, was more arthritogenic 
when transplanted into GF mice [34].

Interestingly, studies of adjuvant- and chemical- 
induced autoimmunity have often reported the 
opposite: worsening of the disease in the GF state. 
This has been reported twice in the adjuvant-
induced model of arthritis in F344 rats, which 
develop disease only in the GF state [35, 36], and 
has also been observed in the dextran sulfate 
mouse model of IBD [37]. In contrast, pristane-
induced arthritis was less severe in the somewhat 
cleaner specific pathogen-free facility as com-
pared to the conventional facility [38, 39]. Finally, 
there were no differences in the severity of arthritis 
induced by Mycobacterium adjuvant or mineral oil 
in rats raised in the GF environment [31].

It bears emphasis first that not only is the GF 
state a highly contrived environment that can never 
be replicated in humans but also that even typical 
animal housing conditions do not replicate normal 
human life. Work recently reported by Beura et al. 
[40] has shown that mice reared in the wild, or 
under non-barrier conditions, recapitulate the 
human immune system to a far greater degree than 
do mice raised in typical specific pathogen-free 
research facilities. This suggests that as research 
proceeds in relating the role of the microbiota to 
the development of RA, these findings must be 
taken into account. Thus it may be that the best 
approach in using models of RA in rodents, par-
ticularly the mouse, may be to use non-barrier 

mice and combine it with the type of studies 
reported by Trombone et al. [24] that uses a model 
of infection-induced periodontal disease in two 
selected mouse strains chosen on the basis of one 
being highly susceptible and the other being resis-
tant to inflammatory periodontal disease. A model 
of this type may thus offer the best opportunity to 
understand fundamental aspects of disease induc-
tion despite the acute nature of the models.

 Conclusions: Translating Animal 
Work to Human Disease

Although much information has been learned 
through the study of animal models, it has its limi-
tations. From the standpoint of developing effec-
tive therapeutics, the use of the collagen- induced 
arthritis model in susceptible mouse strains has 
been notably successful [1, 5, 10]. However, with 
respect to understanding the pathophysiology of 
the disease and its microbial alterations, the mod-
els fall short. That is, linking the findings using 
any of the models to a fundamental understanding 
of the initiation of RA as well as its long-term con-
sequences is far more difficult than testing thera-
peutic agents. As noted above, all of the animal 
models are, of necessity, acute, occurring usually 
within days after various induction protocols and 
showing a pathology that reflects some, but not 
necessarily all, of the aspects of the disease under 
study [41]. In particular, the principal question that 
the models cannot answer is why does it take a 
decade or more for the disease to convert from, for 
example, antibodies to self-proteins (e.g., rheuma-
toid factor) in the blood to the active pathology 
that we associate with RA? No animal model is 
likely to be able to address this question, as the 
pre-disease state in humans is far longer than the 
typical animal life span. Nor is it feasible in a labo-
ratory setting to recapitulate the variety of micro-
bial exposures and the genetic and environmental 
influences on the microbiota that are present in 
humans. Thus, while the microbiota is clearly 
essential in animal models of disease, a cautionary 
note from this author is that a direct connection 
between intestinal dysbiosis and the development 
of RA in humans remains to be established. The 
continued interplay between clinical and experi-
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mental studies in humans using the tools of 
genomics, proteomics, and metabolomics coupled 
concurrently with animal model studies may offer 
the best way forward to continue the evolution of 
both palliative and preventive approaches to RA as 
well as other autoimmune diseases.
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 History

In the mid-1970s, there was a peculiar cluster of 
what appeared to be cases of juvenile idiopathic 
arthritis (JIA) occurring in the city of Lyme, 
Connecticut, as well as in two nearby 
communities. What set off alarm bells was the 
large number of cases occurring in a limited geo-
graphic distribution in a town with a population 
at the time of 5000, with several cases occurring 
on the same city block and even the same house-
hold [1]. These cases were brought to the atten-

tion of a postdoctoral fellow in rheumatology 
named Allen Steere, who suspected an infectious 
etiology, although the causative organism was 
not identified in this original report. Since 25% of 
the cases also presented with a preceding rash 
consistent with erythema migrans (EM), already 
known to be associated with the Ixodes tick, an 
association between these two entities was postu-
lated. Thus, the term Lyme disease (LD) was 
introduced in 1977 [1]. Four years later, Willy 
Burgdorfer analyzed the midguts of several 
Ixodes dammini ticks, finding spirochetes in sev-
eral of them; he also reported that patients with 
LD had antibodies against them. Thus, the bacte-
ria were given the name Borrelia burgdorferi, 
and it was correctly identified as the causative 
agent of LD [2]. Since then, substantial progress 
has been made toward the recognition, diagnosis, 
and management of this disorder.

 Epidemiology

LD is the most common tick-borne infection in 
the United States. The numbers reported to the 
Centers for Disease Control and Prevention 
(CDC) have remained fairly constant over the 
past few years at about 25–30,000 per  annum 
(CDC. Reported cases of Lyme disease by year, 
United States, 2003–2012. 2013. www.cdc.gov/
lyme/stats/chartstables/casesbyyear.html, 
accessed 12/18/2017). However, a CDC analysis 
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of  medical claim information from a large insur-
ance database suggests that physician diagnosed 
LD yearly may be up to ten times that reported to 
the CDC [3]. In the United States, the prevalence 
remains highest in the Northeast, in the mid-
Atlantic region, in the upper Midwest around the 
Great Lakes, and in the Pacific Northwest, with a 
small number of states—Connecticut, 
Massachusetts, Rhode Island, New  York, New 
Jersey, Pennsylvania, Delaware, Maryland, 
Virginia, Wisconsin, and Minnesota—account-
ing for about 90% of reported cases. As in the 
United States, certain areas in Europe such as 
Sweden [4], Austria, Estonia, Lithuania, the 
Netherlands, and Slovenia are at higher risk than 
others [5], although the European literature also 
postulates under-reporting [6]. There appears to 
be a bimodal age distribution, with peaks around 
5–10 years of age and another from 35–55 years, 
likely reflecting ages in which humans are most 
likely to be outdoors [7]. There is a fairly even 
sex distribution of cases.

 Borrelia burgdorferi spp. and Its 
Transmission

Ixodes ticks transmit Borrelia spp. wherever in 
the world Lyme disease is found. This includes I. 
scapularis in the Northeast, mid-Atlantic, and 
upper Midwest and I. pacificus in the Western 
United States. Animal reservoir species include 
small mammals, particularly the white-footed 
mouse Peromyscus leucopus [8].

The Borrelia genus are spirochetal bacteria 
(phylum: Spirochaetales) that comprises 
approximately 20 different species, three of 
which are most responsible for clinical 
manifestations of infection: B. burgdorferi, B. 
afzelii, and B. garinii; the former is mostly 
responsible for the disease in the United States, 
while the latter two are largely responsible for the 
disease in Europe [9]. These bacteria do not 
directly infect humans but rather can only do so 
following the bite of the Ixodes tick. Despite 
generally being referred to as a “deer tick,” Ixodes 
does not actually feed on deer until its adult life; 

however, the deer is essential for its life cycle, as 
this is where mating takes place [10]. As reviewed 
[10], there are three stages to the Ixodes life 
cycle, with one meal per stage. Adult ticks mate 
while attached to the deer and then drop to the 
ground to release their eggs. The eggs themselves 
are not infected with Borrelia, so they hatch into 
uninfected larvae (first part of life cycle). The 
larvae feed upon a variety of small animals, 
including mice, squirrels, and birds. If the host 
animal happens to be infected with Borrelia, the 
larva will then acquire these bacteria as well. 
After its meal, regardless of whether it has 
acquired Borrelia, the larva drops to the ground 
and molts into a nymph (second part of life 
cycle). The nymph will retain any Borrelia 
acquired as a larva. Like its larva predecessor, the 
nymph will feed on small animals, the same type 
of animals infected by the larva. In this manner, 
the nymph can transmit the bacteria to these 
animals, thus ensuring reservoirs of infection for 
the next generation of larva. Nymphs can also 
feed on humans (and dogs), thus transmitting the 
infection. The nymph part of the life cycle 
generally takes place from May through early 
July, which therefore represents the most likely 
time for humans to be infected with Borrelia [11, 
12]. Following their blood meal, nymphs molt 
into adults (third part of life cycle), which 
generally feed on large animals such as deer. 
Adult ticks are generally not considered to be 
infectious, as deer do not maintain Borrelia as 
efficiently as do the smaller animals. However, as 
noted above, they are essential for the life cycle, 
as this is where mating takes place.

 Genospecies and Virulence

There are numerous borrelial genospecies, but 
the most important for the transmission of clinical 
disease to humans are the under the B. burgdorferi 
sensu lato complex. This includes B. burgdorferi 
sensu stricto, the important genospecies in the 
United States and Europe, as well as two other 
species which also cause disease in Europe—B. 
afzelii and B. garinii—commonly associated 
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with rashes and neurologic involvement, 
respectively. In addition, a provisionally named 
species that causes Lyme borreliosis, candidatus 
B. mayonii, has been recently described from 
Minnesota in the United States [13]. Borrelia 
spp. are spirochetes with a complex genomic 
structure consisting of linear chromosomes and 
linear and circular plasmids [14]. This genetic 
heterogeneity contributes to antigenic 
heterogeneity that changes with initial infection 
and subsequent dissemination. It also likely 
accounts for virulence factors which lead to dif-
fering genospecific invasive potentials and thus 
differences in disease expression [15, 16].

 Mechanism of Transmission

Borrelia spirochetes are resident in the tick mid-
gut. With tick attachment to the host skin and 
ingestion of a blood meal, the bacteria replicate 
and migrate through the tick wall and disseminate 
into the hemocoele and eventually to the salivary 
glands from which site they are injected into the 
skin. This process is consequential since it takes 
48–72 h for its completion [17, 18]. This is also 
the time frame for tick engorgement with blood. 
Therefore, early removal of unengorged ticks is 
much less likely to result in clinical disease 
although infection has been occasionally 
described with shorter duration of attachment.

 Potential Role of the Tick Microbiome

Researchers at Yale University have investi-
gated the role of gut microbiota of I. scapularis 
ticks in the efficiency of B. burgdorferi to colo-
nize the tick gut epithelium. Perturbation of the 
larval tick microbiome resulted in decreased B. 
burgdorferi colonization possibly through 
modulation and decrease of tick transcription 
factor signal transducer and activator of tran-
scription (STAT) levels and alteration of the gut 
barrier integrity [19, 20]. The potential clinical 
or therapeutic implications of these observa-
tions are uncertain.

 Infectious Features of Early Lyme 
Disease

Because nymphal ticks are the most common 
transmission vector, the early features of LD 
occur most frequently in late spring through the 
summer and early fall when nymphs are most 
actively seeking a blood meal. In most cases, 
borrelial organisms have been detected by culture 
or borrelial DNA/RNA by polymerase chain 
reaction (PCR) in blood or affected tissue/fluid, 
supporting the infectious nature of these manifes-
tations [21–23]. However, clinical diagnosis is 
generally made without microbiological support 
as described in section “Lyme Disease 
Diagnosis”.

 Erythema Migrans (EM) and Other 
Rashes

EM is the commonest clinical feature of LD 
affecting about 70% of reported cases [8, 24]. 
The true incidence of EM may be significantly 
higher based on cohort and epidemiological 
studies. One reason for this is that tick attachment 
and EM are usually asymptomatic, except for 
mild pruritus in some cases, and bites may occur 
at sites not easily visible such as the back or back 
of the leg. It begins as an erythematous macule or 
papule within 2  weeks at the site of tick 
attachment. A cardinal feature of EM is 
erythematous expansion within days to weeks 
with or without central clearing. Rarely a 
vesicular center or ulceration may be seen. The 
rash generally fades without sequelae. Secondary 
lesions (disseminated EM) are found in about 
20% of patients and are due to hematogenous 
dissemination of the spirochete. Skin culture 
positivity and detection of B. burgdorferi DNA 
by PCR at the margin of EM lesions support the 
infectious nature of this clinical presentation 
[21]. EM-like lesions not caused by Borrelia 
have been described in the United States. 
Specifically, in the Southern United States, where 
LD is rare, the Amblyomma americanum tick can 
spread unknown bacteria that results in a rash 
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clinically indistinguishable from EM called 
Southern Tick-Associated Rash Illness (STARI), 
which does not appear to respond well to anti- 
borrelial therapy [25], but which does not neces-
sarily require specific therapy. Other cutaneous 
lesions including borrelial lymphocytoma (early) 
and acrodermatitis chronica atrophicans (late) are 
seen in Europe [26, 27]. The latter is usually 
caused by B. afzelii and is thus more commonly 
seen in Europe than in the United States; it is 
characterized by a slowly progressive rash on the 
extensor surfaces of the extremities frequently 
occurring at a site of a previous EM rash [9]. At 
its onset, it typically manifests as bluish-red dis-
coloration with swelling and can enlarge over 
months to years, eventually resolving with atro-
phy [6, 8]. In some cases, morphea-like lesions 
can also occur; this as well appears to be more 
common in Europe than in the United States [28].

 Lyme Neuroborreliosis (LN)

Neurologic features occur with disseminated LD 
and are seen within weeks to months after a tick 
bite, especially in patients who were not treated 
at an earlier stage because EM was not present or 
not noted or because of misdiagnosis. LN occurs 
in about 15% of patients with LD and is even 
commoner in Europe because of the neurotro-
pism of B. garinii [8, 24, 29]. The commonest 
manifestation is cranial neuritis, especially 7th 
nerve palsy, mimicking Bell’s palsy of viral 
origin. Bilateral facial involvement may occur 
and is a hallmark of LN.  Other neurological 
features, which may occur simultaneously or 
separately, include lymphocytic meningitis and 
painful radiculoneuropathies, motor or sensory. 
The triad of these three features was described by 
Bannwarth in the 1940s long before the etiology 
became known [30].

 Other Clinical Features

Lyme carditis is another well-recognized feature 
of early bacterial dissemination but is now an 
unusual clinical feature, accounting for only 1% 

of reported cases. High-grade atrioventricular 
nodal block (second and third degree) may be 
seen with accompanying symptoms, even fatal-
ity. Acute myopericarditis may rarely occur [8].

Acutely, flu-like constitutional symptoms with 
predominate headache, myalgias, and arthralgias 
may occur especially with dissemination. This 
may be the only early feature of borrelial 
infection, seen in about 15% of patients, and the 
presence of these symptoms in a Lyme endemic 
area in the summertime should raise the suspi-
cion of LD [31].

While LA is considered a late feature of LD 
when presenting as a monoarthritis, it often 
begins as an early feature of disseminated 
infection with intermittent and migratory joint 
pains, with or without signs of inflammation. 
During this phase, unusual musculoskeletal 
features may be seen, including bursitis, 
tendinitis, temporomandibular joint involvement, 
and carpal tunnel syndrome. Left untreated, this 
will eventually evolve to classical LA [32, 33].

Numerous other clinical features have been 
attributed to LD for which there is incomplete or 
unconvincing microbiological support. However, 
ocular complications, including uveitis and 
keratitis, may rarely occur with borrelial 
infection.

 Infectious Features of Late Lyme 
Disease

These complications generally occur in borrelial 
infected individuals who have never received 
appropriate antibiotic therapy for early LD, often 
because the early features were unrecognized or 
misdiagnosed. Appropriate treatment of early LD 
almost invariably prevents these later features. 
Microbiological support for many of the later 
features is often wanting, and even positive PCR 
results for borrelial DNA in synovial fluid of 
patients with LA may represent nonviable organ-
isms [34]. Despite this, the diagnosis can be made 
with a good degree of accuracy by clinical fea-
tures and laboratory testing for antibodies to bor-
relial antigens as described below.
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 Lyme Arthritis

If early borrelial infection is left untreated, about 
60% of patients in the United States will develop 
LA [33]. This late feature usually presents many 
months after the initial infection and thus may 
occur in the winter, when early Lyme disease 
diagnosis is distinctly unusual. Most patients 
have an inflammatory arthritis affecting one or 
both knees. The synovial fluid is inflammatory. If 
the features of early Lyme disease were not 
present and if a prior history of migrating joint 
pains was not elicited, then the diagnosis of Lyme 
arthritis might be missed and other causes of 
infectious arthritis, idiopathic inflammatory 
arthritis (including JIA in children), and even 
crystal arthropathy in the elderly will be 
considered. Although the pathogenesis is clearly 
infectious with most patients responding to oral 
or parenteral antibiotics, it is of interest that 
viable borrelial organisms are not cultivable from 
the synovial fluid. Rarely spirochetes may be 
found in the synovium or enmeshed in a fibrinous 
synovial exudate. There is evidence that borrelial- 
triggered inflammations, involving both the 
innate and adaptive immune systems, are key 
elements in the pathogenesis of the inflammatory 
arthritis [33]. Clinically, the onset is often acute, 
with a marked knee effusion and elevated acute 
phase reactants. Symptomatic response to 
antibiotic therapy is seen to occur slowly over 
weeks to months since the large effusion has 
resulted in a mechanically disadvantaged knee 
joint. Physical therapy with quadriceps muscle 
strengthening can help with rehabilitation.

 Late Lyme Neuroborreliosis

True late LN is unusual in the United States, and 
in fact there is considerable skepticism regarding 
the diagnosis without adherence to diagnostic 
guidelines, which include the appropriate clinical 
picture, often encephalomyelitis with cognitive 
dysfunction, sleep disturbances,  and mood 
changes, and demonstration of positive intrathecal 
anti-Bb antibody index, often with cerebrospinal 
fluid (CSF) pleocytosis and/or increased CSF 

protein [35, 36]. Of course, most patients also 
have high titers of serum antibodies to B. 
burgdorferi. A chronic distal axonal neuropathy 
has also been described leading mainly to sensory 
paresthesias. A much broader variety of more 
severe neurological complications has been 
described in Europe,  including cranial nerve 
palsies and paraparesis because of the 
neurotropism of B. garinii. Parenteral antibiotics 
are recommended for LN, early and late [37].

 Noninfectious Features of Lyme 
Disease

These clinical conditions are associated with 
prior Lyme disease infection. The causes are not 
confirmed although it is highly likely that 
immunological mechanisms play a role in 
antibiotic-refractory Lyme arthritis.

 Recurrent Arthritis: Antibiotic- 
Refractory Lyme Arthritis

While LA may take many months to resolve after 
antibiotic therapy, it resolves completely in about 
90% of patients. However, in about 10% of 
patients, joint swelling and pain will recur or per-
sist for months to years. This usually involves the 
same joint(s) as the original LA, that is, one or 
both knees [32]. Viable organisms are not found 
in the synovium or synovial fluid from these 
joints, and PCR for borrelial DNA is generally 
negative. Patients with this syndrome have an 
increased carriage of certain rheumatoid arthritis-
associated human leukocyte antigen (HLA) 
alleles, including HLA-DRB1*0401 and *0101, 
as well as others, supporting an immunological 
predisposition [38]. Furthermore, these HLA 
alleles demonstrated greater capacity to present 
Borrelia-associated peptides, as compared to 
HLA alleles not associated with chronic LA, 
thereby suggesting a mechanism by which infec-
tion may progress to chronic arthritis [38]. 
Autoreactive B and T cell responses can be 
detected in both antibiotic-responsive and antibi-
otic-refractory Lyme arthritis, but in antibiotic-
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refractory Lyme arthritis, there are a number of 
other immunological features including Th1 
inflammatory responses, altered regulatory T cell 
numbers, and possibly autoimmunity to endothe-
lial cell growth factor [39, 40]. This condition 
does not respond to repeated or prolonged courses 
of oral or parenteral antibiotics. Patients can 
respond to local treatment, including intra-articu-
lar corticosteroid injections or synovectomy, or to 
systemic antirheumatic drugs such as hydroxy-
chloroquine, sulfasalazine, and methotrexate. 
Eventual resolution is the rule after many months 
or years [41].

 Other Systemic Rheumatic 
Syndromes Following Lyme Disease

Some patients have been characterized as devel-
oping rheumatoid arthritis (RA), psoriatic arthri-
tis, or peripheral spondyloarthropathy months 
after antibiotic-treated Lyme disease infection 
[42]. These patients, while clinically resembling 
autoimmune arthritis, had some serological fea-
tures that were atypical, including a lack of rheu-
matoid factor and antibodies to citrullinated 
proteins in most of the RA patients. Furthermore, 
four subjects have obtained a drug- free remission. 
This raises the possibility that at least some of 
these patients may have an illness in the spectrum 
of antibiotic-refractory Lyme arthritis.

 Posttreatment Lyme Disease 
Symptoms and Syndrome

A significant minority of patients, from 10% 
to 15% in clinical trials, have reported residual 
subjective symptoms following treatment for 
Lyme disease [43, 44]. In many, these symptoms 
eventually resolve spontaneously, although some 
patients have persistent complaints (>6 months). 
These symptoms are some combination of 
fatigue, musculoskeletal pain (myalgia and 
arthralgia), headache, difficulty with concentra-
tion and memory, and paresthesias. Although 
subjective and without physical findings or test-
ing that support structural abnormalities, these 
complaints can result in significant disability. 

Since these symptoms are common in the general 
population, it remains uncertain whether they are 
truly reflective of prior Lyme disease with some 
studies supporting that hypothesis [45] and oth-
ers not [43, 46]. There is no convincing evidence 
in controlled trials that patients with post-Lyme 
disease syndrome have ongoing borrelial infec-
tion, and they do not respond to aggressive and 
prolonged antibiotic therapy [47–49]. The cause 
remains unknown, the symptoms tend to wax 
and wane chronically, and treatment has been 
symptomatic.

 Controversies Surrounding Chronic 
Lyme Disease

This widely used term is poorly defined [50, 51]. 
It should be distinguished from late Lyme disease 
manifestations. While sometimes referring to 
posttreatment Lyme disease syndrome as 
described above, many patients with these 
clinical symptoms have no clear-cut evidence of 
prior borrelial infection. The belief that LD is the 
cause of these symptoms despite evidence to the 
contrary has been perpetuated by scientific mis-
conceptions and distortions including the pro-
pensity of LD to cause disability in the absence 
of objective clinical signs, the insensitivity of 
currently accepted diagnostic tests for even late 
features of Lyme disease, the persistence of B. 
burgdorferi within cells or in hidden sites, and 
the effectiveness of prolonged (months to years) 
treatments with combinations of antibiotics or 
alternative and sometimes harmful therapies 
[52]. Patient advocacy groups, physician propo-
nents, the media (both traditional and social), and 
even well-intentioned but misled politicians have 
contributed to these unfortunate pseudoscientific 
beliefs [53].

 Lyme Disease Diagnosis

 Principles of Diagnosis

In early LD, positive bacterial cultures can be 
obtained from the skin, the cerebrospinal spinal 
fluid, and the blood. However, the yield is low, and 
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cultivation takes many weeks making it an imprac-
tical method of diagnosis. The use of PCR to 
detect the DNA or RNA of viable organisms has 
proven disappointing because of low yield (blood, 
spinal fluid) or positivity in the presence of nonvi-
able Borrelia (synovial fluid) [21–23, 34].

Therefore, the laboratory methods to support 
the clinical diagnosis of Lyme disease are indirect 
and employ serological testing of the immune 
response to the Borrelia. Since antibody 
responses to an infecting organism may take days 
to weeks to develop, may not develop at all if 
early effective treatment is instituted, and may 
persist for many years after the infection is 
eradicated, this must be kept in mind when 
interpreting the “Lyme test” results. Another 
important feature of the antibody response to 
Borrelia, similar to other infections, is that IgM 
responses are seen first acutely and IgG antibodies 
appear weeks to months later with persisting, 
untreated infection and most commonly with 
simultaneous diminution of the IgM antibodies.

The standard way to screen for antibodies to 
Borrelia is by a sensitive enzyme-linked 
immunosorbent assay (ELISA), which detects 
both IgM and IgG antibodies. Because of the 
poor specificity of this test, any positive or 
equivocal result should be followed by the more 
specific Western blot assay according to the 
guidelines of the Centers for Disease Control and 
Prevention [54]. Specifically, false-positive 
results can result from a variety of causes, 
including infections with other members of the 
Spirochaete phyla, the Borrelia genus, and even 
unrelated infections and normal host microbiota 
[55, 56], as well as from patients with autoim-
mune diseases such as lupus and rheumatoid 
arthritis [57]. This two-tiered testing approach 
has been studied and used for over two decades, 
for the most part with good success. In these 
guidelines, an IgM Western blot is positive when 
any two of the 23 kD, 39 kD, or 41 kD bands are 
present. An IgG Western blot is positive when 
any five of the 18  kD, 23  kD, 28  kD, 30  kD, 
39 kD, 41 kD, 45 kD, 60 kD, 66 kD, or 93 kD 
bands are present. Since the criteria for a positive 
IgG Western blot are much more stringent than 
for a positive IgM Western blot, it is a much more 
specific result indicating prior or current expo-

sure to the borrelial organism. Patients with late 
Lyme arthritis almost always exhibit strongly 
positive IgG Western blots [58].

Single-tiered testing using the C6 peptide 
antigen of the VlsE borrelial protein has proven 
to be sensitive and specific for the diagnosis of 
Lyme disease, reduces the problem of 
misinterpretation of IgM Western blot results 
(see below), and is commercially available [59, 
60]. It may be particularly advantageous in 
Europe, as the two-tiered approach appears to be 
somewhat less sensitive for the detection of the 
European strains B. garinii and B. afzelii as com-
pared to B. burgdorferi [61].

The CSF is the only body fluid in addition to 
serum where antibody testing is of proven value. 
The finding of a high Lyme antibody index, based 
on the ratio of antibodies in the CSF to serum, can 
support the diagnosis of neuroborreliosis [35].

 Diagnostic Pitfalls

Because antibodies may not be detected in the 
blood for days to weeks after initial borrelial 
infection, a negative Lyme ELISA in patients 
with very early symptoms does not rule out Lyme 
disease as a cause. Therefore, a patient who 
presents with classical symptoms beginning with 
EM in a Lyme disease endemic area in the spring 
and summer months should be treated for Lyme 
disease, even without serological testing. On the 
other hand, since antibodies will eventually 
appear in untreated patients and even in many 
patients who have received antibiotics, it may be 
worthwhile to repeat the test 3–4 weeks later in 
patients with atypical symptoms such as summer 
flu or facial palsy without EM to determine if 
seroconversion has occurred.

A major diagnostic problem is the misuse and 
misinterpretation of the IgM Western blot result. 
The criteria were devised for sensitivity for early 
Lyme disease when the IgG antibodies may not 
have yet appeared, but not for specificity. Thus, a 
positive IgM result may indicate early Lyme dis-
ease when used in the first 4–6 weeks of symp-
tom onset. In patients with prolonged symptoms, 
a positive IgM Western blot in the absence of a 
positive IgG Western blot is more likely to be a 
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false positive and does not indicate Lyme disease 
infection [62]. Many patients with chronic non-
specific symptoms or symptoms of an alternative 
diagnosis have been labeled as chronic Lyme dis-
ease because of a false-positive IgM Western blot 
result.

 Treatment and Prevention 
of Lyme Disease

Since the first treatment trials of Lyme borreliosis, 
the organism has not developed resistance to dox-
ycycline or amoxicillin, which remain the main-
stays of treatment in adults and young children, 
respectively. Extensive treatment guidelines have 
been published by the Infectious Disease Society 
of North America [63]. In general, one course 
of oral antibiotics from 2 to 4 weeks is usually 
sufficient to cure early Lyme disease and prevent 
later complications [64]. Neuroborreliosis may 
require intravenous ceftriaxone therapy. Late LA 
usually responds to one 4-week course of antibi-
otics, but a second course is sometimes required, 
e.g., parenteral ceftriaxone. Non-responsiveness 
to more than two courses of antibiotics sug-
gests alternative diagnoses such as antibiotic-
refractory LA or post-Lyme disease syndrome. 
Rarely, a confounding factor in treatment may be 
related to coinfection with other organisms such 
as Anaplasma phagocytophilum (which responds 
to doxycycline), Babesia microti, and Borrelia 
miyamotoi or a Powassan virus, all carried by the 
Ixodes tick [63, 65].

Prevention of LD has many approaches, 
including wearing protective clothing as well as 
the use of tick repellants. However, most effective 
is undergoing inspection for ticks and removal 
when found after being in grassy areas in a Lyme 
disease endemic region. Removal of ticks prior to 
their engorgement markedly reduces the likeli-
hood of transmission of B. burgdorferi to the skin 
[66]. Attempted removal of the tick should be 
done with caution, since the application of torque 
to the offending tick may result in its decapitation, 
while nevertheless enabling its mouth to remain 
embedded in the skin and transmit the disease 
[67]; crushing the tick may also allow infective 

agents in its body to enter the bloodstream [67]. 
Furthermore, one dose of doxycycline 200  mg 
within 72  h of tick attachment greatly reduces 
the chance of developing Lyme disease [68]. 
Although vaccines were developed for Lyme dis-
ease and were shown to be relatively effective and 
safe, none is currently on the market [69, 70].

Conclusions
LD is a tick-borne bacterial infection largely 
limited to endemic areas in the Northeastern 
United States and in parts of Europe. The 
manifestations are protean, and in the absence 
of the distinctive rash, the diagnosis can be 
missed. The causative bacteria are highly sen-
sitive to several antibiotics, resulting in gener-
ally good outcomes in patients treated during 
the early localized or early disseminated phase 
[12]. LD has the potential to develop into an 
arthritic process, which appears to begin as an 
infected joint but can evolve into a chronic 
reactive process. Lessons learned from this ill-
ness may help us better understand the patho-
physiology of postinfectious and possibly 
other forms of idiopathic arthritis.
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 Innate Immune Sensing of H. pylori

The epithelium is the first line of defence in 
response to H. pylori infection. Host pathogen rec-
ognition receptors (PRRs) expressed by epithelial 
cells are central to initiating and mediating early 
innate immune responses to H. pylori infection. 
Some of the key host PRRs responsible for the rec-
ognition of H. pylori microbe-associated molecular 
patterns (MAMPs) and the subsequent induction of 
innate immune responses are discussed below.

 Detection of H. pylori by TLRs

The Toll-like receptors (TLRs) are a family of 
PRRs that are responsible for the detection of spe-
cific MAMPs, such as the recognition of bacterial 
lipopolysaccharide (LPS) by TLR4, lipoproteins 
by TLR2 and flagella by TLR5 [1]. Detection of 
the specific bacterial MAMPs by TLRs results in 
the induction of a signalling cascade, mediated by 
the adaptor protein MyD88. This in turn results in 
the activation of the host transcription factor 
nuclear factor transcription beta (NF-κB), activat-
ing protein-1 (AP-1) and interferon regulatory 
factors (IRFs). Activation of these inflammatory 
signalling pathways results in the production of 
host pro-inflammatory molecules such as inter-
leukin-8 (IL-8) and the release of antimicrobial 
peptides such as human beta- defensins (HBDs) 
(reviewed in [1, 2]). The induction of these PRR-
mediated signalling cascades ultimately leads to 
the initiation of an innate immune response via 
the recruitment of pro-inflammatory cells and 
immune mediators such as neutrophils, macro-
phages and dendritic cells to the local tissue. 
Although human gastric epithelial cells express a 
limited number of TLRs, namely, TLR2, 4, 5 and 
9 [3], TLR expression is upregulated by gastric 
epithelial cells during H. pylori infection, as is the 
case for TLR4 and its co-receptor MD2 [3, 4].

 TLR2 and TLR4

TLR2 detects a wide range of MAMPs including 
lipoproteins from Gram-negative bacteria and 
lipoteichoic acid [1, 5], whereas TLR4 specifi-

cally detects Gram-negative LPS [6]. Despite the 
ability of TLRs to detect conserved bacterial 
MAMPs, H. pylori has evolved multiple strate-
gies to avoid immune detection by host TLRs 
which may contribute to its long-term coloniza-
tion of the host. Early studies examining the abil-
ity of H. pylori to mediate innate immune 
signalling via TLRs in gastric epithelial cells 
reported that H. pylori LPS is atypically recog-
nized by TLR2 and not TLR4 [7–9]. This finding 
was further supported by studies showing that 
TLR2-expressing human HEK293 epithelial 
cells could detect H. pylori, whereas TLR4-
expressing HEK293 cells were nonresponsive to 
stimulation with H. pylori [10, 11]. It has since 
been recognized that the H. pylori neutrophil- 
activating protein (HP-NAP) can mediate TLR2-
driven responses, as stimulation of 
TLR2-expressing HEK293 cells with HP-NAP 
resulted in NF-κB activation in a dose-dependent 
and TLR2-dependent manner [12].

TLR2 has been implicated in the detection of 
the H. pylori 60  kDa heat-shock protein (HSP- 
60), a homologue of the E. coli GroEL chaper-
one, which has a role in regulating the attachment 
of H. pylori to the gastric epithelium in addition 
to its immunostimulatory role [13–16]. 
Stimulation of human gastric epithelial cells with 
H. pylori HSP-60 resulted in the activation of 
NF-κB and the production of IL-8  in a TLR-2- 
dependent manner [13]. However, the ability of 
HSP-60 to be detected by TLR2 in monocytes is 
not as clear as there are two conflicting findings 
regarding the detection of HSP-60 in monocytic 
cells. Gobert et al. reported that HSP-60 induced 
the production of IL-6  in RAW 264.7 macro-
phages via a TLR2-independent mechanism [17], 
whereas Takenaka et al. demonstrated that TLR2, 
TLR4 and MyD88 were required to mediate 
CXCL8 responses to HSP-60 in the gastric epi-
thelial cell line Kato III [13]. Whether the require-
ment of TLR2 for the recognition of HSP-60 is 
cell line dependent or not is yet to be determined, 
and this may be the issue to clarify the conflicting 
findings.

The ability of TLR2 and TLR4 expressed by 
immune cells to detect and respond to H. pylori 
has also been investigated. Bone marrow-derived 
dendritic cells generated from TLR2 and TLR4 
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knockout animals have impaired IL-6 production 
in response to H. pylori, when compared to DCs 
from wild-type animals [18]. In contrast, the con-
tribution of TLR2 and TLR4 expressed by mac-
rophages in response to Helicobacter infection is 
less clear. For example, macrophages from 
TLR2-deficient mice were reported to be nonre-
sponsive to Helicobacter stimulation [10, 19]. 
However, stimulation of wild-type or TLR4- 
deficient macrophages with H. pylori was shown 
to induce the production of IL-6 and monocyte 
chemotactic protein-1 (MCP-1) by these cells 
[10]. A second study reported that TLR4-deficient 
macrophages had impaired IL-10 and IL-12 pro-
duction in response to H. pylori [19]. Differences 
in these two reported findings may be attributed 
to the examination of macrophages isolated from 
different locations in  vivo in addition to differ-
ences between LPS-mediated responses in mac-
rophages and epithelial cells [20].

 TLR5

Another key bacterial MAMP is its flagella, which 
is detected by the host PRR TLR5 [21]. Although 
H. pylori expresses four to six unipolar sheathed 
flagella, it has modified its flagella subunits to 
avoid immune detection by TLR5. Initial studies 
examining the immunostimulatory properties of 
H. pylori flagella reported that stimulation of 
TLR5-expressing HEK293 with purified H. pylori 
flagellin resulted in the activation of NF-κB [9]. 
However, two subsequent studies reported that H. 
pylori flagellin was not detected by TLR5-
expressing epithelial cells, as CXCL8 production 
and MAPK induction were not detected in 
response to flagellin stimulation, suggesting that 
H. pylori flagella is able to evade recognition by 
TLR5 [22, 23]. More recently, it was identified 
that H. pylori flagellin molecules cannot be sensed 
by TLR5 as they lack the conserved amino acids 
required for recognition by TLR5 [24].

 TLR8 and TLR9

TLR8 and TLR9 specifically detect intracellular 
foreign nucleic acids, with TLR8 detecting 

single- stranded RNA [25] and TLR9 detecting 
unmethylated bacterial CpG DNA [26]. Once H. 
pylori is phagocytosed by human monocytic 
cells, it activates endosomal TLR8 [27]. In addi-
tion, TLR9 has also been implicated in the recog-
nition of H. pylori [18]. Specifically, Rad et  al. 
reported that H. pylori DNA induced IL-6 and 
IL-12p40 responses in TLR2/TLR4 knockout 
dendritic cells, whereas dendritic cells deficient 
in TLR2, TLR4 and TLR9 displayed abrogated 
responses to H. pylori DNA [18]. The authors 
concluded that TLR9 was essential for the recog-
nition of H. pylori DNA by dendritic cells and 
significantly contributed to the cytokine produc-
tion by dendritic cells in response to H. pylori 
[18]. This same study also reported the involve-
ment of the retinoic acid-inducible gene I (RIG-I) 
in the detection of H. pylori RNA, resulting in the 
induction of type I interferons and interferon- 
stimulated genes (ISGs) [18].

 Nucleotide-Binding Oligomerization 
Domain

Nucleotide-binding oligomerization domain 
(NOD)1 is a cytoplasmic host innate immune sen-
sor that specifically detects a muropeptide struc-
ture of Gram-negative bacterial peptidoglycan, 
being N-acetyl glucosamine-N-acetyl muramic 
acid (GlcNAc-MurNAc), linked to a tripeptide of 
which the terminal amino acid is meso-diami-
nopimelate (mDAP) [28, 29]. As NOD1 is 
expressed by epithelial cells, it was postulated 
that it has a role in contributing to immune recog-
nition of H. pylori. Although H. pylori is an extra-
cellular pathogen, it uses its type IV secretion 
system that is encoded by the cag pathogenicity 
island (cagPAI) to translocate peptidoglycan into 
the cytoplasm of the host cell, rendering it acces-
sible to detection by NOD1 [30]. The detection of 
intracellular H. pylori peptidoglycan by NOD1 
results in the initiation of a signalling cascade that 
ultimately leads to the activation of NF-κB [30] 
and AP-1 [31] and the production of pro-inflam-
matory molecule IL-8 [30]. Activation of NOD1 
by H. pylori cagPAI-harbouring strains can also 
result in the expression of type I interferon (IFN) 
via IFN regulatory factor 7 (IRF-7) [32] in addi-
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tion to the production of the antimicrobial peptide 
human β-defensin 2 (HBD2) [33, 34]. Specifically, 
the antimicrobial peptide HBD-2 that is upregu-
lated in response to H. pylori cagPAI strains is 
biologically active against H. pylori [34] and may 
therefore contribute to controlling the infection. 
More recently, it has been shown that activation of 
the NOD1 pathway in epithelial cells by H. pylori 
enhances pro-inflammatory signalling in response 
to IFN-γ stimulation by enhancing the production 
of NOD1- and IFN-γ-regulated chemokines [35]. 
Using gastric biopsies, the authors identified that 
there was an increase in NOD1, CXCL8 and IRF1 
expression in biopsies from individuals with 
severe gastritis or gastric tumours compared to 
gastric tissues from individuals without gastritis 
[35]. This finding is in contrast to the work by 
Peek et al. who identified that stimulation of epi-
thelial cells with a H. pylori peptidoglycan 
deacetylase (PgdA) mutant significantly decreases 
NOD1-dependent NF-κB responses and the 
induction of autophagy, and infection of 
Mongolian gerbils with this strain resulted in 
decreased levels of gastric inflammation and 
malignancy compared to nonmutant H. pylori 
[36].

NOD1 has also been identified to have a role 
in inducing the transepithelial migration of neu-
trophils [37]. In brief, the authors showed that 
transepithelial migration of neutrophils in 
response to H. pylori infection was less in Caco2 
epithelial cells in which NOD1 was knocked 
down compared to control epithelial cells [37].

In addition to activation of NOD1 via cagPAI- 
positive H. pylori strains, another method exists 
whereby all H. pylori strains irrespective of their 
cagPAI status can activate NOD1, involving bac-
terial outer membrane vesicles (OMVs) [38]. 
OMVs are small nanoparticles ranging between 
20 and 250 nm in size and are released by almost 
all Gram-negative bacteria as part of their normal 
growth (reviewed in [39]). H. pylori releases 
OMVs both in vitro and in vivo, and these OMVs 
are capable of entering human epithelial cells in a 
lipid raft-dependent manner [38]. Upon entry 
into epithelial cells, peptidoglycan contained 
within OMVs is accessible to detection via 
NOD1, which then results in the induction of 

NF-κB, the production of IL-8 and the upregula-
tion of human beta-defensin (HBD)-2 and HBD-3 
[38]. More recently, it was identified that upon 
entry into human epithelial cells, H. pylori OMVs 
migrate to early endosomes where they are 
detected via NOD1 and are subsequently 
degraded via the host cell degradation pathway of 
autophagy [40]. Blockage of OMV detection via 
NOD1 or the degradation of OMVs via autoph-
agy inhibits production of IL-8 by these cells 
[40]. Collectively, these findings reveal that the 
detection of H. pylori OMVs by NOD1 and their 
subsequent degradation by autophagy are essen-
tial to drive and mediate immune responses to H. 
pylori [40].

 Inflammasome

Proteins of the Nod-like-receptor (NLR) family 
regulate the formation of a complex called the 
inflammasome and the activation of caspase-1, 
which functions to proteolytically cleave inactive 
interleukin 1B (IL-1β) and IL-18 to their active 
forms [41, 42]. In addition to TLRs and NOD1, 
the inflammasome has more recently been identi-
fied as having a role in regulating host immune 
responses to H. pylori. Activation of the inflam-
masome by H. pylori results in caspase-1 cleav-
ing IL-1β and IL-18 precursors to their active 
forms in vitro [43]. The NLRP3 inflammasome is 
the most well-characterized inflammasome, and 
multiple reports have demonstrated that H. pylori 
can activate the NLRP3 inflammasome in 
immune cells in a cagPAI-dependent manner, 
resulting in the secretion of IL-1β [44, 45]. More 
recently, H. pylori has been reported to induce 
activation of the NLRP3 inflammasome in neu-
trophils [46] and in human monocytic cells 
(THP-1) [47, 48].

The human cell surface-associated mucin 
MUC1 that is highly expressed on gastric epithe-
lial cells (reviewed in McGuckin et al. [49]) has 
been shown to regulate the NF-κB pathway which 
can subsequently regulate expression of the 
NLRP3 inflammasome. A study lead by Sutton 
et  al. identified that NLRP3 expression is 
increased in the gastric tissue of H. pylori- infected 
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MUC1 KO mice. They showed that the activation 
of the NLRP3 inflammasome by H. pylori is 
tightly regulated by the mucin MUC1, which is 
essential to limit severe pathology [50].

 T Cell Responses in H. pylori

Immunity to Helicobacter is dependent on T 
cells [13]. The murine H. felis infection model 
provides a useful model resembling gastric 
pathological changes in human H. pylori infec-
tion. H. felis infection of B and T cell-deficient 
mice and T cell-deficient mice does not result 
in gastric pathology despite high levels of col-
onization, whereas infection of B cell-deficient 
mice results in severe gastric alteration, identi-
cal to that seen in immunocompetent mice 
[13]. These results indicate that T cells are 
required for protection against Helicobacter 
but also that gastric immune-mediated damage 
is dependent on T cells, and not B cells or anti-
body secretion.

T-helper (Th) cells can be divided according 
to their cytokine secretion profile and cytotoxic 
potential. Th1 cells secrete tumour necrosis fac-
tor (TNF)-α and interferon (IFN)-γ, lyse 
antigen- loaded target cells through mechanisms 
that are mediated by perforin or FAS (also 
known as CD95) and elicit macrophage activa-
tion. Th2 cells secrete interleukin 4, are involved 
in down regulation of Th1 cell-mediated inflam-
matory events and facilitate production of anti-
bodies by B cells. Th17 cells produce IL-17 
alone or in combination with IFN-γ. Th17 cells 
may also secrete IL-6, IL-22 and TNF-α and 
play a critical role in protection against micro-
bial challenges, particularly extracellular bacte-
ria and fungi [13].

 Properties of CD4+ T Cells in  
H. pylori-Related Diseases

In H. pylori-infected individuals, Th1 polariza-
tion of gastric cell responses occurs and is associ-
ated with peptic ulcer disease [13]. T cell clones 
from the gastric antral mucosa of H. pylori- 

infected patients with or without peptic ulcer dis-
play a different preferential antigen specificity. 
Approximately half of the H. pylori-reactive Th 
cell clones derived from peptic ulcer patients 
were specific for the cytotoxin-associated protein 
(CagA), whereas approximately one fourth of H. 
pylori-reactive Th clones from nonulcer gastritis 
patients were specific for H. pylori urease [13]. 
Upon antigen-specific stimulation, over 80% of 
the H. pylori-reactive Th cells from peptic ulcer 
disease patients showed a polarized Th1 profile, 
with high production of IFN-γ and low produc-
tion of IL-4. Many studies further support the 
concept that Th1 polarization of the H. pylori- 
specific T cell response is associated with more 
severe disease [13]. In gastric low-grade mucosal- 
associated lymphoid tissue (MALT) lymphoma 
patients, gastric T cells promote neoplastic B cell 
proliferation via both Th2 cytokines and 
CD40-CD40 ligand interactions. Moreover gas-
tric T cells from MALT lymphoma patients 
exhibit defective perforin- and Fas-Fas ligand- 
mediated killing of B cells [13]. In gastric cancer 
patients, Th17 responses have been found in the 
context of gastric mucosa. Most gastric T cell 
responses are elicited by the secreted peptidyl 
prolyl cis, trans-isomerase of H. pylori (HP0175) 
in patients with distal gastric adenocarcinoma 
[13]. Tumour-infiltrating lymphocytes (TILs) are 
specific for HP0175 not only IL-17 but also 
IL-21. HP0175-specific TILs expressing helper 
activity for monocyte matrix metalloproteinase 
(MMP)-2, MMP-9 and vascular endothelial 
growth factor production showed poor cytolytic 
activity. Thus, HP0175, by promoting pro- 
inflammatory low-cytotoxic TIL response, matrix 
degradation and pro-angiogenic pathways, may 
provide a link between H. pylori and gastric 
cancer.

 Molecular Mimicry in Gastric 
Autoimmunity and H. pylori

H. pylori infection is frequently associated with 
gastric autoimmunity. Many studies indicate that 
most patients with autoimmune gastritis (AIG) 
have H. pylori infection [13]. AIG is characterized 
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by autoimmune- mediated destruction of the 
secretory glands in the corpus of the stomach, 
leading to loss of gastric acid producing parietal 
cells and zymogenic cells, referred to as corpus 
atrophy. The endpoint of AIG is pernicious anae-
mia (PA) [13]. There are striking similarities 
between classical AIG- and H. pylori-induced 
corpus atrophic gastritis [13]. It is of note that 
early stages of AIG can be successfully treated 
by H. pylori eradication [13]. H. pylori induces 
autoantibodies reactive with gastric mucosal 
antigens in approximately half of the infected 
individuals [13]. Gastric H+K+-ATPase, the pro-
ton pump located in the secretory canaliculi of 
the parietal cells, is the autoantigen that drives 
immunopathology in AIG [13]. H+K+-ATPase 
has also been identified as the single major auto-
antigen in chronic H. pylori gastritis with corpus 
atrophy [13]. In mice, H. pylori infection induces 
gastric autoantibodies through mimicry between 
LPS Lewis blood-group antigens and Lewis anti-
gens on the glycosylated subunit of H+K+-
ATPase [13]. However, in humans, H. 
pylori-associated anti-autoantibodies are 
directed against protein epitopes, and their for-
mation does not involve Lewis mimicry. In 
humans, H. pylori infection leads to the activa-
tion of cross-reactive gastric T cells, able to rec-
ognize both H. pylori peptide antigens and the 
gastric ATPase autoantigen [13]. Circulating 
antigastric autoantibodies are not pathogenic 
themselves but mark ongoing T cell-mediated 
gastric autoimmunity.

 Gastric Th Responses in Gastric 
Autoimmunity Associated with  
H. pylori Infection

Many T cells are present in the gastric mucosa of 
AIG patients without previous H. pylori [13]. 
One fourth of the corpus T cells recognized gas-
tric H+K+-ATPase, whereas very few antral T 
cells (3%) proliferated in response to this auto-
antigen. Almost all human ATPase-specific T 
cell clones were CD4+ as in experimental auto-
immune gastritis (EAIG), in which administra-
tion of depleting anti-CD4 antibodies but not 

anti- CD8 antibodies reduces the incidence of 
gastritis [13].

Both gastric T cells reactive to ATPase and T 
cells reactive to H. pylori can be cloned from 
AIG patients with a concurrent H. pylori infec-
tion. Very interestingly in these patients, cross- 
reactive T cells able to recognize both ATPase 
and H. pylori antigens exist [13]. The identifica-
tion of these cross-reactive H. pylori/ATPase- 
specific T cells has provided a functional 
mechanism (molecular mimicry) that can explain 
the association between H. pylori infection and 
corpus atrophic gastritis (Fig. 8.1).

 Identification of the Epitopes 
Recognized by the T Cell Receptor 
(TCR) of T Cells Specific for H. pylori/
ATPase

An elegant approach was used to characterize 
the TCR specificity of cross-reactive T cells. 
Firstly, a library of overlapping 15-mer synthetic 
peptide of human gastric ATPase was used to 
identify the epitopes recognized by ATPase-
specific and H. pylori-/ATPase-specific cells 
from H. pylori- infected AIG patients [13]. 
Secondly, candidate H. pylori epitopes were pre-
dicted by alignment of identified H+K+-ATPase 
epitopes with the genomes of the H. pylori J99 
and 26,695 strains, taking into account the MHC 
class II peptide- binding motifs of each individ-
ual T cell donor. All H. pylori/ATPase cross-
reactive T cells find their autoantigenic epitope 
in the α subunit of ATPase, which is much longer 
(1034 aa) than the β subunit (270 aa) [13]. None 
of the H. pylori peptides recognized by the H. 
pylori/ATPase cross-reactive T cells belong to 
the known immunodominant H. pylori proteins 
(e.g. vacuolating cytotoxin A (VacA), CagA and 
Urease), which have been identified as targets of 
gastric T cells in H. pylori-infected patients 
without gastric autoimmunity [13]. Products of 
H. pylori household genes are the H. pylori pep-
tide epitopes recognized by cross-reactive T 
cells. Antigen-specific stimulation of H. pylori/
ATPase-cross-reactive T cells is HLA-DR 
restricted [13].
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 Features of Gastric T Cells in Gastric 
Autoimmunity Associated or Not 
with H. pylori Infection

All ATPase-reactive gastric T cell or ATPase/H. 
pylori cross-reactive T cell clones from AIG 
patients have a Th1 phenotype upon activation 
with the appropriate antigenic peptide. The expres-
sion of Fas on gastric epithelial cells is increased 
by the Th1 cytokines [13], and Fas/FasL interac-
tions contribute to the death of gastric epithelial 
cells and thereafter leads to gastric atrophy [13]. 
All the autoreactive and cross- reactive activated 
ATPase-specific Th clones were able to induce cell 
death via both Fas-Fas ligand (FasL)-mediated 
apoptosis and perforin- mediated cytotoxicity 
against target cells [13]. H. pylori-associated anti-
gastric autoantibodies have been hypothesized to 
play a role also for the pathogenesis of Sjogren’s 
syndrome, although further studies are needed to 
confirm this preliminary observation [51].

 Role of H. pylori in Damping 
Autoimmunity

Some H. pylori proteins might have inhibitory 
effects on the immune system. VacA toxin is able 
to inhibit antigen processing in antigen- presenting 
cells [52]. VacA indeed is able also to interfere 
with T cell activation by two different mecha-
nisms. Formation of anion-specific channels by 
VacA prevents calcium influx from the extracel-
lular milieu. The transcription factor nuclear fac-
tor of activated T cells thus fails to translocate to 
the nucleus and activate key cytokine genes. A 
second, channel-independent mechanism 
involves activation of intracellular signalling 
through the mitogen-activated protein kinases 
MKK3/6 and p38 and the Rac-specific nucleotide 
exchange factor, Vav. As a consequence of aber-
rant Rac activation, disordered actin polymeriza-
tion is stimulated. The resulting defects in T cell 
activation may help H. pylori to prevent an effec-
tive immune response leading to chronic coloni-
zation of its gastric niche [53]. Similar damping 
effects of H. pylori have been describing in the 
context of autoimmunity [54–56].

 Conclusions

Helicobacter pylori colonizes mucosa, acti-
vates Toll-like and Nod-like receptors and 
usually elicits a gastric T-helper 1/17 (Th1/
Th17) type of immune response. A complex 
balance between H. pylori and immune inhibi-
tory factors, such as VacA, takes part in the 
gastric niche and is responsible for the chro-
nicity of the infection. Insights into the innate 
responses against H. pylori, dealing with 
NOD, TLR, gastric epithelial cells, cytokines 
and immune evasion, have been elucidated. In 
some infected patients, H. pylori promotes the 
development of gastric autoimmunity via 
molecular mimicry between H. pylori proteins 
and gastric ATPase autoantigen. On the other 
hand, in a minority of H. pylori-infected 
patients, H. pylori promotes the onset and the 
promotion of low-grade B cell lymphoma, via 
an abnormal help for B cell proliferation, 
mediated by peculiar T cells unable to kill B 
cells. Thus, the type of the host immune 
response against H. pylori is crucial for the 
outcome of the infection.
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Streptococcus pyogenes or group A streptococcus 
(GAS) is a Gram-positive coccus that is estimated 
to cause up to 700 million human infections annu-
ally [1, 2]. GAS can cause a variety of infections 
ranging from pharyngitis and simple skin and soft 
tissue infections to bacteremia, necrotizing fasci-
itis, and streptococcal toxic shock syndrome. In 
addition to acute infections, GAS can cause 
immune-mediated post-infectious complications. 
These include acute rheumatic fever, post-strepto-
coccal glomerulonephritis, and reactive arthritis. 
Precise mechanisms for these non-suppurative 
sequelae have yet to be elucidated.

 Acute Rheumatic Fever

Acute rheumatic fever (ARF) triggered by GAS 
is generally considered to be a transient autoim-
mune disease but has chronic sequelae. In devel-
oping areas of the world, ARF and its sequel 
rheumatic heart disease are estimated to affect 
nearly 20 million people and remain leading 
causes of cardiovascular death during the first 
five decades of life in the twenty-first century [3, 
4]. Most of the ARF cases occur in developing 
countries where the mean incidence of ARF is 19 
per 100,000 population [5]. ARF has also been 
reported both in outbreaks and endemically 
among US populations [6–8]. ARF occurs most 
frequently in children 5–15  years of age [1, 9, 
10]. The disease usually presents with one or 
more acute episodes. In 30–50% of cases, ARF 
may lead to chronic rheumatic heart disease 
(RHD) with progressive and permanent damage 
of the cardiac valves, especially the mitral and 
aortic valves [11].

ARF occurs at a median of 2 weeks after a 
pharyngeal infection although some have pro-
posed that skin infections may also trigger this 
immune response, but conclusive data are lack-
ing to support this [3, 12]. The diagnostic crite-
ria for ARF were first developed by T. Duckett 
Jones in 1944 and have been revised most 
recently in 2015 [13, 14]. American Heart 
Association guidelines (Jones criteria) for the 
diagnosis of rheumatic fever are largely based 
on clinical manifestations such as arthritis, 
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 carditis, Sydenham’s chorea, subcutaneous 
nodules, and erythema marginatum [13]. 
Carditis and Sydenham’s chorea could lead to 
sequelae in affected populations. Carditis 
occurs in about 60% of ARF patients usually 
following an initial severe attack [1, 3, 15]. 
Sydenham’s chorea often appears later than the 
other clinical manifestations. It is characterized 
by involuntary, rapid, and purposeless move-
ments of the face and limbs and can be associ-
ated with emotional lability.

Several hypotheses on the mechanisms by 
which GAS infection leads to ARF and triggers 
autoimmunity exist although a definitive expla-
nation remains elusive. ARF and RHD seem to 
engage both humoral and cellular autoimmunity, 
most likely due to molecular mimicry and epit-
ope spreading [2]. The theory of molecular mim-
icry was the result of successful demonstration of 
cross-reactive antibodies to the M-protein of the 
streptococcal cell wall and to cardiac myosin [16, 
17]. Some antibodies directed against other GAS 
antigens have been reported to cross-react with 
host antigens [16, 18, 19]. The autoantibodies 
which target the valves in rheumatic heart disease 
and the neuronal cells in Sydenham’s chorea are 

thought to share a common streptococcal epitope, 
GlcNAc, and target intracellular biomarkers of 
disease including cardiac myosin in the myocar-
dium and tubulin, a protein in the brain (Fig. 9.1) 
[18, 20, 21].

The recognition of these antigens while tar-
geting extracellular membrane proteins such as 
laminin on the valve surface endothelium or 
lysoganglioside and dopamine receptors in the 
brain has been postulated to be the basis for 
molecular mimicry that leads to valve damage 
in rheumatic heart disease and neuropsychiatric 
behaviors and involuntary movements in 
Sydenham’s chorea (Fig.  9.2) [18, 21]. In 
Sydenham’s chorea, neurons in the basal gan-
glia are attacked by antibodies against the 
group A carbohydrate of Streptococci that react 
with the surface of the neuron. This reaction 
activates signaling through calcium-/calmodu-
lin-dependent protein kinase type II, which 
involves an increase in tyrosine hydroxylase in 
dopaminergic neurons. Receptors, such as the 
D1 and D2 dopamine receptors, and lysogan-
glioside might be autoantibody targets on the 
neuronal cell. This targeting could lead to 
altered cell signaling and increased levels of 
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dopamine, in turn leading to abnormal move-
ments and behaviors (Fig. 9.2) [20]. Antigenic 
similarity of cardiac myosin and other extracel-
lular matrix proteins or self-cardiac proteins 
(tropomyosin, keratin, laminin, and vimentin), 
displaying a coiled-coil structure, with differ-
ent ARF-associated GAS strains has been 
reported in several populations including 
Australian Aborigine, Caucasian, and Thai 
patients [18–27].

Cell-mediated immunity is also thought to 
mediate molecular mimicry found in ARF. 
Peripheral T lymphocytes interacting with adhe-
sion molecules such as vascular cell adhesion 
molecule-1 infiltrate nonvascular tissues like car-
diac valves [8, 15, 25, 26]. Such T cells adhering 
to valve endothelium and extravasating into the 
valve are thought to be important in rheumatic 
heart disease development [18, 27].

Several studies have reported genetic asso-
ciations with ARF, with some appearing to be 
major histocompatibility complex (MHC)-
related, while others are non-MHC-related, and 
there are some studies with no association [19, 
21, 28–33]. Of these, HLA class II genes repre-
sented the strongest association [2]. Genetic 
polymorphisms in tumor necrosis factor, man-
nose-binding lectin, and toll-like receptor genes 
have been also associated with susceptibility to 
ARF and/or RHD [10]. Another reported link-
age is the presence of antiphospholipid anti-
bodies in some patients with rheumatic fever 
[34]. Anti-endothelial cell antibodies were 
demonstrated in some RHD patients [35]. These 
reported findings and associated theories sug-
gest a multifactorial process triggering the 
autoimmune response. Circulating T cells, acti-
vated by GAS exposure, would upregulate 
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adhesion molecules, enabling adhesion to val-
vular endothelium and subsequent trafficking 
into valve tissue. This endothelial damage may 
expose intra-valvular molecular components 
and perhaps modify cardiac collagen, myosin, 
laminin, keratin, tropomyosin, and other alpha- 
coiled coil proteins [18]. These molecules may 
act as danger signals to local innate immune 
system cells and could develop greater immu-
nogenicity if posttranslationally modified 
within the local inflammatory milieu. T cells 
are normally activated through encounter with 
antigen- presenting cells that have processed 
antigens for presentation on MHC molecules 
within secondary lymphoid organs. If this 
occurs at ectopic sites, such as within inflamed 
mucosal or epithelial tissues, or in Aschoff nod-
ules of the heart, T-cell regulation may be per-
turbed. This dysregulated T-cell activation 
might favor the emergence of anti-self T-cell 
clones and sustained production of cytokines 
such as IFNγ and IL-17, recruiting other inflam-
matory cells and driving RHD. Chronic valvu-
lar inflammation would eventually initiate 
tissue remodeling, including neovasculariza-
tion of the normally avascular heart valves. 
Neovascularization would drive tissue fibrosis 
and promote easy access for inflammatory cells 
in future ARF episodes, leading eventually to 
valve fibrosis and calcification [2].

Adequate antibiotic treatment of documented 
GAS pharyngitis markedly reduces the incidence 
of subsequent rheumatic fever, and secondary 
antimicrobial prophylaxis (either daily oral medi-
cation or 3–4 weekly intramuscular benzathine 
penicillin G) is effective in preventing the recur-
rence of disease in patients who have had a previ-
ous attack of ARF [15, 36–39].

 Post-streptococcal 
Glomerulonephritis

Post-streptococcal glomerulonephritis (PSGN) 
typically appears 1–3 weeks following pharyn-
gitis and 3–6  weeks following impetigo [2, 
10]. PSGN is the most frequent cause of 
nephritis in children globally with estimated 
470,000 cases annually [2]. It mostly affects 

children between 3 and 12 years of age. PSGN 
usually has good prognosis in children, but it 
has been thought to cause chronic renal disease 
in adults [40].

PSGN is caused by glomerular deposition of 
immune complexes, complement activation, 
and temporary amplification of the actions of 
plasmin. PSGN appears to be a “one hit” 
immune complex disorder that typically 
resolves without eliciting an ongoing autoim-
mune response [41–43]. Two GAS antigens 
have been implicated as initiators of the immune 
response: NAPlr, a streptococcal glyceralde-
hyde 3-phosphate dehydrogenase, and SpeB, a 
cysteine protease [42, 43].

 Post-streptococcal Reactive 
Arthritis

Post-streptococcal reactive arthritis (PSRA) is 
diagnosed in patients with polyarthritis who 
have a recent evidence of streptococcal infec-
tion and no other major Jones criteria. The 
arthritis in PSRA develops within 10  days of 
streptococcal infection, nonmigratory, usually 
affects the small joints of hands and/or feet, is 
not responsive to aspirin/nonsteroidal anti-
inflammatory drugs, and usually lasts longer 
than ARF arthritis [44–46]. M-protein-specific 
antibodies cross-reacting with the joint cartilage 
and synovium have been described, and binding 
of these antibodies to cartilage could lead to 
complement activation [47]. PSRA shows a 
bimodal peak between 8–14  years and 
21–37 years. Unlike ARF, PSRA is rarely asso-
ciated with carditis [48].

Notes
GAS cause post-infectious sequelae as ARF and/
or RHD, PSGN, and PSRA in susceptible hosts.

The mechanism(s) of disease is unknown, but 
genetic factors and molecular mimicry between 
GAS M protein and cardiac myosin may play a 
role in ARF.

PSGN is caused by immune complexes  
and complement activation in response to 
 streptococcal antigens. Antibodies generated 
by GAS infection can mediate cell signaling 
in neurons, possibly resulting in chorea.
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 Introduction

Mycoplasma pneumoniae (Mpn) is a member of 
the class Mollicutes (mollis, soft; cutis, skin), and 
like all members of the group, it lacks a cell wall 
or outer membrane, possessing only a simple 
lipid bilayer containing, in most members, cho-
lesterol. First isolated in the 1940s by Monroe 
Eaton and colleagues as the cause of atypical 
pneumonia, the organism was at first thought to 
be a virus because it was filterable due to its tiny 
size (200–700 nm) [1]. Mycoplasmas and related 
groups within the Mollicutes are obligate para-
sitic bacteria with highly evolved genomes that 
have lost many genes related to most biosynthetic 

pathways through reductive evolution from a 
Gram-positive bacterial ancestor [2, 3]. 
Interestingly, they use a slightly different genetic 
code from other bacteria and eukaryotes in which 
the opal stop codon, UGA, codes for tryptophan. 
Mycoplasma genitalium, a species that is closely 
related to and probably derived from Mpn, pos-
sesses the smallest functioning genome known 
for a cell for a self-replicating organism [4]. Mpn 
has a genome size of 817,276 bp with 757 pre-
dicted coding sequences, 36 tRNAs, and 1 
tmRNA [5]. Like other members of the 
Mollicutes, Mpn is unable to synthesize amino 
acids, purines, pyrimidines, or cholesterol, and it 
lacks a functioning tricarboxylic acid cycle for 
energy production. The restricted metabolome of 
Mpn and other Mollicutes underscores their abso-
lute dependence upon their host for most of the 
biomolecules essential for life.

As discussed in the following sections, infec-
tion with Mpn has often been associated with dif-
ferent autoimmune phenomena. Common 
associations have been made with autoimmunity 
involving the hematologic, dermatologic, muscu-
loskeletal, and neurologic systems among others, 
and these four systems will be considered in sep-
arate following sections. The possible signifi-
cance of these associations is complicated by the 
difficulties in accurate diagnosis of Mpn infec-
tion, which in the past has relied largely on serol-
ogy. Since antibody to Mpn, even of the IgM 
isotype, is common in the general population, 

T. P. Atkinson  
Division of Pediatric Allergy, Asthma & 
Immunology, University of Alabama at Birmingham, 
Birmingham, AL, USA
e-mail: patkinson@peds.uab.edu

10

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-79026-8_10&domain=pdf
mailto:patkinson@peds.uab.edu


104

serologic methods for diagnosis of acute Mpn 
infection can be misleading, akin to trying to 
diagnose acute Group A streptococcal infection 
using an antistreptolysin O titer. Furthermore, 
even after antibiotic treatment of acute infection, 
the organism can often be cultured from respira-
tory secretions for many months. However, with 
the advent of molecular diagnostics, increasingly 
convincing data are continuing to accumulate 
linking this and closely related bacteria to 
autoimmunity.

As an obligate parasite, Mpn is under more 
extreme pressure than many other pathogens to 
evade the host immune response in order to 
establish prolonged or even chronic infections. 
One well-established mechanism is antigenic 
variation, i.e., changes in the peptide sequence of 
antigenic proteins, which occurs by intragenomic 
recombination of repetitive regions, as exempli-
fied by the P1 adhesin, one of the most immuno-
genic surface molecules [6]. Another is by 
glycosylation of surface lipids, proteins, and 
lipoproteins. As with other essential biomole-
cules, mycoplasmas scavenge host glycans for 
energy production, limited biosynthesis, and, as 
has been recently demonstrated for Mpn, decora-
tion of their surface lipids [7]. Interestingly, 
human diacylglycerol and ceramide were also 
substrates for the most active, and most promis-
cuous, Mpn glycosyltransferase bringing up the 
possibility that the organism might alter host 
membrane lipids rendering them more antigenic. 
N- and O-linked glycosylation of surface lipo-
proteins have also been shown to occur in M. pul-
monis and M. arthritidis, and this process is 
likely to be a general one among the Mollicutes 
[8]. Host oligosaccharides with either alpha- or 
beta-1,4 linkages, not monosaccharides, are 
needed to support glycosylation, and it appears 
that rather than UDP-sugars, the mycoplasma 
glycosyltransferase(s) utilize the energy in the 
glycan linkage itself to fuel the glycosyltransfer-
ase reaction. As with the lipid glycosylation seen 
with M. pneumoniae, this process is quite pro-
miscuous and does not require any obvious pep-
tide motif other than perhaps a nearby lysine 
residue. Further, the mycoplasmas can utilize 
glutamine as well as asparagine as an acceptor 

amino acid in N-linked glycosylation. Thus, the 
bacteria can cloak their surface lipids and lipo-
proteins using host-derived carbohydrate, poten-
tially altering immunogenic epitopes and helping 
to shelter the organism from the host immune 
system. More importantly for the following dis-
cussion, the alteration of host surface lipids and 
proteins by promiscuous mycoplasmal glycosyl-
transferases has the potential to create neoanti-
gens that could lead to autoimmunity. Finally, 
native mycoplasmal glycoproteins and glycolip-
ids may protect the bacterium and at the same 
time induce autoimmunity by mimicking epit-
opes of host cell surface molecules. This process 
of antigenic mimicry is a well-established mech-
anism for infection-induced autoimmunity for 
other organisms, and there is some evidence that 
it is relevant to Mpn-induced autoimmune neu-
ropathies as will be discussed below.

 Hematologic Manifestations

One of the best documented autoimmune phe-
nomena associated with any microbial organism 
is Mpn-associated development of cold aggluti-
nins (CA), autoantibodies usually of the IgM iso-
type that bind to the red cell membrane at low 
temperatures (typically 28–31°F) triggering 
hemolysis. Although CA can develop in associa-
tion with other infections, the development of 
these antibodies has been used for decades as a 
bedside clinical test for atypical pneumonia due 
to Mpn infection, only more recently having been 
supplanted by other serologic and most recently 
by PCR-based tests. The development of CA, 
usually 2–3  weeks into the illness, is generally 
proportional to the severity of the illness, and CA 
can persist at detectable levels in affected indi-
viduals for greater than 1  year [9]. In severe 
cases, fatal hemolytic anemia and renal failure 
have been reported [10]. The specificity of Mpn- 
associated CA was demonstrated during the 
1980s to be directed against the red cell I antigen 
(branched poly-N-acetyl-lactosamine chains) 
[11]. These chains may be attached either to glu-
cose ceramide, forming a glycolipid, or to the red 
cell band 3 glycoprotein, the most abundant red 
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cell surface protein. Later it was demonstrated 
that the sialylated form of the I antigen is a recep-
tor for Mpn (as are other sialoglycoproteins), 
suggesting that Mpn binding to the I antigen cre-
ates a neoantigen that triggers CA production, 
still a likely explanation [12]. The possibility 
remains, however, that the bound Mpn organism 
may modify the lipid or protein linked to the I 
antigen, perhaps by glycosylation as discussed in 
the preceding section, rendering that molecule 
yet more immunogenic.

 Stevens-Johnson Syndrome

A variety of different nonspecific exanthems can 
be seen with acute Mpn infections [13]. However, 
a bullous mucocutaneous rash meeting criteria 
for Stevens-Johnson Syndrome (SJS) has been 
known for over 70  years to be associated with 
atypical pneumonias and is an occasionally seri-
ous complication of acute Mpn infection 
(Fig. 10.1) [14–16]. As with CA, Mpn-associated 
SJS tends to be seen with more severe infections 
such as community-acquired pneumonia with 
higher fevers and elevated erythrocyte sedimen-
tation rates, developing relatively late in the 

course of the disease [17]. However, it can also 
occur in the context of relatively mild respiratory 
symptoms, which presents even greater difficul-
ties in diagnosis [18]. Mpn has been isolated 
repeatedly from the skin lesions although many 
such efforts have failed [18–20], and, interest-
ingly, herpes simplex virus has been occasionally 
cultured from them [21] as well as from the oral 
cavity [17]. SJS can occur in localized outbreaks 
along with epidemics of atypical pneumonia [17, 
22]. Genetic analysis of isolates from such local-
ized occurrences has so far failed to suggest that 
this manifestation of Mpn infection is associated 
with specific strain(s) of Mpn [22]. There are also 
well-documented instances of recurrent disease 
[23–27].

As a clinical aside, the usual confounding fac-
tors are present when SJS develops during a 
respiratory infection that is being treated with 
multiple drugs, including antibiotics, as this com-
plication can certainly be due to either the infec-
tion or a medication. Thus, it is particularly 
important for clinicians to be rigorous about the 
criteria used in the diagnosis of Mpn infection in 
such a patient if mycoplasma infection is a con-
sideration. A single positive IgM or IgG titer may 
be misleading. Chest films can have significant 

Fig. 10.1 Skin lesions associated with Mpn-induced Stevens-Johnson syndrome in a child
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findings consistent with Mpn infection even with 
a paucity of symptoms. Respiratory secretions, 
ideally sputum, should be tested by culture and 
PCR for the presence of the organism, and an 
effort should be made to collect acute and conva-
lescent sera for Mpn antibodies, even in the 
absence of severe respiratory symptoms.

 Arthritis

The possible role of pathogens and the microbi-
ota in various forms of arthritis will be addressed 
in depth in Chaps. 15, 16, 17, 18, 19, and 20, 
but here we will examine some of the data spe-
cifically related to Mpn infection as a possible 
cause of adult rheumatoid arthritis (RA) and the 
various arthritic syndromes collectively termed 
juvenile idiopathic arthritis (JIA). Mycoplasmas 
have long been known as a cause of infectious 
arthritis in humans, particularly in patients with 
hypogammaglobulinemia [28–31]. They are also 
well- known causes of chronic arthritis in birds 
(M. gallisepticum and M. synoviae), swine (M. 
hyorhinis and M. hyosynoviae), goats and sheep 
(M. capricolum), and rodents (M. arthritidis) to 
name but a few examples. Because joint infec-
tion with this group of organisms is often low 
grade and lacks the usual inflammatory signs 
of septic arthritis, it can even mimic rheumato-
logic disease [32]. Unsurprisingly, Mpn has been 
repeatedly reported to cause reactive arthritis in 
association with community-acquired pneumo-
nia [33, 34]. The real question of interest here is 
whether Mpn (or other human mycoplasmas/ure-
aplasmas) plays a role in any of the various types 
of chronic adult or juvenile arthritis. It remains an 
open question [35].

One way in which investigators have attempted 
to determine whether Mpn might play a role in 
the development of RA has been to examine the 
prevalence and degree of positivity of circulating 
antibodies in RA patients compared to non-RA 
control subjects. In 1975 Cole and colleagues 
compared antibody titers (as measured by growth 
inhibition or bactericidal activity) to six species 
of human mycoplasmas including Mpn in a group 
of 29 RA patients compared to non-RA controls 

and found no significant differences [36]. 
However, in a relatively large recent case-control 
study using modern serologic methods, Ramirez 
and colleagues found a significant association of 
antibodies against Mpn in 78 RA patients com-
pared to 156 controls [37]. In a review of the inci-
dence of cases of JIA in Manitoba, Canada, 
between 1975 and 1992, Oen et al. noted a sig-
nificant correlation between JIA incidence and 
the periodic increases in Mpn infection (diag-
nosed by serology), which tend to occur every 
4–7  years [38]. There was no such correlation 
noted in the rates of diagnosis of five different 
respiratory viruses.

The advent of molecular methods of detection 
of bacteria and viruses appears to offer increased 
sensitivity and specificity for identification of 
organisms associated with chronic arthritis. 
However, these methods suffer from the criticism 
that they can be overly sensitive and are also sus-
ceptible to contamination during sample prepara-
tion. Furthermore, the presence of DNA from an 
organism in, for example, blood or synovial fluid 
does not necessarily reflect the presence of viable 
organisms and of course does not necessarily con-
firm a relationship to disease. Furthermore, many 
patients with RA are on immunosuppressive 
medications, which could potentially affect the 
chances of detection. However, there have been 
reports of detection of a variety of mycoplasmas 
including Mpn in peripheral blood [39] and syno-
vial fluid [40] of patients with RA. It should also 
be pointed out that there are also persistent reports 
of relatively high rates of detection of other spe-
cies of human mycoplasmas, especially M. fer-
mentans, by PCR, culture, and serology in patients 
with RA compared to controls [39, 41–47].

Since they lack a cell wall, mycoplasmas are 
unaffected by penicillins and cephalosporins. 
Varying by species, effective antibiotics generally 
include tetracyclines, macrolides and ketolides, 
and quinolones. Mpn is sensitive to antibiotics 
in all three classes, although macrolide resis-
tance is currently on the rise in many countries. 
Interestingly, there are several placebo- controlled 
trials of minocycline for rheumatoid arthritis, 
essentially all of which showed efficacy [48]. In 
contrast, an early trial with tetracycline and later 
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trials with doxycycline were negative [49–53], 
albeit one study showed positive results [54]. It is 
noteworthy that, although the antibiotic spectra of 
minocycline and doxycycline are similar, minocy-
cline exhibits twice the tissue penetration of dox-
ycycline, and both are several-fold higher in this 
regard than tetracycline [48], potentially indicat-
ing greater capacity of minocycline to treat myco-
plasmas present in hard to reach locations such as 
the synovium.  Although this might suggest that 
there is a microbial etiology for RA, the conclu-
sions that can be drawn from these study results 
are complicated by the fact that tetracyclines 
(as well as macrolides) have anti-inflammatory 
effects that are unrelated to their antimicrobial 
activities [55].

 Neurologic Complications

A large body of literature exists on a variety of 
neurologic complications, both peripheral and 
central, which are associated with Mpn infection 
including Guillain-Barré syndrome (GBS), Fisher 
syndrome, optic neuritis, encephalitis, and acute 
demyelinating encephalomyelitis (ADEM). One 
common pathogenic mechanism for those that 
are thought to have an autoimmune basis is the 
development of anti-glycolipid antibodies fol-
lowing Mpn infection [56]. One common defect 
that is likely related to the rarity of these condi-
tions and the difficulty in performing prospective 
studies is that the diagnosis of Mpn infection in 
both case reports and case series is often made 
with a single antibody determination without 
positive culture, PCR, or convalescent titers. With 
that one caveat, there is a convincing amount of 
data pointing to an association of Mpn infection 
with several different autoimmune neurologic 
diseases. As noted in the introduction, Mpn has 
been found to have glycosyltransferase(s) that 
can modify its own and the host’s surface glyco-
protein and glycolipid glycosylation in a nonspe-
cific manner resulting in immunologic cloaking 
for the bacterium and, as a bystander effect, in 
autoimmunity for the host. More direct evidence 
exists for the role of antigenic mimicry in Mpn-
induced autoimmune neurologic disorders.

GBS is an acute inflammatory demyelinating 
polyradiculoneuropathy that is often associated 
with a preceding infection. The gastrointestinal 
pathogen Campylobacter jejuni is the most com-
mon antecedent infection associated with GBS, 
and much is known about the mechanism by 
which it induces GBS. The rate of GBS in patients 
with a C. jejuni infection within the preceding 
2 weeks is 100 times that of the general popula-
tion, and 30–40% of GBS cases have had a recent 
C. jejuni infection [57]. Antigenic mimicry of C. 
jejuni antigens with GM1 ganglioside leading to 
pathogenic autoantibodies is supported by a num-
ber of laboratory studies [58]. A similar process 
of antigenic mimicry is believed to be operative 
in GBS induced by other microorganisms includ-
ing Mpn. Mpn is a relatively uncommon cause 
of GBS, generally estimated to cause 3–4% of 
cases [59]. Autoantibodies to galactocerebroside 
(Gal-C), a major glycolipid constituent of myelin 
in both the peripheral and central nervous sys-
tems, have been hypothesized to play a significant 
role in Mpn-induced autoimmune neuropathies. 
Rabbits immunized with Gal-C develop an auto-
immune neuropathy proving that such antibodies 
can be pathogenic [60, 61]. Gal-C autoantibod-
ies are present in the majority of GBS associated 
with Mpn infection [62]. Clinical, serologic, and 
electrophysiologic studies on a large series of 
GBS patients with and without Gal-C autoanti-
bodies demonstrated that Gal-C autoantibody-
positive GBS is more frequently associated with 
recent Mpn infection and with the demyelinat-
ing neuropathy variant of GBS with sensory and 
autonomic neuropathy than with the axonal neu-
ropathy variant [63]. Finally, rabbit anti-Gal-C 
antibody reacted with several Mpn glycolipids by 
immunostaining indicating that a similar or iden-
tical epitope is present on the bacterium [62].

Mpn may be the most common infectious 
cause of childhood encephalitis. Christie and col-
leagues published an analysis of 1,988 patients 
referred to the California Encephalitis Project in 
which they found evidence of Mpn infection in 
111 (5.6%) patients, of which 84 (76%) were 
children [64]. About 84% of these were positive 
by serology alone, but CSF was positive by PCR 
in 2%. They concluded that Mpn infection is 
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more frequently a cause of encephalitis in chil-
dren, and in that age group, it was the most com-
mon nonviral infectious agent identified. The 
detection of intrathecal anti-Gal-C antibodies has 
been detected both in serum and in CSF of 
patients with Mpn-associated encephalitis 
patients [65]. It has been proposed that detection 
of intrathecal antibodies to Mpn, including cross- 
reactive antibodies against Gal-C and ganglio-
sides, may constitute significant new methods for 
diagnosis of Mpn-associated encephalitis.

One question of great interest to affected 
patients and clinicians caring for them is whether 
antibiotic therapy of a patient with a confirmed 
Mpn infection and an associated extrapulmonary 
complication such as SJS might result in 
improvement in the course of this complication. 
Such data are hard to acquire given the rarity of 
most of these complications, but it seems reason-
able that whether the complication is due to live 
organisms and/or autoimmunity due to antigenic 
stimulation from the infection, effective antimi-
crobial therapy should shorten the course of the 
disease. In a study of 19 patients with SJS and 
MPN infections ranging from confirmed to pos-
sible, McCormack and colleagues found that a 
history of antibiotic therapy was significantly 
associated with confirmed Mpn infection, sug-
gesting that such therapy might actually increase 
the chances of this complication [66]. However, 
they did not assess the severity of the respiratory 
symptoms in the infected patients, which might 
have affected the clinician’s decision to treat, 
and furthermore the antibiotics chosen were all 
penicillins and cephalosporins, which would not 
have affected the organism at all. In the patient 
with SJS associated with a macrolide-resistant 
Mpn infection described by Atkinson and col-
leagues, there was prolonged illness which 
included 3 weeks of prodrome; a 3-day hospital-
ization at an outside hospital which included 
treatment with IV azithromycin, followed by 
7 days of worsening skin disease at the tertiary 
care hospital; and apparent improvement coinci-
dent with initiation of fluoroquinolone therapy 
[67]. In this case it seemed that the prolonged 
course might have been due to ineffective ther-
apy of a macrolide- resistant organism with 

azithromycin. It is noteworthy that there are 
reports documenting the development of macro-
lide resistance during therapy of Mpn infection 
in individual patients [68]. Experimental infec-
tion of humans with Mpn showed that infection-
associated cold agglutinins were only seen in the 
more severely affected patients, who were those 
without preexisting antibody [69, 70], and more 
recent studies have suggested that antibiotic 
therapy improves the course of Mpn infection, so 
it could again be predicted that the development 
of this common, benign autoimmune manifesta-
tion of Mpn infection would be blunted by early, 
effective antibiotic therapy. Some studies have 
indicated that patients with macrolide-resistant 
Mpn infections treated with macrolides have 
longer and more severe courses of illness than 
those infected with macrolide susceptible iso-
lates [71]. However, possibly due to the variabil-
ity in diagnostic criteria and the impossibility of 
conducting a clinical trial, systematic review of 
such reports has not definitely shown benefit of 
antibiotic therapy [72].

 Summary

Mpn, a subtle and sophisticated pathogen that is 
highly adapted for prolonged infections in 
humans, has evolved a variety of different mech-
anisms to evade and distort the host immune 
response. Numerous basic and clinical studies 
have convincingly demonstrated that Mpn causes 
a wide array of different autoimmune phenom-
ena. As further studies continue to shed light on 
the pathogenic mechanisms involved, better 
understanding of fundamental principles of auto-
immune pathogenesis may be forthcoming as 
well as more efficient strategies of combatting 
this ubiquitous pathogen.
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SLE Systemic lupus erythematosus
SS Sjogren’s syndrome
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 Introduction

 DNA Viruses and Rheumatic Diseases

Autoimmune rheumatic diseases (AIRDs), such 
as rheumatoid arthritis (RA), Sjogren’s syndrome 
(SS), systemic lupus erythematosus (SLE), sys-
temic sclerosis (SSc), and anti-neutrophil cyto-
plasmic antibody (ANCA)-associated vasculitis 
(AAV), are systemic autoimmune diseases with 
incompletely understood pathogeneses. Both 
genetic and environmental factors are implicated, 
and current thinking is that various environmen-
tal factors trigger autoimmunity in an individual 
with a proper genetic background. Among envi-
ronmental factors, included are DNA viruses, 
particularly Epstein-Barr virus (EBV) and human 
cytomegalovirus (CMV). Apart from these 
AIRDs, DNA viruses are implicated in other con-
ditions. For instance, EBV and CMV are also 
triggers of hemophagocytic syndrome in patients 
receiving biological therapies (Chap. 14) [1]. 
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They may also be implicated in drug reaction 
with eosinophilia and systemic syndrome 
(DRESS), a systemic drug reaction characterized 
by extensive mucocutaneous rash, fever, lymph-
adenopathy, organ dysfunction (most often liver 
dysfunction), and peripheral blood eosinophilia. 
The pathophysiology of DRESS is incompletely 
understood but involves reactivation of human 
herpesvirus (HHV)6, HHV7, CMV, and EBV 
and a very strong immune response [2].

 Herpes Simplex Viruses

Herpes simplex viruses (HSVs) are highly preva-
lent worldwide and can establish long-term latent 
infection, a state in which the viral genome per-
sists in cells but does not produce infectious viri-
ons, and lytic infection, a state of viral replication 
and infectious virion shedding [3]. There are no 
convincing reports on HSV1/2 participation in 
the pathogenesis of AIRDs, but some data do 
exist. For instance, HSV1 genome has been 
detected in salivary glands from three out of 
55 SS patients [4]. In addition, there are reports 
of amino acid sequence homologies between 
HSV1 proteins and human autoantigens suggest-
ing a possible role for a mechanism of molecular 
mimicry responsible for HSV-mediated induc-
tion of autoimmunity. The immediate-early pro-
tein of HSV1 contains multiple homologies to 
centromere protein B (CENP-B) and the SLE-
associated 70  kDa antigen, a component of 
U1RNP particles (reacting with anti-Sm autoan-
tibodies) [5]. However, HSV1/2 can reactivate 
and cause infection in immunosuppressed 
patients with AIRDs [6–8]. Thus, the causality 
between AIRD and HSV is unclear.

 Epstein-Barr Virus

EBV (HHV4) is a γ-herpesvirus, an enveloped 
virus with double-stranded DNA that infects the 
vast majority of the adult population worldwide. 
It enters cells via binding of viral envelope pro-
tein gp350 to the CD21 B cell marker. It initially 
infects epithelial cells and B cells and then stays 

in latent form (a state in which virus is not repli-
cating and infectious virus is not made) in mem-
ory B cells throughout life. During latent infection 
in B cells, there may be expression of viral nuclear 
antigens (EBNA1, EBNA2, EBNA3A, EBNA3B, 
EBNA3C, EBNALP); latent membrane protein 
(LMP)-1, LMP-2A, and LMP-2B; small nonpoly-
adenylated RNAs (EBER1, EBER2); microR-
NAs; and other transcripts (BARTs) (latency III). 
Latently infected cells may express EBNA1, 
LMP-1, LMP-2 (latency II), only EBNA1 (latency 
I), or no viral protein at all (latency 0). EBV may 
reactivate switching from latent to lytic form, pro-
ducing infectious virus. The switch from latency 
to lytic replication is initiated by the expression of 
the viral immediate- early BZLF1 gene (also 
known as Z, Zta, Zebra, EB1). Another early lytic 
antigen essential for viral replication is called 
“early antigen diffuse.”

The main targets of EBV are naïve B cells and 
B cells undergoing affinity maturation in germi-
nal centers (GCs). Inhibition of B cell apoptosis 
is the main strategy of EBV.  In certain B cells, 
EBV induces transformational expansion and 
immortalization as lymphoblastoid cell lines. 
Antibodies produced by B cells utilize variable 
(V)-diversity (D)-joining (J) region recombina-
tion, which is regulated by recombination- 
activating genes (RAGs), and EBV induces RAG 
expression in B cells [9, 10]. EBV antagonizes 
TGFβ-induced B cell apoptosis by suppressing 
the pro-apoptotic BIK (Bcl2 interacting killer) 
[11]. TGFβ induces EBV lytic reactivation by 
activating BZLF1 gene expression [12, 13].

The ubiquitous presence of EBV along with a 
significant number of peptides shared between 
EBV and the human proteome [14] make EBV an 
attractive environmental causative candidate for 
various AIRDs.

 Rheumatoid Arthritis
RA is characterized by polyarthritis, the presence 
of rheumatoid factor and anti-citrullinated pro-
tein antibodies (ACPAs), and HLA-DRB1* 
alleles that share a common amino acid sequence 
(aa 70–74) of the beta chain (shared epitope, 
HLA-DRB1*SE). ACPAs are directed against 
various citrullinated proteins, including filaggrin, 
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fibrinogen, α-enolase, fibrin, collagen, vimentin, 
and others. They appear years before clinical 
manifestations [15], predict the development of 
RA in patients with undifferentiated arthritis [16, 
17], are specific for RA [reviewed in [18]], and 
are associated with the disease severity [18, 19].

EBV has long been implicated in the patho-
genesis of RA since an increased EBV DNA load 
was found in peripheral blood from RA patients 
compared to healthy controls [20], and increased 
CD8+ T cells recognizing EBV lytic antigen 
were detected in RA synovial fluid [21], although 
a systematic review did not find an association of 
EBV seroprevalence with RA [22]. Subsequent 
studies linked EBV to ACPAs. Specifically, anti-
bodies to citrullinated peptides derived from 
EBV proteins were found to be present in sera of 
RA patients suggesting that EBV infection may 
trigger the induction of ACPAs. Antiviral citrul-
linated peptides (VCPs) derived from EBNA1 
[23] and EBNA2 [24] were detected in RA. More 
importantly, antibodies against EBNA1-derived 
viral citrullinated peptides from RA sera immu-
noprecipitated an 80  kDa band from EBV- 
infected cell line [23]. One of these 
EBNA1-derived viral citrullinated peptides 
(EBNA35-58cit) was a target of ACPAs in RA [25], 
and by competition assays, anti-EBNA135-58cit 
antibodies were highly cross-reactive with citrul-
linated β60–74 fibrin peptide, an immunodominant 
epitope in ACPA+ RA [26]. Indeed, a large pro-
portion of ACPA-producing plasma cells sur-
rounding GC-like structures in the synovial 
membrane of RA patients were infected with 
EBV, as suggested by their co-expression of 
BFRF1, a protein of early EBV lytic phase [27]. 
In peripheral blood of severe combined immuno-
deficiency (SCID) mice transplanted with 
GC-like structure-containing RA synovial mem-
brane, antibodies against citrullinated EBV pep-
tides were detected and correlated with ACPA 
[27]. These findings suggest that posttranslation-
ally modified EBV antigens in GC-like structures 
in RA synovial membrane may trigger ACPA 
production via cross-reactivity. Citrullinated 
antigens are likely to be arthritogenic antigens in 
RA and can promote inflammation through 
immune complexes with citrullinated proteins, 

activation of macrophages, and neutrophil extra-
cellular trap formation [28].

EBV can be implicated in RA pathogenesis 
through other mechanisms. For instance, the EBV 
gp110, expressed on the budding virion during 
EBV replication, contains the QKRAA amino acid 
sequence, which is also present on HLA-DRB1*SE 
[29], suggesting that the HLA- DRB1*SE may be 
the target of the immune response. Furthermore, 
HLA-DRB1*0404, an HLA-DRB1*SE allele, is 
associated with low T cell responses to EBV gp110, 
whereas HLA- DRB1*07, an RA protective allele, 
is associated with high T cell responses to EBV 
gp110. More importantly, RA disease severity was 
found to be associated with low T cell responses to 
gp110 [30].

Another intriguing finding was that the pres-
ence of EBV DNA in bone marrow of RA patients 
was a predictor of a good response to rituximab 
treatment. EBV DNA was detected by PCR in the 
bone marrow from RA patients in 15 out of 35 
patients treated with rituximab. Of those with 
EBV, 12/15 (80%) responded, compared to 6/20 
(30%) of those without EBV (p = 0.04) [31].

 Sjogren’s Syndrome
SS is characterized by lymphocytic infiltration of 
exocrine glands, most frequently salivary and 
lacrimal glands, and the presence of autoantibod-
ies, most frequently SSA. A small percentage of 
SS patients will go on to develop B cell 
malignancy.

EBV has a tropism for salivary and lacrimal 
glands [32]. EBV early antigen antibodies, indica-
tive of viral replication in lytic phase, and EBNA 
antibodies were found to be correlated with SSA 
52 (Ro52) antibodies in SS [33]. GC-like structure- 
containing SS salivary glands express latent and 
lytic proteins in B cells and plasma cells, respec-
tively [34]. In particular, perifollicular plasma 
cells expressing EBV lytic protein display Ro52 
immunoreactivity. Furthermore, GC-like struc-
ture-containing SS salivary glands transplanted 
into SCID mice supported the production of both 
anti-Ro52 abs and anti-EBV antibodies, thus sug-
gesting that EBV may contribute to local autoim-
munity in SS [34]. Besides  autoimmunity, EBV 
also affects salivary gland function. The microRNA 
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ebv-miR-BART13, encoded by EBV, is expressed 
in salivary glands of SS patients and targets 
STIM1, a sensor of calcium concentration in endo-
plasmic reticulum, and aquaporin 5, an apical 
plasma membrane water channel, thus decreasing 
their function and thus providing a mechanistic 
link between EBV and salivary gland function in 
SS [35]. Functional ebv-miR-BART13 can be 
transferred via exosomes to salivary epithelial 
cells from B cells [35].

 Systemic Lupus Erythematosus
SLE is characterized by multiorgan involvement, 
including renal involvement with glomerulone-
phritis, and the presence of many autoantibodies 
against various antigens. The plethora of autoan-
tibodies against nuclear and other antigens, such 
as antinuclear antibodies (ANAs), anti-double- 
stranded DNA (dsDNA) antibodies, anti-Sm 
antibodies, and anti-phospholipid antibodies 
(anti-cardiolipin, anti-β2 GPI, lupus anticoagu-
lant) suggests that reduced regulatory function by 
T and/or B cells and/or hyperactivation of B cells 
takes place in SLE pathogenesis.

Higher titers of anti-EBV antibodies and 10- 
to 100-fold higher EBV DNA load were detected 
in sera of SLE patients compared to controls [36–
38]. Higher titers of IgM, IgG, and IgA levels 
against EBV lytic early antigen diffuse were 
detected in SLE patients [39, 40] and were 
inversely correlated with lymphocyte counts 
[40]. More importantly, EBV latent membrane 
protein-1 (LMP-1), a CD40 mimic, was detected 
in renal biopsies from lupus nephritis (LN) 
patients [41, 42]. EBV-encoded RNA-1 (EBER1), 
a small RNA that is the most abundant RNA in 
EBV latent phase, was also detected in LN biop-
sies [41]. Furthermore, EBV LMP-1 positivity in 
LN was associated with anti-Sm antibodies [41] 
and LN classification [42]. EBV-encoded latent 
membrane protein-2A (LMP-2A) mimics the B 
cell antigen receptor (BCR) in murine 
GC.  Furthermore, GC B cell-specific LMP-2A 
expression led to an SLE-like autoimmune phe-
notype [43], and EBV-encoded LMP-2A induced 
an anti-Sm response through TLR9 hypersensi-
tivity [44]. However, an EBV-related 
γ-herpesvirus γHV68 infection strongly inhibited 

lupus-like disease in mice that spontaneously 
develop the disease [45].

There are a great number of peptides shared 
between EBV and the human proteome [14], and 
molecular mimicry has been documented 
between SLE autoantigens and EBV antigens. 
Multiple peptide homologies were detected 
between EBV and the SLE-associated 70  kDa 
antigen [5]. A cross-reactivity was found between 
the Sm B/B′ sequence PPPGMRPP and the 
EBNA1 sequence PPPGRRP. This EBNA1 pep-
tide is recognized by sera from SLE patients but 
not from EBV-positive normal individuals. 
Cross-reactivity was also found between the Sm 
D1 95–119 peptide and the EBNA1 35–58 pep-
tide [36, 46]. Furthermore, immunization of rab-
bits with EBNA1 PPPGRRP peptide induced 
lupus autoimmunity [36]. Also, immunization 
with EBNA1 peptides or expression of EBNA1 in 
mice caused IgG antibodies against Sm and 
dsDNA [47, 48] and leukopenia [47]. Of note, 
two monoclonal antibodies to EBNA1 cross- 
reacting with dsDNA bind to the same amino 
acid viral epitope of EBNA1 [49].

There is an impaired leukocyte response to 
EBV latent and lytic antigens in SLE [50] which 
is associated with high anti-EBV antibodies and 
inversely correlates with SLE disease activity. 
This may suggest that the high antibody response 
to EBV may be an attempt to compensate for the 
impaired T cell response.

 Systemic Sclerosis
SSc is a complex disease characterized by exten-
sive fibrosis, vascular fibrointimal proliferation, 
and autoantibodies. Two main autoantibodies, 
anti-topoisomerase I (ATA), and anti-centromere 
autoantibodies (ACA) are associated with diffuse 
cutaneous (dcSSc) and the limited cutaneous 
(lcSSc) form of the disease, respectively, and are 
used in early diagnosis of SSc [51, 52]. The 
pathogenesis of the disease is incompletely 
understood, but adaptive immunity responses 
[51, 53] as well as innate immunity receptors par-
ticipate in the pathological process [54]. 
Oligoclonal T cells are found in skin lesions and 
can promote fibrosis through profibrotic cyto-
kines and cell contact with fibroblasts [55], 
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whereas B cells are hyperactivated, producing 
autoantibodies with profibrotic actions [53]. 
Innate immunity, exemplified by type I interferon 
(IFN) signatures involved in antiviral responses, 
was detected in the skin and peripheral blood in 
SSc [56–58]. TLR9, an innate immunity receptor 
and a sensor of microbial nucleic acids, was 
upregulated in SSc skin and induced profibrotic 
responses via TGFβ in fibroblasts [54].

The early EBV lytic transactivator BZLF1 
that drives EBV replication, latent genes, and 
early lytic protein are detected in peripheral 
blood mononuclear cells (PBMCs), skin fibro-
blasts, and endothelial cells in SSc suggesting an 
ongoing EBV infection [59]. In this regard, EBV 
can impact on both immunity and fibrosis. For 
instance, EBV can induce anti-Topo I antibodies 
in B cells from healthy donors [60]. Also, EBV 
can infect fibroblasts and induce TLR8 and IFN- 
regulated genes and a profibrotic phenotype, in 
which EBV replication could be detected in skin 
fibroblasts, myofibroblasts (activated fibroblasts), 
and endothelial cells [59]. TGFβ1 expression was 
upregulated in fibroblasts expressing high levels 
of BZFL1 [59]. Of note, the BZLF1 increased 
TGFβ1 production in epithelial cells [61]. TGFβ1 
inhibits CpG DNA-induced type I IFN produc-
tion via ubiquitination of TNF receptor- associated 
factor 6 (TRAF6) [62]. Thus, on one hand, 
TGFβ1 dampens the response to EBV, activates 
BZLF1 gene expression, and induces EBV lytic 
reactivation, and on the other hand EBV lytic 
infection upregulates TGFβ1 [12, 13]. Similarly, 
transfection with BZFL1 induces IL-13 expres-
sion, and IL-13 is required at an early stage of 
EBV-induced proliferation of B cells [63]. Of 
importance, TGFβ1 and IL-13 are potent profi-
brotic mediators in SSc [51]. Peripheral blood 
monocytes from SSc patients and skin macro-
phages also express BZLF1 and BFRF1, an EBV 
early lytic protein [64], whereas microarray anal-
ysis has revealed that EBV-infected monocytes 
exhibit upregulation of IFN-regulated genes and 
TLR8 [64].

There are multiple peptide homologies 
between EBV immunodominant antigens and 
SSc autoantigens, and some data suggest the 
presence of cross-reactive immune responses 

involving viral/host mimics [65]. The pathogenic 
significance of these findings and the direct link 
with the induction of the disease remains obscure.

 ANCA Vasculitis
Granulomatosis with polyangiitis (GPA, for-
merly Wegener’s granulomatosis) is the proto-
type of AAV.  GPA is characterized by 
extravascular granulomas and small vessel vas-
culitis affecting many organs/systems, most 
often the respiratory system and kidneys. 
ANCA in AAV, depending on immunostaining 
of neutrophils, are classified as cytoplasmic 
(cANCA) or perinuclear (pANCA) and are 
directed against proteinase-3 (PR3) or myelo-
peroxidase (MPO), respectively. Primed with 
inflammatory mediators, neutrophils express 
PR3 and MPO on their cell surface and, when 
stimulated with ANCA, induce endothelial cell 
death. In experimental models, MPO-ANCA 
are pathogenic inducing pauci-immune glomer-
ulonephritis and pulmonary capillaritis. 
However, GPA, apart from small vessel vasculi-
tis and PR3-ANCA, is characterized by granu-
lomas, which suggests T cell involvement as 
well [66]. GPA granulomatous lesions have 
GC-like structures capable of antibody produc-
tion against PR3 [67]. Importantly, EBV-
transformed B cells can produce cANCA [68]. 
In addition, PR3-ANCA and MPO-ANCA may 
appear transiently in patients with infectious 
mononucleosis (an acute EBV infection) [69].

 Cytomegalovirus

CMV, a β-herpesvirus, is a double-stranded DNA 
virus which produces latent and lytic infection 
and infects many cell types, including fibroblasts. 
An early lytic gene encoding a protein essential 
for viral replication is called pp52. Once infected, 
CMV stays for life and can be reactivated when T 
cell immunity is compromised, most often after 
organ transplantation. The practicing physician 
should be vigilant to the fact that CMV in immu-
nocompromised hosts may cause severe and 
 life- threatening disorders, including severe hepa-
titis, duodenitis, ileocolitis, acute encephalitis, 
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infectious mononucleosis, adult-onset Still’s dis-
ease, retinitis, pneumonitis, and hemophagocytic 
syndrome. This acute CMV infection may com-
plicate concomitant treatment of serious manifes-
tations of underlying AIRD [70].

 Rheumatoid Arthritis

CMV appears to be implicated in RA pathogene-
sis. CMV DNA was detected in the synovial mem-
brane from 11 out of 83 patients with RA compared 
to 2 out of 64 patients with other joint disorders 
[71]. Latent CMV infection, as detected by CMV 
seropositivity, was associated with more severe 
joint damage in RA [72]. Cytotoxic CD4+CD28− T 
cells are closely associated with CMV seropositiv-
ity as well as with cardiovascular disease and are 
expanded in RA [73, 74]. These findings imply 
that the increased cardiovascular risk in patients 
with RA may be due to CMV. Of note, ex vivo T 
cell responses to CMV lysates were associated 
with more severe joint damage [75] and with the 
clinical response to initial disease-modifying anti-
rheumatic drugs in early RA [76]. A higher base-
line anti-CMV response predicted inadequate 
Disease Activity Score (DAS)28 response [76].

 Sjogren’s Syndrome

There are no convincing data linking CMV to the 
pathogenesis of SS. The prevalence of IgG anti- 
CMV antibodies was found to be lower in SS 
than in controls [33]. Intraperitoneal injections of 
murine CMV can induce a SS-like disease in 
autoimmune-prone mice, but the relevance of the 
murine model results to the human disease is not 
clear [77].

 Systemic Lupus Erythematosus

CMV may be implicated in the pathogenesis of 
SLE. IgA and IgG antibodies to CMV pp52 early 
lytic antigen were significantly higher in SLE 

compared to healthy controls and were positively 
associated with lymphocyte counts [40]. 
However, the practicing physician should bear in 
mind a differential diagnosis of CMV infection in 
an immunocompromised patient with SLE from 
CMV causing autoimmunity [78].

 Systemic Sclerosis

There are similarities between CMV vasculopa-
thy and SSc vascular disease [79], and vascular 
factors, such as endothelin, and growth factors, 
such as TGFβ and platelet-derived growth factor, 
may provide a mechanistic link between vascular 
disease and tissue fibrosis. A murine vasculopa-
thy model, resembling SSc vasculopathy, pro-
vided evidence that CMV infection alone cannot 
cause neointima formation but requires the addi-
tion of immune dysregulation. For instance, 
murine CMV-infected mice lacking the IFNγ 
receptor (IFNγR−/−) subjected to whole-body 
irradiation developed extensive adventitial and 
medial inflammatory infiltrates and significant 
neointima formation in arteries, with prolifera-
tion of myofibroblasts and upregulation of TGFβ 
and platelet-derived growth factor-A and growth 
factor-B [80].

The frequency of antibodies against specific 
CMV-encoded antigens, such as UL83, UL57, and 
UL94, was higher in patients with SSc compared 
to pathological controls (such as patients with 
multiple sclerosis) or healthy individuals, but 
whether these findings are epiphenomena or rele-
vant to the pathogenesis of the disease is not 
known [81, 82]. There are multiple peptide homol-
ogies between CMV and CENP-B which could 
support a molecular mimicry between CMV and 
humans [5]. Also, topoisomerase I shares a penta-
peptide homology with the CMV UL70 protein 
[83]. The immune response to CMV can cause 
vascular injury and fibrosis. For instance, antibod-
ies to CMV-encoded UL94 protein cross-react 
with the cell membrane tetraspanin transmem-
brane 4 superfamily member 7 (TM4SF7 or NAG-
2) molecule and induce apoptosis of endothelial 

L. I. Sakkas and D. P. Bogdanos



119

cells and activation of fibroblasts [84, 85]. Others, 
however, have been unable to demonstrate immu-
nological cross- reactivity between CMV antigens 
and SSc- specific autoantigens [82].

 ANCA Vasculitis

Studies on the possible role of CMV in AAV are 
limited. Yet, preliminary results show that CMV 
may be implicated in GPA.  Cytotoxic 
CD4+CD28− and CD8+CD28− T cell expansions 
associated with CMV seropositivity were 
detected in GPA [86, 87] and were linked with 
increased mortality [87]. Also, concomitant cel-
lular CMV and/or EBV positivity was associ-
ated with CD4+CD28− and CD8+CD28− T cells 
in GPA [88]. Preliminary results showed that 
CD4+CD28− T cells in CMV- seropositive AAV 
patients are pro-inflammatory and are expanded 
and associated with arterial stiffness (carotid to 
femoral pulse wave velocity). Furthermore, 
their expansion was attenuated after valacyclo-
vir therapy [89]. Further studies are required in 
this exciting field.

 Human Herpesviruses 6, 7, and 8

The role of these three herpesviruses in AIRD 
is yet unproven. HHV6 is a double-stranded 
DNA virus causing latent and lytic infections. 
An early lytic gene encoding a protein essential 
for viral replication is called p41. In immuno-
compromised individuals, HHV6 can cause 
limbic encephalitis. In one study, cell-free 
HHV6 DNA was detected in a higher propor-
tion of patients with AIRD (SSc, RA, or SLE) 
[90]. HHV7 can cause fever and seizures in 
children. HHV7 prevalence and load in PBMCs 
did not differ between patients with RA, SLE, 
or SSc and healthy controls [90]. HHV8 is 
causally related to Kaposi’s sarcoma and to 
multicentric Castleman’s disease, a B cell-pro-
liferative disorder. In immunocompromised 
individuals, HHV8 can cause fever, splenomeg-

aly and cytopenias, or Kaposi’s sarcoma. In one 
study analyzing cell-free serum, however, 
HHV8 DNA was not detected in any patient 
with AIRD (RA, SLE, or SSc) [90].

HHV6, HHV7, and HHV8 do not appear to be 
involved in the pathogenesis of AIRDs. However, 
practicing physicians should be aware that HHV6 
is associated with severe DRESS [91, 92].

 Parvovirus B19

Human parvovirus B19 (parvoB19) is a non- 
enveloped, single-stranded DNA virus. Its 
genome encodes two capsid proteins, VP1 and 
VP2, and a nonstructural protein NS1, which is 
cytotoxic to host cells. ParvoB19 can infect ery-
throid progenitor cells and also other cells includ-
ing endothelial cells [93]. It causes a variety of 
disorders including erythema infectiosum in chil-
dren and aplastic anemia and cytopenias in 
immunocompromised patients.

Acute parvoB19 infection can present with 
RA-like and SLE-like clinical and serological dis-
ease [94–98] and can induce a broad range of 
autoantibodies, such as rheumatoid factor, ANA, 
anti-dsDNA, ANCA, and anti-cardiolipin anti-
bodies [98, 99]. ParvoB19-encoded NS1 induces 
apoptosis of non-permissive cells and cleaves 
DNA [100, 101]. Furthermore, apoptotic bodies 
contain targets of common autoantibodies, such 
as Smith, DNA, histone H4, and phosphatidylser-
ine, which are engulfed and taken up for antigen 
presentation by differentiated macrophages [101]. 
Peptide homologies detected between parvoB19 
PV1 protein and human cytokeratin and GATA-1, 
a transcription factor involved in erythropoiesis, 
could be of pathogenic significance [98].

In RA, parvoB19 seems to modulate cytokine 
expression, since parvoB19 PV1 protein- stimulated 
PBMC from RA patients produce less IFNγ than 
those from healthy controls. Furthermore, plasma 
IL-10 levels were lower in parvoB19+ RA 
 compared to pavoB19− RA patients but did not 
differ between parvoB19+ and parvoB19– healthy 
 controls [102].
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ParvoB19 does not seem to be involved in SS 
pathogenesis since no parvoB19 DNA has been 
detected in peripheral blood from patients with 
SS [103] or salivary glands [104].

ParvoB19 infection can mimic SLE, particu-
larly patients with cytopenias, pleuritis/pericardi-
tis, or glomerulonephritis [95, 105–109]. 
ParvoB19 has also been associated with dilated 
cardiomyopathy and high levels of cytokines 
IL-17 and IL-6 in SLE patients [110]. ParvoB19 
DNA was detected in 17 of 72 SLE patients [103]. 
However, a recent study found no association of 
parvoB19 infection (IgM, IgG antibodies, and 
viral DNA) with the presence or activity of the 
disease. Yet, an association was found in SLE 
patients with the presence of anti-phospholipid 
antibodies [111].

The role of parvoB19 in SSc needs further 
investigation. ParvoB19 DNA was detected in 
SSc skin but also in the skin from healthy donors 
[112]. The virus can infect endothelial cells and 
fibroblasts [113] and has been found in latency in 
the bone marrow of SSc patients [114].

Also there is no evidence that parvoB19 is 
implicated in AAV pathogenesis, although PR3- 
ANCA and MPO-ANCA may appear transiently 
(<6 months) during acute parvoB19 infection and 
lead to misdiagnosis of GPA [69, 99].

 Human Papilloma Virus

Human papilloma virus (HPV) is a non- enveloped 
virus that infects epithelia and has a genome with 
double-stranded DNA consisting of an early 
region (E), a late region (L), and an upstream 
noncoding regulatory region (URR). E1 and E2 
proteins modulate viral DNA replication, and L1 
and L2 genes encode capsid proteins. There are at 
least 100 HPV types, with HPV1 and HPV2 
causing warts and HPV16 causing cervical dys-
plasia and cervical cancer [115].

HPV might participate in the pathogenesis of 
AIRDs since there are peptide homologies 
between HPV and human proteins which may 

give rise to autoimmune responses through 
molecular mimicry [116, 117].

 Rheumatoid Arthritis

In RA HPV may trigger the production of ACPAs. 
The HPV-47 E2 peptide 345–362 is homologous 
to profilaggrin 306–324, and both citrullinated 
peptides are targets of ACPA in RA. Furthermore, 
RA patients with anti-citrullinated HPV-47 E2 
345–362 antibodies had higher DAS28 and 
radiographic progression compared to RA 
patients without these antibodies [116].

 Systemic Lupus Erythematosus

There are peptide homologies between HPV and 
the SLE autoantigen Ku, complement proteins 
C4A and C4B, and the B cell signal-transducing 
surface protein CD19, but their pathogenic rele-
vance is unclear at present [117]. UK women 
with recent diagnosis of SLE had a high fre-
quency of HPV infection, particularly with HPV- 
16 variants, and were found to have a higher viral 
load and frequency of abnormal cervical cytol-
ogy and squamous intraepithelial lesions [118].

 Hepatitis B Virus

Hepatitis B virus (HBV) is a hepatotropic DNA 
virus causing acute and chronic hepatitis. Only 
limited data are available on the prevalence of 
hepatitis B in patients with AIRDs.

 HBV Reactivation in Patients 
with Rheumatic Diseases

HBV may reactivate in patients with hepatitis B 
surface antigen-negative (HBsAg−) and hepati-
tis B core antibody-positive (HBcAb+) patients 
on immunosuppression, particularly with high-
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dose corticosteroids and cytokine inhibitor bio-
logical agents. However, long-term use of 
methotrexate does not result in HBV reactiva-
tion [119]. Better knowledge and more aware-
ness of the risk for HBV reactivation with the 
different antirheumatic agents and the more 
recent development of the new-generation oral 
antivirals have greatly improved the design of 
screening and therapeutic algorithms in clinical 
practice [120]. Thus, the US Centers for Disease 
Control and Prevention recommends screening 
patients for HBsAg, HBcAb, and hepatitis B 
surface antibody (HBsAb) before starting 
immunosuppressive therapy. In a similar vein, 
the American Association for the Study of Liver 
Diseases recommends HBV screening before 
initiation of immunosuppressive therapy. 
Especially for AIRDs, guidelines for the treat-
ment of RA by the American College of 
Rheumatology or the European League against 
Rheumatism also suggest HBV screening and 
provide recommendations on the management 
of HBV.

 HBV-Associated Polyarteritis Nodosa

The strongest link between HBV and AIRDs is 
that with polyarteritis nodosa (PAN), a sys-
temic necrotizing vasculitis that predomi-
nantly affects medium-sized arteries (Chap. 
25). In fact, PAN is the consequence of viral 
infections, mainly HBV.  The incidence of 
HBV-associated PAN has declined over the 
past decades following the parallel decline of 
HBV infection due to prophylactic vaccina-
tion. Peripheral neuropathy, recent-onset 
hypertension resulting from renal vasculopa-
thy, skin nodules, orchitis, and gastrointestinal 
manifestations, especially those requiring sur-
gery, are more frequent in patients with HBV-
associated PAN than in PAN patients without 
HBV [121]. Overall, HBV infected PAN 
patients have more severe disease [121]. The 
pathogenic mechanisms linking HBV with 

PAN are not entirely resolved. HBsAg/anti-
HBs antibody complexes are found in the vas-
cular lesions (especially the recent ones), 
while such complexes do not appear in healed 
lesions, suggesting a crucial role played by the 
immune complexes in the initiation of these 
vascular lesions [122].

 HBV and Other Rheumatic Diseases

HBV patients may rarely (~3%) develop cryo-
globulinemic vasculitis with type II or type III 
cryoglobulinemia [123]. In these patients, cryo-
globulinemia is caused by clonal expansion of 
innate B cells producing a VH1-69-encoded anti-
body [124].

The presence of chronic HBV infection is 
endemic in some countries, such as China and 
Taiwan. A considerable proportion of these 
patients develop symptoms of polyarthralgia, 
and serological testing reveals RF positivity, 
raising the issue of concomitant RA [125]. 
ACPAs are more specific for RA than RF and 
should be measured to help in the discrimina-
tion of HBV- associated arthropathy from con-
comitant RA in patients with chronic HBV 
infection [125]. The presence of SLE in such 
endemic areas has been reported lower than that 
in demographically matched non-SLE patients, 
but the reason for this underrepresentation 
remains unknown [126].

An increased risk for SS in patients with 
chronic hepatitis C virus infection but not with 
HBV has been reported, though more recent 
data suggest that the risk for SS may be 
increased in men with HBV rather than in those 
without chronic viral hepatitis [127]. No asso-
ciation was found between SSc and chronic 
HBV, although the titers of anti-HBc antibod-
ies were higher in SSc patients compared to 
controls [128].

Figure 11.1 illustrates individual DNA viruses 
and their relation with specific autoimmune rheu-
matic diseases.

11 DNA Viruses in Autoimmune Rheumatic Diseases



122

 Conclusion

Multiple DNA viruses have been linked to a 
variety of autoimmune diseases. Although not 
all cases necessarily represent evidence of a 
causal infection, there is nevertheless strong 
evidence that EBV is associated with RA and 
lupus, CMV and Parvovirus may be linked to 
RA, and HBV is clearly implicated in 
PAN.  Furthermore, even in the absence of a 
causal association, the treating rheumatologist 
should be aware that in the context of autoim-
mune diseases and associated  treatment, 
patients are at substantially increased risk of 
complications associated with infections with 
DNA viruses.
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 Enterovirus and Autoimmunity

Enteroviruses belong to the Picornaviridae fam-
ily, comprising non-enveloped, small, single- 
stranded positive-sense RNA genome viruses. 
On the basis of their pathogenesis, enteroviruses 
were originally classified into four groups: polio-
viruses, coxsackie A viruses (CA), coxsackie B 
viruses (CB), and echoviruses. Due to the signifi-
cant overlaps in such taxonomy, enteroviruses 
(EV) isolated more recently are named with a 
system of consecutive numbers: EV68, EV69, 
EV70, EV71, etc. [1]. Enteroviruses are named 
after their transmission route which is mainly 
fecal-oral (despite other routes of transmission 
being present for some species).

The main clinical entities caused almost 
exclusively by enteroviruses are poliomyelitis, 
herpangina, hand-foot-and-mouth disease, and 
epidemic pleurodynia. Other enterovirus-related 
disorders, such as aseptic meningitis and myo-
pericarditis, may also be caused by other etio-
logical agents.
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Several picornavirus infections showed a strong 
association with autoimmunity. This is especially 
true in type 1 diabetes (T1D) and myocarditis. The 
exact mechanisms inducing autoimmunity remain 
controversial. Antigenic mimicry, i.e., the shared 
sequence or tertiary structure between foreign and 
self-antigens, is the most well-established theory 
for enterovirus- induced autoimmunity. For exam-
ple, in a subpopulation of patients with T1D, a 
molecular mimicry has been found between glu-
tamic acid decarboxylase (GAD65) and protein 
2C of coxsackie B-like enteroviruses, suggesting a 
possible cross- reaction involved in the pathogene-
sis of the disease [2]. Alternatively, cytopathic 
infectious agents can cause the release of either 
sequestered or intracellular autoantigens inducing 
dual TCR expression (i.e., the induction of T cells 
bearing receptors potentially responding also 
against self-tissues) [3].

Viruses have been suggested as a potential 
environmental trigger of T1D; a disease having a 
well-documented genetic basis, whose etiology 
remains to be elucidated. The body of evidence 
supporting a relationship between viral infections 
and initiation or acceleration of islet autoimmu-
nity remains largely circumstantial. Among the 
different possible candidates, the most robust 
association was established with some enterovi-
rus strains inducing or accelerating the disease in 
animal models [4].

Higher coxsackievirus-neutralizing antibody 
titers in serum were reported from recent-onset 
T1D patients as compared to nondiabetic sub-
jects, and a possible relationship with these 
viruses was later confirmed using polymerase 
chain reaction testing, particularly with cox-
sackie B virus (B4  in particular) [5]. Cross- 
sectional studies have focused predominantly on 
recent-onset individuals with T1D, although 
enterovirus was also identified as a risk factor in 
prediabetic children and pregnant women. There 
is still a lack of large prospective studies that 
establish a clear temporal relation between 
enterovirus infection and the development of islet 
autoimmunity.

The possibility of a viral infection specifically 
affecting pancreatic endocrine cells constitutes a 
straightforward explanation for the selective 
demise of beta cells, either through lysis induced 

by cytopathic viruses or immune-mediated 
destruction of infected beta cells. Coxsackievirus, 
however, displays pancreas tropism rather than a 
preference for islet beta cells; furthermore, direct 
studies on the pancreas in vivo in order to search 
for viral infection signatures are limited by the 
organ’s relative inaccessibility [4].

Viral infections are presumed to represent the 
most common causes of myocarditis in North 
America and Europe [6]. Viral genomes are 
detected in the myocardium of a variable propor-
tion of patients with myocarditis and dilated car-
diomyopathy (DCM) using molecular techniques. 
Several lines of evidence support the involvement 
of autoimmunity in myocarditis. These include 
the production of antibodies against self- antigens, 
improvement of myocarditis symptoms with 
immunosuppressive therapy, and a co-occurrence 
of myocarditis with other autoimmune diseases 
[7]. In genetically predisposed mouse strains, 
viral RNA and inflammation can persist in heart 
cells for several weeks, triggering myocardial 
autoimmune reactions [8]. However, there is no 
direct evidence that this can occur in humans.

 Is Hepatitis A Virus a Trigger 
of Chronic Autoimmune 
Phenomena?

Like enteroviruses, hepatitis A virus (HAV) is a 
single-stranded RNA virus belonging to the 
Picornaviridae family. It is transmitted through 
the fecal-oral route and is the most common 
cause of acute viral hepatitis, particularly com-
mon among children and young adults. Different 
from other major hepatotropic viruses, it does 
not sustain a chronic viral hepatitis, as it is sys-
tematically cleared after the acute phase [9].

Patients with HAV infection occasionally 
manifest symptoms consistent with circulating 
immune complex formation. These include cuta-
neous vasculitis, arthritis, antinuclear antibody 
(ANA) production, and cryoglobulinemia. Either 
IgM or IgG anti-HAV is detected in the cryoglob-
ulins [10]. The symptoms resolve spontaneously 
with resolution of hepatitis A.

A possible role for HAV as an autoimmune 
hepatitis trigger has been proposed from a 
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study on relatives of patients with autoimmune 
chronic active hepatitis [11] and described 
later in some case reports [12, 13]. The find-
ing of molecular mimicry (cross-reactivity 
between epitopes of viruses and certain liver 
antigens) may support the hypothesis of a role 
for HAV as a trigger of autoimmunity, although 
this should concern a minority of individuals 
genetically predisposed, and is influenced by 
unknown cofactors. In particular, the devel-
opment of chronic autoimmune hepatitis has 
been described in patients with a defect in 
suppressor-inducer T lymphocytes specifically 
controlling immune responses to the asialogly-
coprotein receptor. These predisposed patients 
might develop specific antibodies directed 
to the asialoglycoprotein receptor after HAV 
infection [11]. However, these reports have 
remained anecdotal.

 Hepatitis C Virus and Autoimmunity

HCV is a small, enveloped, positive-sense single- 
stranded RNA virus of the Flaviviridae family. 
As many as 80–90% of HCV-infected patients 
have chronic infection defined by persistent 

serum HCV RNA despite humoral and cellular 
immune responses [14].

Persistent HCV infection leads to the devel-
opment of chronic liver disease, cirrhosis, hepa-
tocellular carcinoma, and also a broad spectrum 
of extrahepatic diseases. HCV infection can in 
fact subvert the immune system in several ways, 
ranging from the expansion of selective B-cell 
subsets to tolerance induction and to the reac-
tion of T cells against apoptosis-derived self-
antigens. Cryoglobulins; rheumatoid factor; 
ANA; and anticardiolipin, antithyroid, and anti-
liver/kidney microsomal antibodies (anti-LKM), 
as well as HCV/anti-HCV immune complex for-
mation and deposition, can be found in infected 
patients [15]. An association with HCV has 
been established with cryoglobulinemic vasculi-
tis (CV), membranoproliferative glomerulone-
phritis (MGN), and porphyria cutanea tarda and 
also suggested with thyroiditis, Sjogren’s syn-
drome, idiopathic pulmonary fibrosis, polyar-
thralgias in the setting of positive rheumatoid 
factor, and some cases of polymyositis/dermato-
myositis (PM/DM) (Fig. 12.1) [16].

Cryoglobulins are anti-immunoglobulin 
immunoglobulins that reversibly precipitate at 
reduced temperatures. Mixed cryoglobulins 

Fig. 12.1 A graphic representation of autoimmune and 
rheumatic diseases associated with HCV chronic infection, 
on a gradient based on the association strength, according 
to literature [15–20]. The left box includes conditions with 
a definite association with HCV, a high percentage of 
which occurs in HCV-positive patients. For such diseases, 

a pathogenic mechanism involving HCV has been 
described. The middle box encompasses conditions which 
have some association with HCV chronic infection but 
have low overall HCV positivity prevalence and/or lack a 
definite pathogenic link. The right box includes conditions 
with weak or anecdotal association to HCV
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 usually contain IgM and IgG immunoglobulins, 
with the IgM having rheumatoid factor activity 
directed against IgG molecules. This leads to 
immune complex formation and cryoprecipita-
tion. The presence of a monoclonal IgM compo-
nent (type 2 cryoglobulin) may prelude to a 
progression to frank lymphoma.

HCV infection is the cause of more than 90% 
of the diagnosed cases of CV, which is a small 
vessel vasculitis involving mainly the skin, the 
joints, the peripheral nervous system, and the 
kidneys. The drivers of B-cell dysregulation dur-
ing the course of chronic HCV infection are still 
to be fully characterized [17]. The disease expres-
sion is variable, ranging from mild symptoms 
(purpura, arthralgia) to fulminant life-threatening 
complications (glomerulonephritis, widespread 
vasculitis). The prevalent type of glomerulone-
phritis associated with mixed cryoglobulinemia 
is membranoproliferative glomerulonephritis 
(see Chap. 26).

HCV may interfere with the functions and 
mechanisms of self-recognition both on the 
immune system and thyroid cells, where HCV 
may directly destroy thyroid tissue or mimic the 
structure of some components of thyroid gland, 
igniting the autoimmune disease. In the course 
of HCV infection, both hypothyroidism and 
hyperthyroidism may emerge, Hashimoto’s thy-
roiditis being the most common thyroid disorder 
observed in patients with HCV infection. 
Interferon, which has been the mainstay of 
chronic HCV infection treatment until recently, 
can be an additional risk factor for the develop-
ment of thyroid complications. It was advisable 
for clinicians to monitor thyroid function regu-
larly in patients with chronic HCV and, in par-
ticular during treatment, with interferon-based 
regimens [18].

It has been reported that more than 60% of 
patients from the Mediterranean area presenting 
with type 2 autoimmune hepatitis carry anti-HCV 
antibodies along with the typical anti-LKM auto-
antibody pattern. However, a very limited propor-
tion of HCV-positive patients have positive 
anti-LKM [15]. It appears that primary Sjogren’s 
syndrome may only be sporadically associated 
with HCV infection, and definitive evidence that 

HCV infection may trigger Sjogren’s syndrome is 
still lacking. Conversely, chronic HCV infection 
is associated frequently with sialoadenitis and 
occasionally with sicca syndrome. However, the 
pathogenic overlap of the increased risk of B-cell 
malignancies in Sjogren’s syndrome and the 
emergence of an association between HCV infec-
tion and monoclonal gammopathies and lympho-
proliferative disorders are worth mentioning [19].

Arthritis can be observed along the course of 
HCV infection and in some cases is associated with 
mixed cryoglobulinemia. These patients typically 
present an anti-CCP antibody-negative, nonerosive 
intermittent oligoarticular arthritis [20].

Non-cryoglobulinemic glomerulonephritis 
has been associated with HCV, especially in chil-
dren, and immune-mediated skin diseases, espe-
cially oral lichen planus, have been linked to 
HCV. Neurologic autoimmune diseases, includ-
ing myelitis and encephalomyelitis, as well as 
several neuromuscular diseases, have also been 
reported to occur in HCV infection. The virus 
might be involved in the pathogenesis of other 
hematologic entity subsets, such as immune 
thrombocytopenic purpura (ITP) and autoim-
mune hemolytic anemia (AHA). Conversely, 
autoimmune mechanisms have been implicated 
in thrombocytopenia associated with chronic 
HCV [19].

 HIV and Autoimmunity Before 
and After Combined Antiretroviral 
Treatment Introduction

HIV, a member of the genus Lentivirus, which is 
part of the family Retroviridae, is the causative 
agent of acquired immunodeficiency syndrome 
(AIDS). HIV is a double-stranded RNA virus that 
infects vital cells of the immune system such as 
helper T lymphocytes (CD4+ T cells), dendritic 
cells, and macrophages. HIV infection leads to a 
progressive decline in the CD4+ T cell count pro-
ducing a dysregulation in the balance between 
CD4 and CD8 cells. The use of combined antiret-
roviral therapy (cART) has revolutionized the life 
expectancy of infected persons, leading to a 
growing number of controlled chronic infections. 
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A link between HIV and rheumatological dis-
eases appeared soon after the appearance of 
AIDS with the description of painful, disabling 
asymmetrical inflammatory arthropathy in some 
AIDS patients [21]. Following the first reports, 
there have been case series and epidemiological 
studies describing different clinical manifesta-
tions affecting the musculoskeletal system [22]. 
In the early stage of the HIV infection, when the 
immune system is only partially impaired, rare 
cases of autoimmune diseases may develop as in 
the general population. On the contrary, the loss 
of competence of the immune system, due to the 
CD4 cell depletion in the late phases of the dis-
ease, leads to an increased incidence of predomi-
nantly CD8 T-cell-driven autoimmune diseases, 
such as psoriasis and diffuse infiltrative 
 lymphocytosis (SjÖgren-like) syndrome [22]. 
Moreover, B cells are continuously stimulated 
since the early phases of infection, causing the 
frequent production of autoantibodies (which are 
present in up to 23% of HIV-infected patients, 
often without any clinical manifestation) 
(Fig. 12.2a) [23]. The immune restoration inflam-
matory syndrome (IRIS) in HIV-infected patients 
initiating cART is characterized by a paradoxical 
clinical worsening of a previously known oppor-
tunistic disease or the appearance of a new condi-
tion after initiating cART. The overall incidence 
of IRIS is dependent on the population studied 
and its underlying opportunistic infection burden 
(Fig. 12.2b) [24].

When immune competence is restored by 
cART, new onset of autoimmune diseases can 
occur. Several pathophysiologic hypotheses 
could explain this phenomenon, including the 
direct role of viral particles, immune complex- 
mediated diseases, dysregulation of the B/T lym-
phocyte interaction [25], molecular mimicry 
[26], and polyclonal B lymphocyte activation 
[23]. On the other hand, the partially rescued 
immune activation control might reduce the auto-
antibody production. Among the rheumatic man-
ifestations, arthralgia has a prevalence estimates 
varying widely between 1 and 79%, regardless of 
whether the studies were carried out in the pre- 
cART (1.6–45%) or post-cART era [25, 27]. In 
HIV patients in the pre-cART era, myalgia was 

reported in 1.7–11% HIV patients [28]. Since the 
advent of cART, prevalence estimates between 0 
and 77% have been reported, while rates of prev-
alence between 1 and 17% have been reported for 
fibromyalgia [23, 29]. Thus, the epidemiological 
data of pre- and post-cART do not allow us to 
draw clear conclusions on the relationship 
between actively replicating HIV infection and 
reactive arthritis. In the studies where HLA data 
were available, those HIV-infected patients with 
overlapping features of psoriatic arthritis (PsA) 
and reactive arthritis were often positive for the 
HLA-B27 allele [30]. Further confounding fac-
tors were derived from the emergence of reactive 
arthritis reported as a manifestation of IRIS after 
the introduction of cART [24]. The estimated 
prevalence rates of PsA among HIV-infected 
patients have ranged between 0.02% and 5.7% 
but most commonly were found between 0.02 
and 2% [31]. Interestingly, the reports of anky-
losing spondylitis, the most common form of 
seronegative spondyloarthropathy in the Western 
world, were very few in the pre-cART era [30]. 
Since cART introduction, when reactive and PsA 
became less frequent, diseases such as rheuma-
toid arthritis (RA), osteoporosis, or aseptic bone 
necrosis became more frequent. The earliest 
mention of RA and HIV came from pre-cART 
case reports describing patients with established 
RA who experienced clinical improvement or 
remission after the development of HIV [32]. 
This could be explained by the reduction of the 
immunogenic autoimmune activity due to the 
HIV-associated depletion of CD4 lymphocytes, 
which led to the conclusion that HIV and RA 
were mutually exclusive diagnoses [32]. ANA is 
present in up to 23% of HIV-infected persons; 
nonetheless, few cases of systemic lupus erythe-
matosus (SLE) were described. In the advanced 
stage of HIV, the severely induced immune 
depression makes SLE incidence less frequent, 
probably because CD4 T lymphocytes play a cru-
cial role in SLE pathogenesis [33]. On the con-
trary, the restoration of the normal immune 
function could lead to SLE flare. Anticardiolipin 
antibodies are found in 36–67% of HIV-infected 
patients; their level is associated with HIV viral 
load and the degree of immune activation, and 
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Fig. 12.2 Spectrum of rheumatic diseases in the natu-
ral history of HIV infection. (a) Rheumatic disease inci-
dence related to CD4 cells declines without treatment 
intervention. (b) Occurrence of rheumatic diseases after 
cART introduction. ITP could be observed during all the 
stages of HIV infection, but the introduction of cART has 
a favorable impact on platelet count. Diseases like SLE 
and RA seem to improve with uncontrolled HIV infec-
tion and could restart when cART leads to immunological 
recovery. IRIS occurs exclusively after cART introduc-

tion manifesting with different phenotypes due to the 
underlying triggering condition. SLE systemic lupus ery-
thematosus, RA rheumatoid arthritis, ITP immune throm-
bocytopenic purpura, APS antiphospholipid syndrome, 
PsA psoriatic arthritis, DILS diffuse infiltrative lympho-
cytosis syndrome, AHA autoimmune hemolytic anemia, 
cART combined antiretroviral therapy, IRIS immune res-
toration inflammatory syndrome, LCV leukocytoclastic 
cutaneous vasculitis
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cART reduces the probability of detecting anti-
cardiolipin antibodies [34].

The diffuse infiltrative lymphocytosis syn-
drome is a rheumatic condition mimicking a 
Sjogren-like multisystem disease, typically caus-
ing salivary gland swelling and chronic sicca syn-
drome. The commonest presentation (88–100% 
of cases) is bilateral parotid gland enlargement. 
Its incidence declined following introduction of 
cART. Antiretroviral treatment improves the 
symptoms, with adjunctive glucocorticoids 
required in a minority of cases [35, 36].

Vasculitis is present in up to 1% of HIV- 
infected people, most usually affecting small- to 
medium-sized vessels. Etiopathogenetic mecha-
nisms proposed combined immune complex for-
mation and viral tropism for endothelial cells, 
the latter potentially offering a mechanism by 
which cART therapy is usually beneficial. 
Polyarteritis nodosa without concurrent HBV 
infection may occur at a moderate to advanced 
level of immunosuppression, and its clinical 
course seems to be less severe than in non-HIV-
infected people, with a favorable evolution on 
corticosteroids. Henoch- Schonlein purpura, 
improving with cART introduction, was also 
described. ANCA-associated vasculitides are 
extremely rare, notwithstanding ANCA being 
detected in up to 8% of the patients at an 
advanced stage of the disease. Leukocytoclastic 
cutaneous vasculitis, either secondary to the HIV 
infection itself or caused by direct or immune-
mediated damage to the vessel walls, has also 
been described [37].

Despite a high prevalence of positive direct 
antiglobulin test (up to 34% of cases), autoim-
mune hemolytic anemia (AHA) rarely occurs in 
HIV-infected people; when it does, it usually 
occurs at an advanced stage of the disease. Here, 
cART is usually beneficial. On the contrary, ITP 
was frequently described in HIV-positive 
patients at all stages of the disease, while 
decreased platelet production favored by possi-
ble viral infection of megakaryocytes is 
observed in the advanced stage of the disease 
[38, 39]. Molecular mimicry plays an important 
role, since cross-reactivity was observed 
between antibodies directed to GPIIIa platelet 

surface antigen and an epitope of the Nef viral 
protein, as well as between antibodies directed 
to GPIIb/IIIa platelet surface glycoprotein and a 
particular form of glycosylated viral gp160/120. 
An increase in platelet count is observed within 
3  months of treatment with cART, which is 
independent of the CD4 cell count but directly 
correlates with the decrease of the HIV plasma 
viral load [40].

Since cART introduction, cases of sarcoid-
osis were described as delayed IRIS manifesta-
tion (occurring with a median time of 9 months 
after cART introduction). In pulmonary forms, 
alveolitis is usually of CD4 type, with higher 
CD4/CD8 ratio in the bronchoalveolar lavage 
compared to blood. The usual evolution is 
spontaneously favorable or after administra-
tion of corticosteroids [41]. Graves’ disease 
and Hashimoto’s thyroiditis were also 
described as a manifestation of delayed IRIS 
(median time of 17 months from cART intro-
duction) [42]. Autoimmune hepatitis was rarely 
reported, mainly in IRIS cases requiring tem-
porary cART interruption and immunosuppres-
sive treatment (with corticosteroids and/or 
azathioprine) [43].

Regarding drugs used to relieve symptoms in 
rheumatic patients, nonsteroidal anti- 
inflammatory drugs can be used according to the 
same guidelines for HIV-negative patients. 
Methotrexate may be used with careful monitor-
ing of HIV viral loads and CD4 counts. 
Hydroxychloroquine has been effectively used in 
HIV-associated arthropathies. The literature on 
the use of biologic therapies in HIV-infected pop-
ulations is at the moment limited to case reports 
and small case series and to the use of rituximab 
in hematological malignancies [44–46].

 Conclusion
RNA viruses are able to elicit autoimmune 
reactions during acute or chronic infection 
(Table 12.1). The great majority of these phe-
nomena are transient and strictly related to the 
acute phase of the disease. In type 1 diabetes, a 
clear demonstration of a causative role of RNA 
viruses in triggering autoimmune responses 
against pancreatic islets of Langerhans has 
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not been demonstrated. Cryoglobulinemic 
syndrome during chronic HCV infection is 
the most extensively studied autoimmune dis-
ease and is the only autoimmune manifesta-
tion with a clear relation to a viral trigger. In 
HIV infection, immune system dysregulation 
is the primary cause of autoimmune disorders. 
The partial restoration of the immune system 
after the introduction of antiretroviral therapy 
could also play a role in the development of 
autoimmune diseases. In conclusion, a caus-
ative role of RNA viruses in the development 
of major autoimmune conditions has not yet 
been demonstrated.

Colored Plate “Take-Home Message”

• HIV infection can underlie autoimmune 
diseases.

• Autoimmune diseases occur in HIV-infected 
people, most often in a context of good immu-
nological control (except essentially for auto-
immune hemolytic anemia) or during IRIS 
(vasculitis, sarcoidosis, thyroid diseases).

• By improving immune status, cART might 
favor autoimmune disease onset.

• When necessary, immunosuppressant treatments 
may be used in this context with good tolerance.

• A close link has been described between 
Enterovirus and autoimmunity, in particular 
regarding type 1 diabetes.

• Chronic autoimmune liver disease may follow 
acute hepatitis A infection.
As a consequence of its lymphotropic nature, 

hepatitis C virus can trigger and sustain a clonal 
B-cell expansion which causes a wide spectrum 
of autoimmune/lymphoproliferative disorders, 
through a multistep process.
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 Introduction

In the early 1900s, the remarkable Brazilian 
physician- scientist Carlos Chagas described the 
epidemiology, causative infectious agent, insect 
vector, vertebrate reservoir, as well as both the 
acute and chronic clinical manifestations in 
humans for the previously unrecognized disease 
that now bears his name [1]. Chagas’ discoveries, 
which resulted from astute environmental and 
clinical observations while working under primi-
tive conditions on a malaria control project for a 
railroad in Minas Gerais in southeast Brazil, rep-
resent a landmark in the history of medicine. After 
noticing that many rural dwellings were infested 

with hematophagous triatomine bugs from the 
Reduviid family, also known as kissing bugs for 
their behavior of taking a blood meal at night 
from the faces of sleeping humans, Chagas identi-
fied a novel trypanosome in bug feces, showed 
that it could be transmitted to marmoset monkeys 
by triatomine bug bites, and identified the organ-
ism in the blood of a 3-year-old girl. Subsequent 
studies linked the novel trypanosome to an acute 
febrile illness as well as to chronic inflammation 
and dilatation of the heart or gut in about 30% of 
infected individuals [2]. The mechanism underly-
ing the chronic disease manifestations in part 
involves inflammation of parasympathetic ganglia 
resulting in autonomic denervation and impaired 
visceral muscle contraction [3].

Chronic symptomatic Chagas disease is asso-
ciated with low to undetectable levels of the 
pathogen in affected tissues despite high tissue 
levels of specific humoral and cellular immune 
responses to both pathogen and host determi-
nants, suggesting the possibility that the underly-
ing pathogenesis may be initiated and maintained 
by the organism and amplified by autoimmunity 
[4]. As a chronic inflammatory disease linked 
precisely to a known infectious agent, the study 
of autoimmunity in Chagas disease may have 
general relevance to understanding the immuno-
pathogenic mechanisms and microbiome influ-
ences in idiopathic autoimmune diseases.

E. Roffe 
Departamento de Bioquímica e Imunologia, 
Universidade Federal de Minas Gerais,  
Belo Horizonte, MG, Brazil 

P. M. Murphy (*) 
Laboratory of Molecular Immunology, National 
Institute of Allergy and Infectious Diseases, National 
Institutes of Health, Bethesda, MD, USA
e-mail: pmm@nih.gov

13

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-79026-8_13&domain=pdf
mailto:pmm@nih.gov


140

 Trypanosoma cruzi, the Causative 
Agent of Chagas Disease  
(Table 13.1)

Chagas named the organism he discovered 
Trypanosoma cruzi after his mentor, the Brazilian 
researcher Oswaldo Cruz. Trypanosomes are a 
family of over 20 distinct uniflagellate protozoans 
whose common elongated and tapered shape is 
conveyed by the genus name (trypano = Gr., drill 
or bore; soma = Gr., body). T. cruzi and T. brucei 
are the only trypanosome species that cause 
human disease. Although both organisms are 
transmitted by insect vectors, their biology is oth-
erwise very different. T. brucei is an extracellular 
pathogen endemic to Africa, uses the tsetse fly as 
vector, and is transmitted bidirectionally between 
vector and human and other mammalian hosts 
through the insect proboscis at bite sites [5]. In 
contrast, T. cruzi has both intracellular and extra-
cellular stages, is endemic to Central and South 
America, uses triatomine bugs as vector, and is 
transmitted bidirectionally between vector and 
hosts, to the bug in blood meals taken from the 
host and to the host in bug feces deposited at the 
bite site. Although both organisms cause nervous 
system dysfunction, T. brucei mainly affects the 
central nervous system and is the cause of African 
sleeping sickness, whereas T. cruzi infection 
affects mainly the peripheral nervous system [6].

During its developmental life cycle (Fig. 13.1), 
T. cruzi assumes a series of morphologically dis-
tinct stages defined by the position of the nucleus 
relative to the flagellum and the kinetoplast (a 
massive, highly localized collection of mitochon-
dria unique to the Kinetoplastidae, a family of 
protozoans that includes the trypanosomes). 
Most prominent are the epimastigote, trypomas-
tigote, and amastigote stages, in which both the 
kinetoplast and origin of the flagellum are posi-
tioned posterior, anterior, and adjacent to the cen-
trally located nucleus, respectively. The terms 
“mastigote” and “flagellum” are from the Greek 
and Latin words, respectively, for “whip.” Thus, 
the amastigote lacks a flagellum and is a non- 
motile intracellular form, whereas trypomasti-
gotes have a long drill-like flagellum and are 
highly motile, and epimastigotes have a relatively 
short flagellum. Unlike amastigotes, both epi-
mastigotes and trypomastigotes are extracellular 
forms; epimastigotes and amastigotes replicate, 
whereas trypomastigotes do not. Epimastigotes 

Table 13.1 Chagas disease at a glance

Cause Persistent infection with 
Trypanosoma cruzi

Type of 
infection

Zoonosis

Vector Triatomine bugs
Mode of 
transmission

Infected bug feces deposited at 
pruritic bite site; ingestion of food 
contaminated with triatomine feces; 
blood transfusion, organ 
transplantation, congenital

Reservoir Wild and domesticated mammals and 
humans

Epidemiology Endemic to Latin America, from 
Mexico to Argentina; North America, 
Europe, Australia, Russia, and Japan 
through migration of infected people 
(mainly by blood transfusion and 
congenitally)

Prevalence ~10 million (ca. 2015)
Annual 
mortality

~8000 (ca. 2015)

Pathology Acute: usually asymptomatic; 
non-specific febrile illness, Romana’s 
sign. Myocarditis and 
meningoencephalitis in 
immunosuppressed people or 
children under 2 years of age
Chronic: dilated cardiomyopathy and 
mega-disease of the GI tract

Pathogenesis Parasite persistence; Type 1 
pathogen-specific cellular immune 
response; autoreactivity to myosin 
and other autoantigens; autonomic 
denervation in the heart and gut

Diagnosis Detection of organism in blood and 
tissue; anti-T. cruzi antibody 
detection

Prognosis ~20–30% of infected individuals 
progress to symptomatic chronic 
pathology with high mortality

Treatment Nifurtimox, benznidazole
Prevention Eradication of vector nests in 

substandard housing in rural areas; 
screening of blood supply and organ 
donations; early diagnosis and 
treatment of infected pregnant 
women; pasteurization of food 
derived from Amazon or other 
endemic areas
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are found exclusively in the midgut of the insect 
vector, whereas trypomastigotes develop in the 
hindgut and are deposited in bug feces at the pru-
ritic bite site on the human host, where they are 
scratched into the skin, ultimately entering the 
bloodstream [7]. Transmission has also been 
reported from infected food and blood and organ 
donations, as well as from mother to fetus, and 
through laboratory accidents [8]. Trypomastigotes 
can infect virtually all nucleated cells and form 
cytoplasmic pseudocysts. However, the parasite 
has a tropism for myocytes [3]. Before being 
released from the host cell, amastigotes revert to 
the highly motile trypomastigote form and rup-
ture the cell. Once in the extracellular environ-
ment, trypomastigotes are available to a new 
triatomine bug taking a blood meal from the host, 
thereby completing the life cycle.

Triatomine bugs are found mainly in rural 
areas where they come into contact with humans 

from their nests in infested housing. There is a 
very large zoonotic reservoir of T. cruzi in 
endemic areas due to the combination of poor 
housing, the large number of triatomine species 
that can serve as vectors, and the large number of 
vertebrates that can serve as hosts. Chagas origi-
nally identified the armadillo as a reservoir and it 
still stands as an important one; however, it is 
now known that hundreds of mammalian species 
may contribute, including wild and domesticated 
species, with humans as an incidental, unneces-
sary, and unfortunate host [6].

 Barriers to Progress in Control 
of Chagas Disease

The outcome of T. cruzi infection is highly vari-
able. In the acute stage, high parasitemia occurs, 
yet most individuals remain asymptomatic or 
develop a benign illness usually without coming 
to medical attention. After a decades-long period 
of clinical latency called the indeterminate form 
of the chronic stage, ~20–30% of infected indi-
viduals progress to chronic stage pathology, 
~two-thirds of which may remain subclinical [2]. 
Approximately 95% of clinical cases in the 
chronic stage present with chronic chagasic car-
diomyopathy. The remaining ~5% present with 
gastrointestinal disease affecting mainly the 
colon and esophagus, which is referred to generi-
cally as mega-disease. Megacolon and mega-
esophagus result from degeneration of the 
autonomic nervous system and present with con-
stipation and dysphagia, respectively; they are 
rarely associated with cardiomyopathy. 
Importantly regarding causation, the characteris-
tic cardiomyopathy of human Chagas disease has 
been documented in experimentally infected lab-
oratory animals such as rabbits and mice and 
occurs in naturally infected mammals in the wild 
[9]. Nevertheless, as with patients, the outcome 
of T. cruzi infection in animal models is variable 
and depends on many factors, including the spe-
cies, sex, and genetic background of the host; the 
strain and cellular tropism of the parasite; as well 
as the inoculum, the site of inoculation, and the 
parasite conditions of passage [10].

Triatomine Bugs

Vertebrate Hosts

• Wild mammals

• Domestic mammals

• Man

Blood Feces

Fig. 13.1 Life cycle of Trypanosoma cruzi. T. cruzi is 
able to infect many different cell types of hundreds of 
wild and domesticated mammals, as well as many differ-
ent species of Reduviid bugs, accounting for the large res-
ervoir and high prevalence of infection in Latin America, 
where these bugs are found. Transmission from mamma-
lian host to bug occurs when the bug ingests a blood meal 
from an infected host. Transmission from bug to human 
and presumably other mammalian hosts occurs when try-
pomastigote forms in bug feces are scratched into pruritic 
bite sites or enter via broken skin or mucosa
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As with other protozoan infections, there is no 
vaccine available for T. cruzi. Nifurtimox and 
benznidazole have been used as chemotherapeu-
tic agents in the disease for many years in the 
USA and Latin America and are recommended 
for all infected patients, despite the fact that only 
a minority will develop chronic disease. 
Benznidazole received accelerated approval by 
the FDA in 2017 for treatment of infected chil-
dren 2–12 years of age in the USA. Both agents 
have significant toxicities which limit compli-
ance, and neither agent has been shown to be 
effective for the treatment of chagasic cardiomy-
opathy and mega-disease [8, 11]. Thus, more 
than a century after its discovery, Chagas disease 
still represents an unmet medical need and is 
classified by the World Health Organization as a 
neglected tropical disease. Nevertheless, there 
has been progress in reducing transmission 
through the deployment of vector control pro-
grams, screening of the blood supply and organ 
donors, and improved housing. Still, poverty and 
habitat encroachment continue to place tens of 
millions of people at risk for Chagas disease in 
the Western Hemisphere, where disease preva-
lence and annual mortality were estimated in 
2015 to be ~6.6 million and 8000, respectively 
[12–14]. Moreover, due to international travel 
and emigration, Chagas disease is now a global 
problem. In particular, the prevalence of Chagas 
disease in the USA, where transmission is virtu-
ally nonexistent, is estimated to be ~300,000 

from imported cases [15]. Clearly, more basic 
knowledge is needed regarding host and parasite 
risk factors for progression to chronic disease, as 
well as precise mechanisms of immunopathogen-
esis in Chagas disease to stratify patients for 
treatment as well as to identify new targets for 
development of anti- inflammatory and immuno-
modulatory therapy and vaccines.

 Immunopathogenesis of Chagas 
Disease (Fig. 13.2)

At the vector bite site, T. cruzi infects multiple 
cell types, including macrophages, fibroblasts, 
endothelial cells, and myocytes, and may cause a 
localized delayed hypersensitivity reaction called 
a chagoma. The classic Romana’s sign of Chagas 
disease refers to unilateral periorbital edema 
caused by a vector bite on the face. Macrophages 
are able to phagocytose trypomastigotes and are 
an important innate line of local defense, but the 
organism may survive by escaping from the pha-
golysosome [16]. After a burst of local replica-
tion lasting several days to weeks, trypomastigotes 
enter the bloodstream, disseminate, and may 
establish high levels in the blood in the acute 
stage. Most acute infections remain subclinical 
although patients may develop non-specific 
symptoms, including nausea, vomiting, fever, 
lymphadenopathy, hepatosplenomegaly, and 
malaise. Clinical evidence of myocarditis may 

Acute Infection

Average 2 months
Clinical Latency

Cardiac or GI Disease
(10-30 years p.i.)

IgM

Months Years

Inflammation

IgG

T. cruzi
load

Chronic Infection

Fig. 13.2 Model time 
course of key events 
after T. cruzi infection
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occur in ~1% of acute infections but with only 
1–5% mortality, although, interestingly, clusters 
of severe disease have been reported in  local 
outbreaks.

The adaptive immune response to T. cruzi 
infection in both patients and experimental ani-
mals unfolds slowly but is ultimately highly 
effective, typically reducing parasitemia to unde-
tectable levels by light microscopy within 
3–4 weeks of initial infection and reducing para-
site burden in infected tissues to extremely low 
and often undetectable levels. Critical determi-
nants of parasite control in the acute phase 
include pathogen-specific IgG, macrophages, 
Type 1 CD4+ and CD8+ T cells producing 
interferon-γ, tumor necrosis factor (TNF), and 
nitric oxide [17], as well as the Th1-associated 
chemokines CXCL9 and CXCL10 and their 
shared T cell receptor CXCR3 [18], CCL2 and its 
macrophage and T cell receptor CCR2 [19], and 
CCL3 and CCL5 and their shared macrophage 
and T cell receptor CCR5 [20, 21]. Mice lacking 
these factors and others are unable to control par-
asitemia and suffer high mortality in the acute 
stage of infection [19–21].

Nevertheless, immunocompetent hosts do not 
achieve sterilizing immunity against T. cruzi, and 
the parasite establishes lifelong persistence in the 
host at very low levels. The reasons for this are 
still undefined, but T cell exhaustion, Treg induc-
tion, and activation of inhibitory receptors are on 
the list of possibilities [22–24]. Importantly, the 
suppressed parasite in the primary host is still 
capable of causing acute disease with high levels 
of parasitemia when transferred to a secondary 
naïve host, indicating that the persisting pathogen 
has not become avirulent in the primary host 
[25]. Moreover, parasite burden can increase in 
chronically infected animals treated with high 
doses of immunosuppressive agents such as 
cyclophosphamide [26] and in infected patients 
under conditions of acquired immunodeficiency 
such as after human immunodeficiency virus 
infection or after immunosuppression associated 
with organ transplantation [27], indicating that in 
the chronic stage of disease, the parasite is still 
viable and resistant to or able to elude the immune 
response, while paradoxically being actively sup-

pressed by it. Nevertheless, reactivation of dis-
ease with high parasitemia is rare even in the 
immunosuppressed patient. Importantly, an 
infected animal in the chronic stage of infection 
with a low persistent parasite burden is able to 
suppress parasitemia after lethal challenge with a 
second inoculum of the same strain of T. cruzi 
[28], indicating that exhaustion, at least in a sys-
temic sense, cannot be the sole and simple expla-
nation for the failure to achieve sterilizing 
immunity.

 Autoimmunity in Chronic Chagas 
Disease

Numerous mechanisms collectively contribute to 
the chronic inflammation and fibrosis that occur 
in the chronic stage of Chagas disease, with most 
work focused on cardiomyopathy, the major 
source of mortality in the disease (Table  13.2). 
These include direct damage by the parasite, 
parasite- specific immune responses, non-specific 
immunity, microvasculopathy, and autoimmunity 
[29]. The parasite is clearly required for trigger-
ing these mechanisms; however, the specific 

Table 13.2 Proposed mechanisms of pathogenesis in 
chronic chagasic cardiomyopathy [2, 6, 16, 29, 30, 
35–37]

Pathogen persistence due to evasion of effective 
immune responses
Escape from phagolysosomes by T. cruzi
Death of infected cells ruptured by intracellular 
development of T. cruzi amastigote nests
Oxidative damage to infected cells by intracellular T. 
cruzi
Vasculopathy caused by prostaglandins and bradykinin 
B2 receptor agonists induced by T. cruzi
Death of infected cells targeted directly by Type 1 
pathogen-specific cytotoxic T cells
Antibody-dependent cellular cytotoxicity
Death of uninfected bystander cells by toxic mediators 
released from immune effector cells
Death of infected and uninfected cells by autoimmune 
effector cells
Fibrosis
Autonomic denervation due to cardiac ganglion 
inflammation without direct infection of neurons
Immunodominance as a parasite evasion strategy
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combination of parasite, host, and environmental 
factors predictive of progression to chronic dis-
ease and the relative contribution of each mecha-
nism to chronic stage pathology have not been 
clearly delineated.

The importance of parasite persistence for 
progression to chronic Chagas disease is sug-
gested first and foremost by the presence of para-
sites specifically in chronic lesions. In human, 
rare parasites are found in the gut but usually not 
the heart in patients suffering from chronic gas-
trointestinal disease if they do not also have 
chronic chagasic cardiomyopathy and vice versa 
in patients with chronic chagasic cardiomyopa-
thy who do not also have gastrointestinal disease 
[30]. In experimental animals, T. cruzi infection 
is clearly the proximal cause of late-onset dis-
ease, including chronic cardiomyopathy as well 
as a form of systemic necrotizing vasculitis that 
is especially severe in skeletal muscle, resulting 
in paresis and frank paralysis [31]. T cells pre-
dominate in chronic Chagas disease lesions [32]. 
As in acute infection, both activated CD4 and 
CD8 subsets are present in chronic infection and 
are strongly skewed toward production of the 
Type 1 cytokines interferon-γ and TNF [33]. A 
high proportion of these cells has been shown to 
be specific for immunodominant peptides derived 
from the T. cruzi sialidase enzyme [34]. 
Subdominant epitope determinants have been 
identified as well in many other parasite proteins 
[35].

Persistent parasitism may cause damage 
directly to infected myocytes as they are ruptured 
by maturing parasite nests. There is no quantita-
tive information on how frequently this occurs, 
but even low rates could result in massive cumu-
lative damage over the long indeterminate stage 
of infection. The parasite is also known to release 
vasoactive substances, including bradykinin B2 
receptor agonists and prostaglandins, that may 
contribute to vasculopathy in Chagas disease 
resulting in edema formation [36]. Vasculopathy 
may also involve arteritis and platelet aggrega-
tion that together may cause tissue damage from 
myocardial ischemia [29]. The parasite may also 
directly injure the myocardium by inducing intra-
cellular oxidative damage and by producing 

pore-forming hemolysins [29]. Parasite-specific 
antibodies and cytotoxic T cells, which are found 
in chagasic tissue, are also likely to contribute to 
myocyte damage by directly targeting parasite- 
infected cells [29]. Alternatively, myocyte loss 
could result indirectly from bystander effects on 
uninfected myocytes resulting from innate or 
adaptive mediators generated from specific tar-
geting of parasite-infected cells. A criticism of 
the parasite persistence theory is that immunopa-
thology is disproportionately high compared to 
the tissue parasite burden, which by light micros-
copy may be undetectable in chronic lesions or, if 
present, not co-localized with inflammatory foci. 
As a counterargument, more sensitive techniques 
such as polymerase chain reaction have sug-
gested that pathogen debris may be present in 
places where intact organisms are not observed 
microscopically [37]. A second criticism stems 
from the failure of treatment with benznidazole, 
including in the recent randomized BENEFIT 
trial, to reduce cardiac deterioration in chagasic 
cardiomyopathy despite significantly reducing 
parasite burden [38].

The neurotoxin theory of Chagas disease pos-
tulates that the parasite produces a neurotoxin as 
an explanation for the parasympathetic neuronal 
loss that occurs in the gut and heart leading to the 
characteristic dilatation of mega-disease. 
However, experimental evidence in support of 
this theory is lacking [6].

The autoimmunity theory holds that cardiac 
damage results from a loss of tolerance to car-
diac self-antigens. Mechanisms may involve (1) 
molecular mimicry between structurally similar 
epitopes of self- and parasite antigens and (2) acti-
vation of autoreactive T cells with low affinity for 
self-antigens by cytokines, interferons, costimula-
tory pathway activation, and other factors released 
at sites of parasite- or  immunologically induced 
myocyte damage. Early evidence in favor of an 
autoimmune basis of Chagas disease included 
observations that lymphocytes from T. cruzi-
infected rabbits could kill cardiomyocytes in vitro 
[39]. This was supported by histopathologic evi-
dence of T cells proximal to necrotic myocytes in 
the absence of parasite nests. Subsequent studies 
documented numerous autoantibodies and autore-
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active T cells in patients with Chagas disease as 
well as animal models of T. cruzi infection. 
Prominent among these are autoantibodies to car-
diac myosin and arrhythmogenic autoantibodies 
to β1 and β2 adrenergic receptors and m2 musca-
rinic acetylcholine receptors [40]. T. cruzi pro-
teins with epitope mimics of cardiac myosin 
include ribosomal P protein and B13 [41, 42]. 
Autoantibodies may also induce cardiomyocyte 
damage by antibody-dependent cellular cytotox-
icity [43].

However, there is still no conclusive evidence 
that these autoreactive antibodies and T cells are 
actually pathogenic in Chagas disease. The prev-
alence of specific autoimmune responses has not 
been clearly established prospectively in patients 
who progress to chronic pathology versus those 
who do not. Moreover, adoptive transfer experi-
ments of autoreactive T cells purporting to dem-
onstrate development of myocarditis in recipient 
animals have never recapitulated the severe 
pathology of chagasic cardiomyopathy or mega- 
disease and have been criticized for not unequiv-
ocally excluding the presence of parasites in the 
transferred cells [6]. An attempt to address this 
conundrum was made by infecting chicken eggs, 
which are susceptible to infection with T. cruzi, 
whereas chickens are not [6]. Remarkably, the 
authors reported that parasite kinetoplast DNA 
became integrated in the chicken genome and 
could be transmitted vertically, and that this was 
associated with fatal cardiomyopathy, suggesting 
a genetic mechanism of autoimmunity in the 
absence of replicating parasites. This paper was 
editorially retracted without concurrence of the 
authors following extensive investigation of a 
criticism raised by a reader related to the genetic 
analysis [6]. Nevertheless, establishing a version 
of the classic Chagas disease phenotype in chick-
ens in this way is noteworthy. Whether kineto-
plast genotoxicity can induce autoimmunity in 
human Chagas disease is not established. In 
another line of investigation into the role of auto-
immunity, a tolerance protocol using a cardiac 
myosin-rich fraction purified from outbred mouse 
heart ventricles was able to attenuate chronic 
Chagas disease myocarditis after parasite infec-
tion of mice [44].

The autoimmune theory makes two clinically 
important predictions. First, chemotherapy 
directed against the pathogen may be ineffective 
as treatment for chronic pathology in Chagas dis-
ease. In fact, currently it is; however, there could 
be many other reasons besides autoimmunity for 
why a drug might be ineffective even if parasite 
persistence were the dominant driver of patho-
genesis. For example, fibrosis may be sufficiently 
advanced that it rather than inflammation 
becomes the dominant pathogenic factor driving 
cardiomyopathy. There is evidence that benzni-
dazole treatment may ameliorate chronic cardiac 
pathology in T. cruzi-infected mice, and this was 
associated with reduced parasite burden. 
However, it was also associated with reduced 
humoral and cell-mediated autoimmune 
responses, making it impossible to judge the spe-
cific contribution of autoimmunity to the pathol-
ogy [45]. The second prediction is that T. 
cruzi-based vaccines might induce autoimmunity 
or exacerbate inflammation [46]. Presently, there 
is no published evidence in favor of this although 
myocarditis has been documented in animals 
actively immunized with subcellular parasite 
antigens [6]. At present, the risk of inducing auto-
immune myocarditis by vaccination is generally 
regarded as low, and efforts to develop a vaccine 
for Chagas disease are ongoing.

 Conclusion
As with other protozoan pathogens, the com-
plex biology of T. cruzi imposes major barriers 
to progress in understanding disease pathogen-
esis and in developing effective treatments and 
prevention measures. These include the genetic 
diversity of the pathogen, the long period from 
initial infection to the onset of life-threatening 
pathology in the chronic stage, the paradox of 
pathogen persistence despite robust pathogen- 
specific immune responses, and the difficulty 
of establishing the relative importance of mul-
tiple pathogenic mechanisms to chronic 
pathology. Ultimately, Chagas disease is a dis-
ease of poverty, which identifies an economic 
and political path toward prevention and ulti-
mately eradication. Intensified efforts to apply 
modern systems biology approaches to develop 
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algorithms predictive of disease outcome may 
help to personalize treatment approaches and 
to identify better vaccine development strate-
gies. The study of autoimmunity in Chagas 
disease may hold the key to pathogenesis in the 
chronic stage and may provide new and poten-
tially generalizable insights into how the 
microbiota may shape the risk of autoimmune 
disease.
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Abbreviations

AIDS  Acquired immunodeficiency 
syndrome

APC Antigen-presenting cell
CsA Cyclosporine A
CTL Cytotoxic T lymphocyte
CTLA-4   Cytotoxic T-lymphocyte-associated 

protein 4
DIC  Disseminated intravascular 

coagulopathy
EBV Epstein-Barr virus
fHLH  Familial hemophagocytic 

lymphohistiocytosis
FSTL-1 Follistatin-like 1
G-CSF   Granulocyte colony-stimulating 

factor
GM-CSF  Granulocyte-macrophage colony- 

stimulating factor
HAV Hepatitis A virus
HBV Hepatitis B virus
HCV Hepatitis C virus
HIV Human immunodeficiency virus
HLH  Hemophagocytic 

lymphohistiocytosis

HS HScore
HSCT Hematopoietic stem cell transplant
ICU Intensive care unit
IFN-γ interferon-gamma
IL Interleukin
IL-18BP Interleukin-18-binding protein
IL-1Ra Interleukin-1 receptor antagonist
IVIg Intravenous immunoglobulin
MAS Macrophage activation syndrome
NK cell Natural killer cell
sCD163 Soluble haptoglobin receptor
sCD25  Soluble interleukin-2 receptor alpha 

chain
sHLH  Secondary hemophagocytic 

lymphohistiocytosis
sJIA Systemic juvenile idiopathic arthritis
SLE Systemic lupus erythematosus
Th1 T-helper 1
TLR Toll-like receptor
TNF Tumor necrosis factor
USA United States of America
XLP  X-linked lymphoproliferative 

disease

 Introduction

HLH/MAS is thought to be a multisystem inflam-
matory disorder resulting from a pro-inflammatory 
“cytokine storm” from excessively activated 
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 lymphocytes and macrophages [1]. Hemo-
phagocytic syndromes are divided into primary 
and secondary forms. Primary cases are rare (1 in 
50,000 live births), commonly present in the first 
year of life, and are often triggered by infection 
[2]. They include familial, or primary, forms of 
 hemophagocytic lymphohistiocytosis (fHLH) that 
have specific genetic homozygous or compound 
heterozygous loss-of-function mutations in 
perforin- mediated cytolytic pathway proteins 
(e.g., PRF1, STX11, UNC13D, UNC18-2) 
employed by CD8 T cells and natural killer (NK) 
cells [3–6]. Children with certain immunodefi-
ciency syndromes, such as Chédiak-Higashi syn-
drome, type II Hermansky-Pudlak syndrome, and 
type II Griscelli syndrome [7], have associated 
genetic defects in cytolysis and are also at risk for 
developing fHLH.  Specific X-linked immuno-
deficiencies (signaling-lymphocytic-activation- 
molecule-associated protein (SAP) and X-linked 
inhibitor of apoptosis (XIAP) deficiencies) are 
also associated with Epstein-Barr virus (EBV) 
triggered HLH [8–10].

Acquired or secondary forms of HLH 
(sHLH) are usually associated with conditions 
that cause chronic immune dysregulation, such 
as rheumatologic diseases [e.g., systemic juve-
nile idiopathic arthritis (sJIA), systemic lupus 
erythematosus (SLE)] and certain malignancies 
(e.g., leukemias, lymphomas). Infectious 
agents, particularly EBV and other herpesvirus 
family members, may be the sHLH trigger, 
although identifiable infections are not always 
present [7]. In addition, up to 40% of sHLH and 
macrophage activation syndrome (MAS) 
patients have been found to possess heterozy-
gous (some dominant negative) mutations in 
known fHLH genes. Thus, some investigators 
consider MAS, sHLH, and fHLH to lie on a 
spectrum of disease [11].

In the clinical setting, the distinction between 
primary and secondary forms of HLH is less 
clear and even considered artificial by some. It 
was initially used to differentiate the primary, 
more fatal, infantile presentations from the sec-
ondary forms, which were considered to present 
later in life and to have better prognoses. 
However, it is now known that primary genetic 

forms can present later in life, even during 
adulthood [12, 13]. Furthermore, in some stud-
ies, only 40% of primary HLH cases are found 
to have recognized genetic mutations. Moreover, 
both primary and secondary HLH are known to 
be precipitated by infections [14, 15]. Finally, as 
mentioned previously, many patients with sHLH 
have heterozygous mutations in known fHLH- 
associated genes, thus blurring the distinction 
between fHLH and sHLH. Regardless of termi-
nology, the individual patient needs to be treated 
appropriately. At present, most clinicians would 
agree that clear-cut infantile cases of fHLH will 
need bone marrow transplantation, typically 
preceded by an aggressive chemotherapeutic 
regimen which includes etoposide and cortico-
steroids. In addition, identified infectious trig-
gers should also be treated appropriately. For all 
other children and adults with HLH, the most 
appropriate treatment remains unclear. 
Etoposide is quite toxic, often leading to pancy-
topenia itself and increasing the risk of second-
ary sepsis as well as increased risk of secondary 
malignancies [14, 16]. Novel approaches have 
been anecdotally reported to dampen the overly 
exuberant immune response and control the 
cytokine storm and associated multiorgan dys-
function. Most notably, targeting of specific 
pro- inflammatory cytokines [e.g., interleukin-1 
(IL- 1) and interferon-gamma (IFN-γ)] seems 
promising and lacks the toxicity associated with 
traditional chemotherapeutic approaches [17, 
18].

Despite advances in the current treatment 
protocols, the cure rate for HLH is low. 
Untreated cases of fHLH have a median sur-
vival of less than 2–6  months after diagnosis 
[19]. In a nationwide registry of pediatric 
patients with HLH in Korea, the 5-year overall 
survival rate was 68% (38% in the familial 
group and 81% in the presumed secondary 
group) [20]. The prognosis for cases of sHLH 
varies depending on the underlying etiology, 
for example, the mortality rate is reported to be 
lower in cases associated with rheumatic dis-
eases (8–22%) and greater when it is associated 
with malignancy. The median overall survival 
is about 36–67% [21–23].
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 Pathophysiology and Cytokine 
Storm

MAS/HLH develops as a “cytokine storm” which 
is often triggered by infectious, rheumatologic, 
and oncologic diseases [24]. Although not well 
defined, the pro-inflammatory cytokines associ-
ated with MAS/HLH likely include IL-1, IL-6, 
IL-12, IL-18, IFN-γ, and tumor necrosis factor 
(TNF) [25, 26] (Table 14.1). Also IL-27, macro-
phage colony-stimulating factor (M-CSF), and 
granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) may be increased [27–29]. 
Furthermore, chemokines, such as IL-8/CXCL8, 
MIG/CXCL9, IP10/CXCL10, I-TAC/CXCL11, 
MCP-1/CCL2, MIP-1α/CCL3, and MIP-1β/
CCL4, have been reported to be increased [26, 
30–32]. Both cytokines and chemokines activate 
the immune system, perpetuating the ongoing 

cytokine storm. On the other arm, levels of anti- 
inflammatory cytokines, such as IL-10 and 
IL-18-binding protein (IL-18BP), are also 
increased but might not be sufficient to terminate 
the ongoing inflammation [33, 34]. Mazodier 
et  al. described a discrepancy between the 
increase in IL-18 and its antagonist IL-18BP that 
lead to abnormally high levels of free IL-18 [33]. 
Similarly, the natural antagonist to IL-1, IL-1 
receptor antagonist (IL-1Ra), has been noted to 
be elevated during MAS/HLH, and a recombi-
nant form of IL-1Ra has been reported by several 
groups to be an effective therapy for MAS/HLH/
cytokine storm syndrome [35–37].

The etiology of the cytokine storm is not 
entirely clear. Since fHLH is associated with bial-
lelic defects in gene products involved in the per-
forin-mediated cytolytic pathway used by NK 
cells and CD8 T lymphocytes [48, 49], the inabil-
ity to clear the antigenic stimulus and thus turn off 
the inflammatory response has been hypothesized 
to result in hypercytokinemia [50]. Recently, the 
inability of CD8 T cells and NK cells to lyse anti-
gen-presenting cells (APCs) via the perforin-
mediated cytolytic pathway was shown to prolong 
(by fivefold) the engagement time between the 
lytic lymphocyte and the APC.  This prolonged 
interaction resulted in increased levels of pro-
inflammatory cytokines. For up to 40% of sHLH 
cases, single-copy mutations in these same perfo-
rin pathway genes have been reported. Some of 
the mutants have been demonstrated to act as 
complete or partial dominant- negative mutants 
[51–53], resulting in sHLH in older children and 
adults [53, 54], the oldest reported case being a 
62-year-old patient [55]. One heterozygous muta-
tion in RAB27A identified in two unrelated sHLH 
patients was shown to act in a partial dominant-
negative fashion and delayed cytolytic granule 
polarization to the immunologic synapse between 
NK cells and their target cells. This was also asso-
ciated with an increase in IFN-γ production, mim-
icking the situation described for homozygous 
defects in perforin or granzyme B.  Moreover, 
increased IL-6 production has been shown to 
decrease cytolytic activity of NK cells, further 
exacerbating the lytic defect and resultant produc-
tion of pro- inflammatory cytokines.

Table 14.1 Cytokines in HLH and their potential roles 
[38–47]

Cytokine/
chemokine Related features of HLH
TNF Fever, cachexia, neurological symptoms, 

depression of hematopoiesis, elevated 
transaminases, hypoalbuminemia, 
hypofibrinogenemia, 
hypertriglyceridemia, disseminated 
intravascular coagulopathy (DIC), 
suppression of natural killer (NK) cell 
activity

IL-1 Fever, depression of hematopoiesis, 
coagulopathy due to plasminogen 
activation, hyperferritinemia, acute phase 
proteins, T-cell activation

IFN-γ Fever, hemophagocytosis, depression of 
hematopoiesis, DIC, hypoalbuminemia, 
liver damage, hypertriglyceridemia, 
macrophage activation, stimulation of 
antigen presentation, stimulation of CD4 
T-helper 1 (Th1) response

IL-18 Liver pathology, prolonged exposure 
suppression of NK cell activity

IL-10 Suppression of T-cell activation, 
inhibition of Th1 cytokine production, 
regulation of hemophagocytosis, 
modulation of immune-mediating 
pathology

IL-6 Fever, anemia, acute phase proteins, renal 
impairment, T-cell activation and 
infiltration, suppression of NK cell 
activity
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In a healthy individual, exposure of most 
cells to many intracellular pathogens will nor-
mally initiate an inflammatory cascade, fre-
quently leading to release of Th1 cytokines 
(IFN-γ, TNF) that will activate macrophages, 
NK cells, and cytolytic T cells. NK and cyto-
lytic T cells release granules that contain perfo-
rin and granzymes [49]. Perforin is a key 
cytolytic protein that causes osmotic lysis of the 
target cell [56] and is also necessary for the 
uptake of granzymes by the target cell that will 
then catalyze cleavage of multiple protein sub-
strates, including caspases which then trigger 
cell apoptosis. All the genetic defects described 
in fHLH involve either inadequate levels of per-
forin itself or improper granule exocytosis lead-
ing to impaired apoptosis of the target cell, 
improper removal of the stimulating antigen, 
and ultimately ongoing inflammation.

However, other pathways lacking cytolytic 
pathway gene defects can lead to the final end-
point of HLH or MAS.  In a murine model of 
MAS, it was shown that repeated stimulation of 
toll-like receptor 9 (TLR9) produced MAS on a 
normal genetic background, without exogenous 
antigen. Interestingly, the TLR9-induced MAS 
model was IFN-γ dependent in some aspects of 
disease; however, lymphocytes were not required 
for the pathogenesis [57]. On the other hand, a 
state of inflammation may also reduce the lytic 
capacity of NK cells and CD8 T cells [58–60], 
resulting in cytokine storm due to frustrated 
phagocytosis. This was illustrated in a study 
where T-cell-directed immunotherapy for refrac-
tory leukemia resulted in cytokine storm and an 
MAS-like presentation [61]. All the aforemen-
tioned pathways have led to the proposal that 
MAS is due to a combination of genetic predis-
position and a hyperinflammatory state reducing 
cytolytic function, put into action by a trigger 
(e.g., infection, cancer, immunodeficiency, auto-
immunity, and autoinflammation) [19, 53, 62–
64]. At some point a threshold level of 
hypercytokinemia is reached at which the body is 
incapable of balancing the cytokine storm with 
anti-inflammatory products, such as IL-10, 
IL-1Ra, IL-18BP, and others. This is then 
believed to trigger the multiorgan dysfunction 
resulting in clinical HLH.

 Clinical Picture

Initial symptoms of HLH/MAS are usually non-
specific. The cardinal feature is unremitting 
high fever. However, therapeutic targeting of 
pro- inflammatory cytokines (e.g., IL-1, IL-6) to 
treat underlying rheumatic diseases that often 
result in MAS (e.g., sJIA) makes fever not an 
absolute finding in all cases. This is attributed to 
the powerful antipyretic effect of biologics such 
as inhibitors of IL-1, IL-6, and TNF. On exami-
nation, many patients have hepatomegaly, sple-
nomegaly, or both, and up to 50% of MAS/HLH 
patients have central nervous system involve-
ment ranging from mild confusion to seizures or 
frank coma [65]. Different forms of rash can 
occur, often erythematous or purpuric. Patients 
can have progressive hepatic dysfunction and 
ultimately multiorgan failure. DIC-like features 
are often present and are partly explained by 
liver dysfunction, fibrinogen consumption, and 
thrombocytopenia [66]. This highlights the 
challenges in distinguishing microbial sepsis-
induced DIC from HLH in the intensive care 
unit (ICU). Despite the similarities these two 
conditions share in clinical presentations, they 
are frequently treated differently: broad spec-
trum antibiotics (sepsis) versus immunosup-
pression (HLH), respectively [67]. As HLH is 
not a diagnosis of exclusion, and infections are 
common triggers of HLH, it is important to treat 
both infection and, if present, the associated 
cytokine storm of HLH.

 Classification Criteria

MAS/HLH can be difficult to diagnose, especially 
in the early stages where it can be easily misdiag-
nosed as shock or multiorgan dysfunction due to 
sepsis. In addition, MAS may be confused with an 
underlying disease flare, as in the case of 
sJIA.  Because MAS can have a high mortality 
rate in children with sJIA (∼8–22%) [68–70], 
sensitive diagnostic criteria are needed to assist 
with early detection, allowing for appropriate and 
timely therapy. Because of the different diseases 
associated with MAS/HLH, different diagnostic 
and classification criteria have been proposed 
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over the years, such as HLH-04, SLE- MAS crite-
ria, the HScore, and the novel 2016 criteria for 
MAS complicating sJIA (Table  14.2). Some of 
these criteria are disease specific (e.g., sJIA, SLE) 

and can be both sensitive and specific, whereas 
others encompass all potential HLH- associated 
diagnoses, but tend to have lower sensitivities 
overall. Clinically, and outside of clinical trials, 

Table 14.2 Published criteria for MAS and HLH

HLH-2004 diagnostic

2009 preliminary diagnostic 
guidelines for MAS 
complicating cSLE

2005 preliminary 
diagnostic guidelines for 
MAS complicating sJIA

2016 classification criteria 
for MAS complicating 
sJIA

a.  Molecular diagnosis
b. Diagnostic criteria
  • Fever
  • Splenomegaly
  •  Cytopenia (at least 

two of three lineages:
  •  Hemoglobin 

<90 gm/l,
  • Platelets <100 × 109/l,
  •  Neutrophils <1.0 × 

109/l
  •  Hypertriglyceridemia 

and/or
  •  Hypofibrinogenemia 

(triglycerides 
≥265 mg/dl, 
fibrinogen ≤1.5 gm/l)

  •  Hemophagocytosis 
BM, spleen, or lymph 
nodes

  •  Low or absent NK 
cell activity

  • Ferritin ≥500 ng/ml
  •  Soluble 

CD25 ≥ 2400 units

a. Clinical criteria
  • Fever (>38 C)
  •  Hepatomegaly (≥3 cm 

below the costal arch)
  •  Splenomegaly (≥3 cm 

below the costal arch)
  •  Hemorrhagic 

manifestations
  •  Central nervous system 

dysfunction
b. Laboratory criteria
  •  Cytopenia affecting two 

or more cell lineages 
(WBC ≤4.0 × 109/l, 
hemoglobin ≤90 gm/l or 
platelet count ≤150 × 
109/l)

  •  Increased AST 
(>40 units/l)

  •  Increased LDH 
(>567 units/l)

  • Hypofibrinogenemia
  • (fibrinogen ≤1.5 gm/l)
  •  Hypertriglyceridemia 

(triglycerides 
>178 mg/dl)

  •  Hyperferritinemia 
(ferritin >500 mg/l)

a. Laboratory criteria
  •  Decreased platelet 

count (≤262 × 109/l)
  •  Elevated levels of 

AST (>59 U/l)
  •  Decreased WBC 

count (≤4.0 × 109/l)
  •  Hypofibrinogenemia 

(≤2.5 g/l)
b. Clinical criteria
  •  Central nervous 

system dysfunction
  • Hemorrhages
  •  Hepatomegaly 

(≥3 cm below the 
costal arch)

A febrile patient with 
known or suspected sJIA 
is classified as having 
MAS if the following 
criteria are met:
Ferritin >684 ng/ml and 
any two of the following:
  •  Platelet count ≤181 

× 109/l
  • AST >48 U/l
  •  Triglycerides 

>156 mg/dl
  •  Fibrinogen 

≤360 mg/dl

Implementation
The diagnosis of HLH can 
be established in the 
presence of a molecular 
diagnosis consistent with 
HLH or by meeting five of 
eight clinical and 
laboratory diagnostic 
criteria

The diagnosis of MAS 
requires the simultaneous 
presence of at least one 
clinical criterion and at least 
two laboratory criteria. Bone 
marrow aspiration for 
evidence of macrophage 
hemophagocytosis may be 
required only in doubtful 
cases

The diagnosis of MAS 
requires the presence of 
at least two laboratory 
criteria or the presence of 
at least one laboratory 
criterion and one clinical 
criterion.
Bone marrow aspiration 
for evidence of 
macrophage 
hemophagocytosis may 
be required only in 
doubtful cases

See above
Laboratory abnormalities 
should not be otherwise 
explained by the patient’s 
condition, such as 
concomitant immune- 
mediated 
thrombocytopenia, 
infectious hepatitis, 
visceral leishmaniasis, or 
familial hyperlipidemia

Adapted from Henter et al. [11], Ravelli et al. [71], Parodi et al. [72], Ravelli et al. [73]
AST aspartate aminotransferase, BM bone marrow, HLH hemophagocytic lymphohistiocytosis, jSLE juvenile systemic 
lupus erythematosus, LDH lactate dehydrogenase, MAS macrophage activation syndrome, NK natural killer, sJIA sys-
temic juvenile idiopathic arthritis, WBC white blood cells

14 Macrophage Activation Syndrome



156

the various criteria are useful for clinicians to 
strongly consider MAS/HLH diagnostically so 
that appropriate therapy can be initiated as soon as 
possible to result in optimal outcomes.

 MAS as a Part of sJIA (sJIA-MAS)

 HLH-2004 Diagnostic Guidelines
Due to the fact that MAS resembles fHLH in its 
clinical presentation, HLH-2004 diagnostic 
guidelines were initially used to diagnose 
MAS. Those guidelines were developed to diag-
nose genetic homozygous/compound heterozy-
gous cases of fHLH [11]. The main deficiencies 
regarding the HLH-2004 criteria for diagnosing 
MAS in patients with sJIA are due to the underly-
ing inflammatory nature of sJIA versus fHLH. In 
active sJIA, one would expect elevated levels of 
white blood cell counts, platelets, and fibrinogen 
as part of the inflammatory process. Accordingly, 
a drop in their levels, which could still be in the 
normal limits as regards to the HLH-2004 crite-
ria, should raise the suspicion of MAS. Also the 
underlying inflammatory process leads to ele-
vated levels of ferritin [74]; therefore, the cutoff 
of ferritin >500 ng/ml in the HLH-2004 guide-
lines makes it difficult to distinguish MAS com-
plicating sJIA from an sJIA flare. Adding to the 
shortcomings of HLH-2004 guidelines overall 
are the lack of availability and timely results of 
certain criteria, such as NK cell activity or sCD25 
levels in many centers [25, 75, 76].

 Preliminary Diagnostic Criteria for MAS 
Complicating sJIA
Eventually, preliminary diagnostic criteria were 
introduced for sJIA-MAS comparing it to sJIA 
flare [71], which yielded better results in identi-
fying MAS among sJIA patients when compared 
to HLH-2004 diagnostic guidelines [77]. 
However, these new criteria had their own short-
comings. The study that led to the criteria devel-
opment was lacking in some important laboratory 
parameters, including some of the important 
MAS markers such as ferritin, lactate dehydroge-
nase, and triglycerides [25, 75, 76]. Moreover, 

they were based on a relatively small sampling of 
patients, and they were not validated. These 
shortcomings were an impetus to develop new 
sJIA-specific MAS criteria.

 2016 Classification Criteria 
for Macrophage Activation Syndrome 
Complicating Systemic Juvenile 
Idiopathic Arthritis
The deficiencies in the previous guidelines have 
pushed for the development of more accurate cri-
teria for sJIA-MAS. Recently, novel classification 
criteria have been introduced. These were the 
result of an international collaborative effort com-
bining expert consensus, evidence compiled from 
the medical literature, and analysis of real patients. 
The development of the 2016 criteria was con-
ducted under the auspices of the European League 
Against Rheumatism, the American College of 
Rheumatology, and the Paediatric Rheumatology 
International Trials Organization [73]. Based on 
the common consensus that clinical criteria of 
MAS are often delayed and/or difficult to distin-
guish from an underlying disease flare, the 2016 
sJIA-MAS criteria are based primarily on labora-
tory parameters with fever as the only clinical cri-
terion [76]. These criteria are relatively simple yet 
proved to be both highly sensitive and specific. 
However, the criteria are not ideal in the setting of 
children with sJIA who are being actively treated 
with IL-1 or IL-6 blockade. Ultimately, simple 
criteria that are not necessarily disease specific 
but maintain high sensitivity and specificity for 
establishing an MAS/HLH diagnosis are needed.

 MAS as Part of Systemic Lupus 
Erythematosus (SLE-MAS)

Childhood SLE (cSLE) cases complicated by 
MAS have been reported with increasing 
 frequency in the recent years. As an SLE disease 
flare itself often results in pancytopenia, diagnos-
tic criteria for MAS in the setting of SLE are 
complicated. Accordingly, it has been suggested 
that cSLE-MAS may be under-recognized [78]. 
Preliminary guidelines for SLE-MAS were 
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 proposed in 2009. A study was conducted based 
on a multinational survey and data analyzing 38 
patients with cSLE-MAS [72]. Patients who had 
evidence of macrophage hemophagocytosis on 
bone marrow aspiration were considered to have 
definite MAS, and those who did not were con-
sidered to have probable MAS.  The sensitivity, 
specificity, and the area under the receiver operat-
ing characteristic curve of various clinical and 
laboratory parameters were compared in SLE 
patients with MAS versus patients with active 
juvenile SLE without MAS. The best diagnostic 
performance was obtained using the simultane-
ous presence of any one or more clinical criteria 
and any two or more laboratory criteria, which 
had a sensitivity of 92.1% and a specificity of 
90.9% (Table 14.2). The demonstration of mac-
rophage hemophagocytosis in the bone marrow 
aspirate was considered necessary for confirma-
tion of doubtful cases only. Those results have 
led to the practical recommendation that in the 
clinical setting, MAS should be suspected in a 
patient with cSLE presenting with unexplained 
fever and cytopenia associated with hyperferri-
tinemia. Both HLH-2004 criteria and preliminary 
diagnostic guidelines for sJIA-MAS were tested 
in the study but were found to be inaccurate for 
detecting cSLE-MAS.  Interestingly, about two- 
thirds of the patients with cSLE-MAS developed 
it within 1  month of SLE diagnosis. The fre-
quency of ICU admission was 43.7%, and the 
mortality rate was 11.4%.

 Generic MAS Criteria/HScore

In 2014, Fardet et  al. developed and partially 
validated a diagnostic score for the broader cat-
egory of reactive hemophagocytic syndrome 
(HS), called the HScore [79], which can be used 
to estimate an individual’s risk of having reac-
tive hemophagocytic syndrome, or HLH.  This 
score was created and tested using a multicenter 
retrospective cohort of 312 patients scrutinizing 
10 explanatory variables that were issued from a 
previous Delphi survey involving 24 HLH 
experts from 13 countries [80]. After showing 

positive associations of each variable with an 
HLH diagnosis, multivariate logistic regression 
was used to assess their independent contribu-
tions to the outcome. Following calculating each 
variable’s threshold value, the coefficients result-
ing from multiple logistic regression analysis 
were used to assign score points to each one. The 
performance of the score was assessed using 
developmental and validation data sets. The 
HScore revealed excellent diagnostic perfor-
mance and discriminative ability in both devel-
opmental and validation data sets. The probability 
of having HLH ranged from <1% with an HScore 
of ≤90 to >99% with an HScore of ≥250.

The HScore has some limitations including 
the heterogeneity of the underlying diseases (a 
high proportion had cancer-associated HLH), 
the retrospective manner of the data collection, 
and the small sample size (only 10% of the 
entire study population) of the validation data 
set. As the study included only adults with reac-
tive HLH, the applicability in children, particu-
larly those with sJIA-MAS, is questionable. 
Adding to its limitations in pediatric cases, 
some of the criteria in the HScore might not be 
practically applicable in children. For example, 
the definition of the item, “Known underlying 
immunosuppression,” lists some medications 
that are used infrequently in children with sJIA, 
such as cyclosporine A and azathioprine, and at 
the same time it does not mention the newer 
more widely used cytokine antagonists that have 
been associated with the occurrence of MAS 
[25, 81, 82]. Moreover, bone marrow aspirates 
in a search for hemophagocytosis are not fre-
quently performed in children with sJIA-MAS, 
as it is not considered mandatory in either the 
HLH-2004 guidelines [11] or the preliminary 
MAS guidelines [71]. In fact, absence of hemo-
phagocytosis does not rule out MAS, and the 
procedure should not delay appropriate therapy. 
Furthermore, the underlying inflammatory 
nature of sJIA that is associated with marked 
thrombocytosis makes the threshold level for 
the platelet count (110,000/mm3) too low for 
identifying MAS in the setting of sJIA. It is the 
relative drop in platelets count, rather than an 
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absolute decrease below a certain threshold, that 
is more useful to make an early diagnosis [77]. 
Thus, the HScore is likely more valuable in 
diagnosing adults with HLH, particularly those 
with associated leukemias and lymphomas.

 New Biomarkers
A new promising laboratory marker of MAS is 
soluble CD163 (sCD163). Its expression is 
restricted to the macrophage/monocyte lineage 
only, unlike ferritin and soluble CD25 (IL-2 
receptor α-chain), which are produced by a num-
ber of tissues and cell types, including the liver, 
spleen, heart, kidney, and T cells under a variety 
of nonspecific inflammatory conditions. sCD163 
has been mainly evaluated in MAS, where com-
bination testing of sCD25 and sCD163 identified 
patients with subclinical MAS [83]. Further stud-
ies to evaluate its role in HLH not associated with 
autoimmune diseases are required. Moreover, 
like sCD25, the testing is not currently available 
in a timely fashion in most centers around the 
world.

Another novel biomarker, follistatin-related 
protein 1 (FSTL-1) was reported by Gorelik et al. 
to be elevated in active sJIA with higher levels 
during MAS.  FSTL-1 levels correlated with 
sCD25 and ferritin levels, and FSTL-1 normal-
ized after treatment. Perhaps more importantly, 
Gorelik et  al. also reported that in their small 
cohort (28 sJIA patients) a ferritin to ESR 
ratio > 80 had the highest sensitivity and specific-
ity (100% and 100%, respectively) in distinguish-
ing between MAS and new-onset sJIA disease 
flare [84]. As ferritin rises due to inflammation in 
MAS/HLH, and the ESR tends to drop as fibrino-
gen (an important driver of high ESRs) is con-
sumed during coagulopathy, a simple ratio of 
ferritin to ESR may prove to be a simple and 
valuable tool in getting clinicians to consider a 
diagnosis of MAS/HLH in their febrile hospital-
ized patients.

Although the serum IL-18 level is also not 
routinely available clinically, it may also serve 
as a distinguishing biomarker for sJIA patients 
who develop MAS.  Comparing cytokine pat-
terns between sJIA-MAS patients, EBV-HLH, 
Kawasaki disease, and healthy age-matched 

controls, Shimizu et al. reported that IL-18 con-
centrations during sJIA-MAS were signifi-
cantly higher compared to the others, and they 
correlated with measures of disease activity 
(CRP, ferritin, LDH, and other cytokines). In 
addition, serum neopterin and sTNF-RII levels 
were significantly higher during MAS com-
pared to sJIA flares [85]. Other reports also 
showed that IL-18 levels were significantly 
elevated in sJIA [86, 87] and the patients with 
high levels were more likely to develop MAS 
[88]. Furthermore, sphingomyelinase was 
found to be elevated in HLH cases [89]. Thus, a 
variety of new biomarkers may help identify 
MAS among sJIA patients.

 Genetic Associations

Genetic HLH has been commonly classified into 
two groups: fHLH which are a group of autoso-
mal recessive disorders, and immunodeficiency 
syndromes related HLH.  Of the immunodefi-
ciency syndromes, Chediak-Higashi, Griscelli, 
and Hermansky-Pudlak are associated with a 
variable degree of albinism/hypopigmentation of 
the skin or hair and platelet dysfunction which 
can assist in identifying potential cases of HLH 
(Table 14.3) [2, 90–92]. Interestingly, up to 40% 
of sHLH cases possess heterozygous mutations 
in these same fHLH-associated gene products. 
Thus, the overall underlying genetic risk for 
sHLH may be rather striking.

In addition to underlying inflammatory states 
(e.g., sJIA, leukemia) and genetic predispositions 
(e.g., perforin deficiency), infections (some from 
the commensal human microbiome) are fre-
quently significant contributing factors in lower-
ing the threshold required to develop a cytokine 
storm syndrome capable of resulting in HLH/
MAS (Table 14.4). HLH has been associated with 
a vast variety of infections, with EBV as the most 
commonly reported trigger. Both familial (fHLH) 
and sporadic or secondary (sHLH) cases of HLH 
are often precipitated by acute infections. It is also 
important to note that an  underlying precipitating 
infection for HLH can be masked, as the HLH 
clinical picture can mimic an infectious process or 

E. M. Eloseily and R. Q. Cron



159

Table 14.3 Genetic associations with HLH

HLH type Chromosome Gene Protein Function
Familial HLH
fHLH1 9q21.3–22 Unknown Unknown Unknown
fHLH2 10q22 PRF1 Perforin Apoptosis and cytotoxicity
fHLH3 17q25.1 UNC13D Mammalian 

uncoordinated-13–4 
(Munc13–4)

Exocytosis of granules

fHLH4 6q24 STX11 Syntaxin11 Generation of granules 
with SNAP23

fHLH5 19p13.3–2 STXBP2 Mammalian 
uncoordinated-18–2 
(Munc18–2)

Vesicle fusion

Immunodeficiency
CD27 deficiency 12p13 CD27 TNF receptor superfamily 7 

(TNFRSF7)
Lymphocyte costimulatory 
molecule

Chediak-Higashi 1q42.1–2 LYST Lysosomal trafficking 
regulator

Transport of lysosomes

Griscelli, type 2 15q21 RAB27A Ras-related protein Rab-27A Granule exocytosis
Hermansky-Pudlak, 
type 2

5q14.1 AP3B1 AP-3 complex subunit beta-1 AP3βchain: traffic from 
Golgi to granules

Hermansky-Pudlak, 
type 9

15q21.1 BLOC1S6 Biogenesis of lysosome- 
related organelles complex 1 
subunit 6

Intracellular vesicle 
trafficking

ITK deficiency 5q33.3 ITK IL-2-inducible T-cell kinase T-cell development, 
proliferation, and 
differentiation

NLRC4 mutation 
(autoinflammation 
with recurrent MAS)

2p22.3 NLRC4 NOD-like receptor family, 
caspase recruitment 
domain-containing 4

Caspase recruitment and 
innate immune response

IL-2R-gamma 
deficiency

10p15–14 IL2RA IL-2R T-cell activation and 
regulation

SCID (common γ 
chain def)

Xq13 IL-2RG IL-2R T-cell activation and 
regulation

Wiskott-Aldrich Xp11.23–22 WAS Wiskott-Aldrich syndrome 
protein (WASp)

Cytoskeleton

X-linked 
lymphoproliferative 
(XLP) type 1

Xq25 SH2D1A SH2 domain-containing 
protein 1A(SAP)

Activation of lymphocytes

X-linked 
lymphoproliferative 
(XLP) type 2

Xq25 XIAP Baculoviral IAP repeat- 
containing protein 4 (BIRC4)

Inhibition of apoptosis

ADA deficiency 20q13.11 ADA Adenosine deaminase Metabolism of purine 
nucleosides

PNP deficiency 14q13.1 PNP Purine nucleoside 
phosphorylase

Metabolism of purine 
nucleosides

DiGeorge syndrome 22q11.2 DCGR Unknown Various
XL-O-EDA-ID Xq28 NEMO NEMO protein Inflammation, immunity, 

cell survival, and signaling 
pathways

XLA Xq21.3-q22 BTK BTK protein B-cell maturation and 
proliferation

(continued)
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Table 14.3 (continued)

HLH type Chromosome Gene Protein Function
Hyper-IgD syndrome 12q24 MVK Mevalonate kinase Isoprenoid and sterol 

synthesis
Lysinuric protein 
intolerance

14q11.2 SLC7A7 Light subunit of a cationic 
amino acid transporter

Transport of amino acid

Multiple sulfatase def. 3p26 SUMF1 FGE Transcriptional activation 
of sulfatase

Methylmalonic 
aciduria (cobalamin 
deficiency) cblC type, 
with homocystinuria

1p34.1 MMACHC Methylmalonic aciduria and 
homocystinuria type C 
protein

Binding and intracellular 
trafficking of cobalamin

Holt-Oram syndrome 12q24.1 TBX5 T-box 5 protein Promotes cardiomyocyte 
differentiation

XMEN syndrome Xq21.1 MAGT1 Magnesium transporter 1 T-cell activation via T-cell 
receptor

Others
IRF5 polymorphisms 7q32.1 IRF5 Interferon regulatory factor 5 Role in the toll-like 

receptor signaling pathway 
and activation of pro-
inflammatory cytokine 
genes

Table 14.4 Infectious triggers of MAS/HLH

Infectious triggers Virus nucleic acid Examples
Viral DNA EBV [93], CMV [94–97], HHV6 [98], HHV-8 [99–101], varicella zoster 

[102], HSV1 [103], HSV2 [104], adenovirus [105, 106], herpes simplex 
[107, 108], parvovirus B19 [109, 110], HBV [111]

RNA Hepatitis A [112, 113]/C [111, 114–116], HIV-1 [117–119], influenza 
H1N1 [54, 120–126], parainfluenza [127], mumps [128], measles [129], 
measles vaccine [130], rubella [131], enterovirus [132], human 
T-lymphotropic virus [133], rotavirus [134]

Zoonotic viruses RNA Flavivirus (dengue fever) [135–138], Crimean-Congo hemorrhagic fever 
virus [139], hantaviruses [140, 141], bunyavirus [142], hepatitis E virus 
[143], influenza A virus H5N1 subtype [144], SARS coronavirus [145]

Bacterial Mycoplasma pneumoniae [146, 147], Salmonella typhi [148], Staphylococcus aureus [149, 
150], Klebsiella pneumoniae [151], Aeromonas hydrophila [151], Fusobacterium sp. [152], 
Chlamydia pneumoniae [153], Legionella pneumophila [152], Mycobacterium tuberculosis 
[154, 155], Mycobacterium bovis—weakened form (bacillus Calmette-Guérin) [156, 157], 
intravesical BCG [158], Acinetobacter baumannii [159], Escherichia coli [160], M. leprae 
[161], Abiotrophia defectiva in endocarditis patient [162]

Zoonotic bacteria Anaplasma phagocytophilum [163], Bartonella henselae [164], Borrelia burgdorferi (Lyme 
disease) [165], Brucella sp. [166–168], Campylobacter sp. [169], Capnocytophaga sp. [170], 
Clostridium sp. [171, 172],Coxiella burnetii [173, 174], Ehrlichia chaffeensis and Ehrlichia 
ewingii [175–177], Leptospira sp. [178, 179], Listeria monocytogenes [180], Mycobacterium 
avium complex [181, 182], Orientia tsutsugamushi [183], Rickettsia spp. [184], Salmonella 
sp. (excluding S. typhi) [185]

Protozoal/zoonotic 
protozoa

Leishmania sp. [186–188], Toxoplasma gondii [189, 190], Babesia sp. [191], Plasmodium 
falciparum [192], Plasmodium vivax [193, 194], Strongyloides stercoralis [152]

Fungal Pneumocystis jiroveci [62], Candida sp. [195], Aspergillus sp. [62], Fusarium verticillioides 
[62]

Zoonotic fungi Cryptococcus neoformans [196], Histoplasma capsulatum [197–199], Penicillium marneffei 
[23, 200, 201]
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an overwhelming septicemia. It is important 
nonetheless to detect and remedy any underlying 
treatable infection in the setting of HLH.

 Virus-Associated Hemophagocytic 
Syndrome

 EBV
Epidemiology As previously mentioned, EBV is 
the most commonly reported trigger of HLH 
[93], with the highest incidence in East Asia 
[202]. This could be explained by the more 
pathogenic strains of EBV in this part of the 
world [203] and also by the higher prevalence of 
EBV and EBV-infected T cells in Asians [204]. 
EBV-associated HLH (EBV-HLH) cases have 
also been described in the USA and Europe 
[205]. Most EBV-HLH cases occur in apparently 
immunocompetent children and adolescents 
[206]; however, it can also occur in the setting of 
primary/genetic forms (fHLH) [207], immunode-
ficiency disorders (e.g., XLP) [208], and second-
ary forms, including acute infections (e.g., 
infectious mononucleosis) [209] and lymphopro-
liferative disorders (e.g., NK cell and T-cell leu-
kemias and lymphomas) [210].

Pathophysiology The mechanism by which EBV 
induces HLH has not been fully explained. During 
primary infection, EBV typically infects and rep-
licates in B cells, whereas a function of EBV-
specific cytotoxic T cells is the regulation of the 
infected B cells and the production of memory 
cells. On rare occasions, EBV may infect T cells 
and NK cells via CD21. CD21 is expressed on the 
surface of these cells and induces persistent EBV 
infection, with monoclonal or oligoclonal prolif-
eration resulting in chronic active EBV infection, 
lymphoproliferative disorders, and fulminant 
EBV-HLH [211–213]. Infection of CD8 T cells 
with EBV results in a cytokine storm with the 
release of pro- inflammatory and Th1-type cyto-
kines [214], including TNF and IFN-γ, leading to 
widespread lymphohistiocytic activation [215]. 
The resultant cytokine storm tends to be more 
prominent than those observed in non-EBV-HLH 

[216]. In addition, impaired function of T cells or 
NK cells is thought to provide a phenotypic pre-
sentation of HLH resulting from EBV via any 
genetic  mutation involved in the T-cell and/or NK 
cell activation pathways [217, 218].

Diagnosis Serologic testing can help differenti-
ate primary EBV infection from a reactivation 
process, although they have limitations such as 
delay in positivity and difficulty in result inter-
pretation. Real-time PCR is used to measure the 
EBV viral load which can help predict prognosis 
and response to treatment [219]. EBV PCR levels 
are usually higher than those seen in uncompli-
cated cases of EBV infectious mononucleosis 
[220]. Other techniques are available to deter-
mine the involvement of T cells or NK cells in 
helping to confirm the diagnosis. T-cell receptor 
(TCR) gene rearrangement is detectable in half 
of the patients with EBV-HLH using Southern 
blotting and/or PCR analyses. It is hypothesized 
that the presence and change of TCR gene clonal-
ity probably plays a prognostic role for EBV- 
HLH [90]. Sandberg et al. [221] recently reported 
that Southern blot analysis could be replaced by 
BIOMED-2 multiplex PCR in routine testing of 
T-cell clonality. The EuroClonality (BIOMED-2) 
consortium developed a uniform reporting sys-
tem for the description of the results and conclu-
sions of Ig/TCR clonality assays to help improve 
the general performance level of clonality assess-
ment and interpretation in cases with suspected 
lymphoproliferations [222]. It was reported that 
TCR gene clonality with BIOMED-2 multiplex 
PCR [223] is highly sensitive for detecting T-cell 
clonality and is useful in predicting response to 
treatment in EBV-HLH cases [223]. Interestingly, 
it was found that male patients with EBV-HLH 
may have mutations in the SH2D1A gene which 
is classically associated with X-linked lymphop-
roliferative syndrome (XLPS). XLPS is a syn-
drome of immunodeficiency to EBV virus. 
Therefore, it is recommended to test for XLPS in 
male patients with EBV-HLH [224]. It is also 
recommended to test for other genetic conditions 
such as fHLH, especially in male patients under 
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1 year of age, and in those with HLH in a sibling 
or with consanguineous parents, or when HLH is 
recurrent or unresponsive to treatment.

Prognosis Of all the viruses associated with 
HLH, EBV-HLH carries one of the worst prog-
noses. In a nationwide survey in Japan to identify 
prognostic factors in children with EBV-HLH, 
Kogawa et al. [225] found that most of the clini-
cal and laboratory parameters including EBV 
load, NK cell activity against EBV-infected 
cells, and the presence of clonality at the onset of 
disease were not associated with a poor outcome. 
Nevertheless, Matsuda et al. showed that change 
of clonality can be a good marker of disease 
activity in childhood EBV-HLH [223]. It is also 
reported that hyperbilirubinemia and hyperferri-
tinemia at the time of diagnosis were signifi-
cantly associated with a poor outcome. Henter 
et al. also reported that hyperbilirubinemia and 
hyperferritinemia at diagnosis, and thrombocy-
topenia and hyperferritinemia 2 weeks after the 
initiation of treatment, adversely affect the out-
come of HLH [226]. Better outcome is specu-
lated to be associated with going into remission 
within 8  weeks of treatment initiation [225]. 
Huang et  al. reported that hypoalbuminemia is 
an independent predictor for HLH in childhood 
EBV-associated disease [227].

Treatment Antiviral therapy with acyclovir, gan-
ciclovir, or cidofovir is generally ineffective as 
monotherapy in infectious mononucleosis and 
EBV-HLH [228]. However, aggressive therapy 
including immunochemotherapy and allogenic 
stem cell transplantation has radically improved 
the prognosis. The optimal treatment strategy 
[229] for EBV-HLH consists of immunosuppres-
sive medications that inhibit overactive T-cell and 
NK cell responses [i.e., corticosteroids, cyclo-
sporine A, intravenous immunoglobulin (IVIg), 
antithymocyte globulins, etoposide, and plasma 
or blood exchange transfusions] [229, 230]. 
Hematopoietic stem cell transplantation (HSCT) 
is the last treatment resort for refractory forms of 
EBV-HLH, and in the case of EBV infection 

occurring in genetic forms of HLH [231]. Despite 
the fact that reports have shown that HSCT is 
effective in treating patients with refractory EBV- 
HLH [232], it should be compared to immuno-
chemotherapy in a randomized study to provide 
evidence for which approach is superior and/or 
safer [233].

In 2007, Balamuth et  al. [230] reported that 
adding rituximab to the HLH-2004 treatment 
protocol improves its efficacy. Rituximab is a 
monoclonal antibody against CD20 on the sur-
face of B cells. Because EBV targets B cells in 
the initial phase of the disease, rituximab’s elimi-
nation of B cells is thought to inhibit the extent of 
the infection. In addition, B cells may be a target 
in EBV-HLH, and rituximab may reduce morbid-
ity and mortality by reducing the circulating 
B-cell population and the EBV load [234]. 
Rituximab seems to be most effective in the 
 setting of XLPS patients infected with EBV but 
is likely less effective when EBV is capable of 
infecting the T-cell pool. Nonetheless, the addi-
tion of rituximab to the treatment repertoire of 
EBV-HLH provides an opportunity to tailor ther-
apy specific to the patient (personalized medicine 
approach).

 Other Herpes Viruses
Following EBV, cytomegalovirus (CMV) and 
human herpes virus (HHV) 8 are the next most 
common of the herpesviruses to be associated 
with HLH. CMV infection has been associated 
with HLH in otherwise healthy patients [96, 235], 
premature infants [97], patients with inflamma-
tory bowel disease [236, 237], rheumatological 
diseases [238, 239], cancer [240], and in trans-
plant recipients [241, 242]. In a series of 171 
patients undergoing HSCT, HLH was observed in 
7 (4%) of them and was triggered by CMV in 3 
cases [243]. In a Japanese registry with CMV-
HLH diagnosed at less than a year of age (1986–
2002), four of the five infants died, suggesting 
that younger age may be associated with a worse 
prognosis [244]. The use of specific anti- CMV 
therapy, such as CMV hyperimmune globulin, 
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foscarnet, or ganciclovir, has been associated with 
recovery in selected cases [96, 236–238, 242].

 Human Herpes Virus 8
HHV-8 has been associated with HLH, mostly in 
the setting of Kaposi sarcoma [245], multicentric 
Castleman disease [246], or lymphoproliferative 
disorder [247], as well as in immunocompro-
mised hosts (HIV) [99], transplant recipients 
[248], and, rarely, in immunocompetent hosts 
[100, 101]. In a prospective cohort of 44 patients 
with Castleman disease and human immunodefi-
ciency virus (HIV), 4 (9%) had HLH [246]. 
Intriguingly, in this series, the levels of IL-8 and 
IFN-γ were increased, though the cytokine levels 
of many known inflammatory markers were not. 
In this study, all patients recovered after treat-
ment with splenectomy, etoposide, and rituximab 
[249]. Ganciclovir and foscarnet have also been 
associated with recovery in some HHV8-HPS 
cases. Finally, all other herpes viruses [102–104, 
250] with the exception of HHV-7 have been 
associated with HLH.

 Neonatal Infection-Associated HLH
Due to the lack of disease awareness among 
many physicians, HLH presenting within the first 
4  weeks of life is rarely recognized. It could 
either pass undiagnosed or be diagnosed late in 
the course, or even at autopsy. Neonatal HLH dif-
fers from HLH in older children in etiology, man-
ifestations, and laboratory findings. In a 
nationwide survey in Japan published in 2009, 20 
neonates were diagnosed with HLH within 
4 weeks after birth; 6 (30%) of them were diag-
nosed with fHLH, and 6 (30%) were diagnosed 
with herpes simplex virus-associated HLH (HSV- 
HLH) [251]. The overall survival rate of these 20 
patients was 28.6% for fHLH and severe com-
bined immunodeficiency (SCID)-HLH, and 
33.3% for HSV-HLH, despite acyclovir treat-
ment. Although uncommon in HLH of older chil-
dren, enterovirus (echovirus and coxsackievirus) 
and HSV have been associated with fatal or ful-
minant neonatal HLH [252, 253]. This mandates 
early treatment with high-dose acyclovir in sus-
pected cases without awaiting viral studies 
results.

 HIV
HLH can be associated with HIV [117] infection 
[the etiology of acquired immunodeficiency syn-
drome (AIDS)] in different settings. HLH can 
occur either with HIV alone or with a variety of 
underlying associated disorders. HLH has been 
reported in acute or late stages of HIV infection, 
in the setting of immune reconstitution inflam-
matory syndromes (IRIS), and in association 
with HIV-associated malignancies or infections 
(both opportunistic and non-opportunistic) [254]. 
HLH has even been reported as the initial presen-
tation of HIV infection [118], which suggests a 
direct role for HIV in triggering HLH [195].

Due to the fact that both HIV and HLH share 
many similar clinical and biological findings, it is 
likely that this association is also underdiag-
nosed. In one study, hemophagocytosis was 
observed in 20% of 56 autopsy cases of HIV- 
positive patients [255]. Around 10% of bone 
 marrow biopsies in HIV patients before highly 
active antiretroviral therapy (HAART) initiation 
revealed hemophagocytosis [256]. In adult cases 
with acute HIV infection, HLH was associated 
with low CD4 T-cell counts (<200  cells/μL) in 
almost two-thirds of the cases. In addition, a 
lower CD4 T-cell count was associated with a 
worse prognosis [257].

 Influenza
The association of HLH with influenza has been 
described with seasonal [122, 258–262], avian 
[263, 264], and swine (non-pandemic) influenza 
[265]. It has also been associated with both 
immunocompromised [258–261] and otherwise 
healthy children [122, 266]. In a prospective 
pediatric study, which included 32 children hos-
pitalized with seasonal influenza, one case had a 
fatal outcome [262]. Interestingly, patients with 
severe H5N1 avian influenza have clinical pic-
tures and laboratory findings similar to HLH; 
these consist mainly of encephalitis [267], organ 
dysfunction with hemophagocytosis [268], bone 
marrow suppression [268, 269], and cytokine 
storm [270, 271]. The most common characteris-
tic pathological picture seen on autopsy and 
biopsy in such cases is hemophagocytosis [264, 
271, 272].
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Clinical studies have found that mutations in 
some viral genes (NS1, PB2, HA, and NA) are 
significantly related to cytokine release, and it 
has been shown that recombinant hemagglutinin 
(H5) from H5N1 virus may suppress perforin 
expression and reduce the cytotoxicity of CD8 T 
cells, including their ability to kill H5-bearing 
cells leading to marked lymphoproliferation and 
IFN-γ hyperproduction with macrophage overac-
tivation [273]. Considering the high mortality 
caused by H5N1-HLH, the resistance to many 
antivirals by H5N1, and the similarity between 
HLH and severe flu infections have led some to 
suggest the use of a modified HLH-94 protocol 
[274] with a shorter course of etoposide and 
dexamethasone in such cases. However, in a ran-
domized study from Vietnam, all patients with 
H5N1-HLH died despite receiving corticoste-
roids [275].

Recently, a study was done on 16 cases of fatal 
influenza A (H1N1) infection who met 44 and 
81% of modified HLH-2004 and MAS criteria, 
respectively. Five subjects (36%) carried one of 
three different heterozygous LYST mutations, 
two of whom also possessed the relatively com-
mon p.A91V PRF1 mutation, which was shown 
to mildly decrease NK cell cytolytic function. 
Several patients also carried rare variants in other 
genes previously observed in patients with 
MAS. The high percentage of HLH gene muta-
tions suggests they are risk factors for mortality 
among individuals with influenza A (H1N1) 
infection [276].

 Parvovirus
HLH has been reported in approximately 30 
cases of parvovirus B19 infection; most of them 
had hereditary spherocytosis as the underlying 
disease, and less than 50% were children [106, 
109, 110, 277, 278]. Of these patients, 22 sur-
vived, of whom 16 did not receive any treatment. 
This suggests a better prognosis of parvovirus- 
HLH than that with other viral infections.

 Hepatitis Viruses
Fulminant viral hepatitis may mimic and even 
cause HLH. Hepatitis A virus (HAV) is more fre-
quently associated with HLH than other hepato-

tropic viruses, including HBV and HCV. Fifteen 
cases (including children) have been described in 
the literature, mainly in Asia; three of these 
patients also had a concurrent rheumatological 
disease (sJIA or the related adult onset Still dis-
ease), and two also had hepatitis C. Four patients 
survived without specific treatment. The others 
received corticosteroids with or without IVIg. 
Overall, 11 of the 15 had a good outcome [112, 
113, 279].

 Enterovirus
Twelve cases of pediatric enterovirus-related 
HLH have been described. Four patients had an 
underlying disease (Hodgkin and non-Hodgkin 
lymphoma, acute lymphoblastic leukemia, JIA) 
and had a higher mortality rate (75%). Ten 
patients received IVIg (six in combination with 
corticosteroids), but only seven patients survived 
[132]. Other viruses associated have been associ-
ated with HLH (Table 14.4), for most of which 
varying courses of corticosteroids and IVIg have 
been used. Interestingly, HLH may contribute to 
the high mortality rate associated with certain 
hemorrhagic fever viruses, such as those causing 
Dengue fever and Ebola.

 Bacteria-Associated Hemophagocytic 
Syndrome

Of the bacterial pathogens, intracellular organ-
isms have most commonly been the precipitating 
bacterial agents of HLH. The pathophysiology is 
probably related to the host lymphocytes and 
monocytes producing high levels of activating 
cytokines. Defective NK cell and cytotoxic T-cell 
function is also hypothesized to play a role in the 
pathophysiology [2].

HLH has been reported with disseminated 
Mycobacterium tuberculosis (TB) infection. It 
can occur in otherwise healthy patients [280], in 
end-stage renal disease patients receiving hemo-
dialysis [281], in those who had undergone renal 
transplantation [164], or who had malignancy 
[282], HIV/AIDS [283], or sarcoidosis [284]. In 
a review of 36 cases by Brastianos et al., 83% of 
cases had evidence of extrapulmonary tuberculo-
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sis. The mortality rate was approximately 50% 
which portrays the poor outcome of TB-HLH, 
although antituberculous and immunomodula-
tory therapy (consisting of high-dose corticoste-
roids, IVIg, antithymocyte globulin, cyclosporine 
A, epipodophyllotoxin, or plasma exchange) may 
lead to better outcomes [155]. Early diagnosis 
and timely administration of antituberculous 
treatment are crucial in these patients. Moreover, 
one reported case of HLH occurred after child-
hood vaccination with the bacillus Calmette- 
Guérin [157].

HLH has also been described in association 
with brucellosis, with Brucella melitensis being 
the most frequently isolated species [168]. 
Leptospirosis has been reported with HLH and 
has required treatment with corticosteroids, IVIg, 
or etoposide, in addition to antibiotic treatment 
[179]. Reports have also related Rickettsia and 
Ehrlichia to HLH, and the prognosis seems to be 
influenced by the specific Rickettsia species, 
patient’s immunologic status, and delay in antibi-
otic therapy or corticosteroid therapy [184]. Also, 
MAS following urinary tract infection with 
Acinetobacter baumannii was reported for the 
first time in a previously healthy 3-year-old child; 
recovery occurred without any cytotoxic treat-
ment or immunotherapy, using only multiple 
doses of GCSF and red blood cell/platelet trans-
fusions [159]. Just like viruses, a large array of 
additional bacterial infections has been associ-
ated with HLH (Table 14.4), but a propensity for 
intracellular invasion is a common theme to many 
of these triggers.

 Parasitic and Fungal Infection- 
Associated Hemophagocytic Syndrome
Leishmania infection has been associated with 
HLH (particularly Leishmania donovani and 
Leishmania infantum), but considering that it 
presents with organomegaly and pancytopenia, 
it can also just mimic the syndrome of 
HLH.  This is of importance in non-endemic 
areas, where visceral leishmaniasis is unlikely 
considered as a differential diagnosis, and 
repeated bone marrow smears are often required 
to identify Leishmania species by means of 
PCR with species-specific probes [285]. While 

specific treatment with amphotericin B is usu-
ally sufficient to control HLH, fatal outcomes 
have been seen with undiagnosed Leishmania 
cases treated as HLH [188]. History of travel to 
endemic areas is also of utmost importance for 
suspecting HLH secondary to certain parasitic 
infections such as malaria, toxoplasma, babe-
sia, and strongyloides.

Yeast infections (Candida sp., Cryptococcus 
sp., and Pneumocystis sp.) and molds 
(Histoplasma sp., Aspergillus sp., and Fusarium 
sp.) have been associated with HLH, most com-
monly during HIV infection, malignancy, pro-
longed corticosteroid administration, and 
transplantation [196, 286, 287]. Disseminated 
Penicillium marneffei infection is common 
among HIV-infected patients in Southeast Asia. 
The first case of penicilliosis-HLH was reported 
in a Thai HIV-infected child in 2001, with 
 complete recovery after antifungal and IVIg 
 therapy [200].

 Treatment Options for MAS/HLH

In addition to treating any underlying infection, 
treatment designed to dampen the cytokine 
storm associated with MAS/HLH is critical for 
improving survival (Table 14.5). Some research-
ers reported the success of high-dose corticoste-
roids alone [25, 288] in treating sJIA-MAS. 
While the fundamental role of corticosteroids in 
the therapy of this disease is not doubted [25, 
69, 70], current regimens usually add more 
aggressive treatment to corticosteroids includ-
ing cyclophosphamide [289], which has not 
gained wide use in this condition; cyclosporine 
A (CsA), which is currently the most commonly 
added medicine to corticosteroids [290, 291]; 
and etoposide-based regimens, such as HLH-94 
and HLH-2004 [11], which have their not insig-
nificant mortality rates during the pre- and post-
bone marrow transplant periods [292]. Of the 
biologics, IVIg has been used, particularly for 
infection-associated sHLH, but IVIg must be 
given early in disease to be effective [293]. 
Furthermore, IVIg has been shown to be inef-
fective in some reports [17]. Antithymocyte 
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globulin has been used successfully in two 
patients with probable MAS [294], but it carries 
a significant risk of serious infections and 
mortality.

Recently, newer more targeted biologic thera-
pies have provided a more targeted and effective 
option in treating sJIA-MAS.  While there was 
some initial excitement about TNF blockers with 
reports on their success in treating many cases of 
MAS including several children with sJIA [295–
303], reports of TNF inhibitors triggering MAS 
diminished enthusiasm for this therapy [304–
310]. Knowing that cause and effect is certainly 
difficult to prove in these situations, the fact that 
MAS did develop in the setting of TNF inhibition 
is concerning [311, 312]. This has led to focusing 
on therapy directed at two other pro- inflammatory 
cytokines, IL-1 and IL-6.

The IL-1 receptor antagonist anakinra was 
shown to be highly effective for sJIA [313, 314]. 
MAS and sJIA flare share many clinical and lab-
oratory features. Moreover in addition to the 10% 
risk of developing overt MAS as part of sJIA, 
another 30–40% of sJIA patients may have occult 
or subclinical MAS during flare that can eventu-
ally lead to overt MAS [68, 83]. This  suggested 
that anakinra would also be a valuable treatment 
for sJIA-MAS. There are several reports of dra-
matically successful use of anakinra in cases of 

sJIA-MAS after failing to respond to corticoste-
roids and CsA [313, 315–317].

Anakinra is regarded as a generally safe drug 
because it is a recombinant human protein with a 
short half-life (approximately 4  h) [318] and a 
wide therapeutic window (1–48 mg/kg/day) [35, 
317]. However, cases of hepatitis attributed to 
anakinra in children with sJIA have been reported 
[319]. Moreover, though cause and effect are dif-
ficult to establish, there has been a suggestion 
that anakinra triggered MAS in two children with 
sJIA [320, 321]. In a large case series of 46 sJIA 
patients treated with anakinra at disease onset, 
anakinra was a potential MAS trigger in five chil-
dren at doses of 1–2 mg/kg/day [313]. However, 
dose escalation of anakinra often seemed to help 
control MAS, and none of the children had to 
permanently stop the anakinra [313]. More 
research is needed to define the role of anakinra 
in sJIA-MAS and other forms of sHLH.

IL-6 blockade, via an anti-IL-6 recep-
tor monoclonal antibody (tocilizumab), has 
also proven successful in treating sJIA [322]. 
However, a case report of MAS attributed to 
IL-6 blockade [323] underscores the need for 
further studies to define its role in the treatment 
of sJIA- MAS. IL-6 blockade, however, has been 
successfully used in treating cytokine storm syn-
drome associated with chimeric antigen receptor 

Table 14.5 Treatment options for HLH

Antimicrobials
Conventional 
treatment Biological therapies Future targets

Antivirals
Antibiotics
Antimycotics
Amphotericin B

Corticosteroids
Cyclosporine-A
HSCT
Etoposide
Cyclophosphamide
Methotrexate
Others:
Plasmapheresis

Intravenous immunoglobulins
Cytokine-targeting drugs:
  • IL-1 blockade Anakinra
Rilonacept Canakinumab
  • IL-6 blockade
   Tocilizumab
  • TNF-α blockade
   Etanercept
   Infliximab
   Adalimumab
  • IFN-γ blockade
Anti-CD20:
  • Rituximab
T-cell-targeting drugs:
  • Antithymocyte globulins
  • Alemtuzumab (anti-CD52)
  • Daclizumab (anti-CD25)

JAK inhibition
TLR blockade
Administration of IL-10 or IL-18BP
PPAR-γ or PD-1 agonists
Targeting DCs or Ag presentation
Blocking alarmins (HMGB1, 
IL-33, etc.)
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(CAR) T-cell-directed therapy against resistant 
leukemia [324]. Other biologic therapies are 
being explored. Co-stimulatory blockade with 
cytotoxic T-lymphocyte-associated protein 
4- immunoglobulin (CTLA-4-Ig) has been anec-
dotally beneficial in children with severe sJIA 
[317], but its role in treating MAS is unknown. 
Nevertheless, there is building evidence that bio-
logic therapies, particularly IL-1 inhibitors, are a 
welcome addition to corticosteroids and CsA in 
treating MAS associated with sJIA [17]. Finally, 
rituximab has recently been reported to lead to 
remission in a sizable percentage of children with 
refractory sJIA [325], in addition to its effective-
ness in treating EBV-HLH [230, 326].

 HSCT
The first report of successful HSCT in HLH was 
reported in 1986 [327]. HSCT tends to be more 
frequently used in familial cases of HLH, but it 
is used in secondary cases as well. While several 
studies have shown that HSCT is the best option 
for permanent disease control or cure [328–332], 
the overall transplant morbidity and mortality 
is still high (~45%) and it is not uncommon for 
patients to develop recurrence of HLH before a 
suitable donor is identified. Moreover, autologous 
and allogeneic HSCT have been reported to induce 
HLH in transplanted patients, probably due to the 
increased risk of infection imposed by the immu-
nosuppressive conditioning regimen with an esti-
mated risk of 4% in a recent cohort [333]. This risk 
appeared to be reduced in etoposide- containing 
conditioning regimens [333]. The current era of 
biologic therapies has reduced the need for HSCT.

In the future, autologous HSCT combined 
with gene therapy to correct the genetic defects 
might be applicable. Carmo et  al. have shown 
that transfer of a functional perforin gene (Prf1) 
into autologous hematopoietic stem cells from 
perforin-deficient mice restored perforin expres-
sion, partially repaired the cytotoxic defect, and 
attenuated HLH symptoms after viral challenge, 
provided that at least 30% engraftment was 
attained [334]. Similarly, Rivat et al. showed that 
in a mouse model of XLP, gene transfer also 
restored SAP expression and normalized cyto-
toxic function [335].

 IFN-γ Blockade
IFN-γ has been shown to play a pivotal role in sev-
eral HLH models. Its neutralization has substan-
tially improved survival in HLH animal models 
[336, 337] and an MAS model using IL-6 trans-
genic mice [338]. Levels of both IFN-γ and IFN-γ 
-induced chemokines such as CXCL10 and 
CXCL9 are elevated in children with HLH [339]. 
Moreover, sJIA-MAS is commonly triggered by 
viral infections which are known to activate IFN-
γ-associated pathways. Furthermore, numerous 
IFN-γ-producing T cells were found in close prox-
imity to activated hemophagocytic histiocytes in a 
study of inflammatory infiltrates in tissues affected 
by MAS [340], and children with MAS show 
increased levels of neopterin, which is known to 
be released by interferon-stimulated macrophages 
[26]. A longitudinal study of the cytokine changes 
in patients with sJIA showed that levels of IFN-γ 
and IFN-γ-induced chemokines (particularly, 
CXCL9) markedly increased with the beginning 
of clinical MAS and returned to normal with its 
resolution. Furthermore, they were strongly cor-
related with many laboratory features associated 
with MAS [338]. These findings highlighted 
IFN-γ as an appealing targeted and potentially less 
toxic therapeutic option in HLH, and a clinical 
trial evaluating NI-0501, which is an anti-IFN-γ 
monoclonal antibody that binds to and neutralizes 
human IFN-γ, is underway [341]. Recently, a 
report on this trial showed promising results [18].

However, some recent studies question the 
potential of IFN-γ blocking therapy in MAS. First, 
Tesi et al. reported two cases of HLH in children 
with novel IFN-γ receptor mutations associated 
with IFN-γ deficiency, findings which highlight 
the significance of IFN-γ-independent mecha-
nisms in the immune pathology of HLH and war-
rant that other novel therapies, beside anti-IFN-γ 
therapy, be investigated [342]. Additionally, 
sJIA patients were found to have normal levels 
of IFN-γ independent of disease activity [343], 
which suggests that this cytokine does not always 
play an essential role in disease pathogenesis.

 Janus Kinase Inhibition
Because targeting individual cytokines might be 
insufficient during severe hypercytokinemia, 
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cytokine signaling pathways can be targeted to 
avoid an imbalance in the cytokine network. 
Janus kinases control the signaling of many cyto-
kines, notably IFN-γ, IL-2, and IL-6. Thus, inhi-
bition of Janus kinases via ruxolitinib for example 
may serve this purpose. Das et al. reported that in 
rodent models of primary and secondary HLH, 
treatment with the JAK1/2 inhibitor ruxolitinib 
significantly lessened the clinical and laboratory 
manifestations, including weight loss, organo-
megaly, anemia, thrombocytopenia, hypercyto-
kinemia, and tissue inflammation. Importantly, 
ruxolitinib treatment also significantly improved 
survival in this model [344]. Similarly, Maschalidi 
et  al. reported that JAK1/2 inhibition in Prf1−/− 
and Rab27a−/− mice with full-blown HLH syn-
drome has led to recovery in both models [345].

 Other Targets
Peroxisome proliferator-activated receptor-γ 
agonists have also been presented as potential 
agents. They interfere with the activation of the 
NFκB pathway and exert both a broad anti- 
inflammatory effect and antiviral capacities [346, 
347]. Based on research in HLH animal models, 
other targets for future therapy have been pro-
posed. These include the induction of T-cell 
exhaustion through the stimulation of inhibitory 
receptors like programmed cell death 1 (PDCD1/
PD-1), restoring cytokine balances by the anti- 
inflammatory IL-10 or IL-18BP, halting chronic 
TLR activation by TLR antagonists or blocking 
TLR signaling pathways, and targeting dendritic 
cells as the main drivers of ongoing antigen stim-
ulation or suppressing antigen presentation itself 
[348, 349].

Over the past few years, more has been 
revealed about the role of IL-18 in the pathogen-
esis of sJIA and MAS.  It has been shown that 
patients with sJIA have significantly higher lev-
els of IL-18 [85–87] as opposed to other rheu-
matic diseases such as SLE or rheumatoid 
arthritis [350, 351]. sJIA patients with high levels 
of IL-18 are more likely to develop systemic fea-
tures of the disease and are more prone to develop 
MAS [85]. Interestingly, the development of 
MAS in these patients is associated with a further 
rise in IL-18 levels [85]. IL-18 has also been 

found to correlate with ferritin in adult onset Still 
disease [86]. Therefore, IL-18 has been sug-
gested as a promising biomarker for 
MAS.  Another interesting field of growing 
research is in the role of IL-18-binding protein 
(IL-18BP) which is a naturally occurring protein 
that counter-regulates the activity of IL-18. 
Imbalance between IL-18 and IL-18BP, leading 
to higher levels of unbound IL-18, has been 
found in patients with increased disease severity 
[33, 86, 352]. The administration of synthetic 
IL-18BP in perforin-deficient mice infected with 
murine CMV ameliorated liver damage but has 
not shown an effect on the pro-inflammatory 
cytokine levels or on the overall survival [353]. 
Based on these findings, further work is needed 
to demonstrate the role of IL-18 and IL-18BP in 
MAS. Along these lines, IL-18BP was shown to 
be beneficial in treating refractory MAS in a 
child with an NLRC4 mutation [354].

Recently, neutralizing antibodies and antago-
nists targeting the alarmin HMGB1 (high mobil-
ity group box 1) were proposed as potential 
therapeutic options, aiming to reduce the immu-
nostimulatory load of necrosis- and pyroptosis- 
derived danger signals. Models of systemic 
sterile and infectious inflammation have demon-
strated the efficacy of this strategy [355]. 
Moreover, blocking the alarmin IL-33, via its 
receptor ST2/IL-1RL1, is also a potential therapy 
[356] [43]. Overall, the future is looking brighter 
for a variety of potential therapeutics to treat 
HLH/MAS in a patient-specific fashion.

References

 1. Canna SW, Behrens EM.  Making sense of the 
cytokine storm: a conceptual framework for under-
standing, diagnosing, and treating hemophago-
cytic syndromes. Pediatr Clin N Am. 2012;59(2): 
329–44.

 2. Janka GE.  Familial and acquired hemophago-
cytic lymphohistiocytosis. Annu Rev Med. 
2012;63:233–46.

 3. Feldmann J, Callebaut I, Raposo G, Certain S, 
Bacq D, Dumont C, et al. Munc13-4 is essential for 
cytolytic granules fusion and is mutated in a form 
of familial hemophagocytic lymphohistiocytosis 
(FHL3). Cell. 2003;115(4):461–73.

E. M. Eloseily and R. Q. Cron



169

 4. Zur Stadt U, Rohr J, Seifert W, Koch F, Grieve S, 
Pagel J, et al. Familial hemophagocytic lymphohis-
tiocytosis type 5 (FHL-5) is caused by mutations in 
Munc18-2 and impaired binding to syntaxin 11. Am 
J Hum Genet. 2009;85(4):482–92.

 5. zur Stadt U, Schmidt S, Kasper B, Beutel K, Diler 
AS, Henter J-I, et  al. Linkage of familial hemo-
phagocytic lymphohistiocytosis (FHL) type-4 to 
chromosome 6q24 and identification of mutations in 
syntaxin 11. Hum Mol Genet. 2005;14(6):827–34.

 6. Stepp SE, Dufourcq-Lagelouse R, Le Deist F, 
Bhawan S, Certain S, Mathew PA, et  al. Perforin 
gene defects in familial hemophagocytic lymphohis-
tiocytosis. Science. 1999;286(5446):1957–9.

 7. Emmenegger U, Schaer D, Larroche C, Neftel 
K.  Haemophagocytic syndromes in adults: current 
concepts and challenges ahead. Swiss Med Wkly. 
2005;135(21–22):299–314.

 8. Arico M, Imashuku S, Clementi R, Hibi S, Teramura 
T, Danesino C, et al. Hemophagocytic lymphohistio-
cytosis due to germline mutations in SH2D1A, the 
X-linked lymphoproliferative disease gene. Blood. 
2001;97(4):1131–3.

 9. Marsh RA, Satake N, Biroschak J, Jacobs T, Johnson 
J, Jordan MB, et al. STX11 mutations and clinical 
phenotypes of familial hemophagocytic lymphohis-
tiocytosis in North America. Pediatr Blood Cancer. 
2010;55(1):134–40.

 10. Rigaud S, Fondaneche MC, Lambert N, Pasquier B, 
Mateo V, Soulas P, et al. XIAP deficiency in humans 
causes an X-linked lymphoproliferative syndrome. 
Nature. 2006;444(7115):110–4.

 11. Henter JI, Horne A, Arico M, Egeler RM, Filipovich 
AH, Imashuku S, et  al. HLH-2004: diagnos-
tic and therapeutic guidelines for hemophago-
cytic lymphohistiocytosis. Pediatr Blood Cancer. 
2007;48(2):124–31.

 12. Allen M, De Fusco C, Legrand F, Clementi R, 
Conter V, Danesino C, et  al. Familial hemophago-
cytic lymphohistiocytosis: how late can the onset 
be? Haematologica. 2001;86(5):499–503.

 13. Ueda I, Kurokawa Y, Koike K, Ito S, Sakata A, 
Matsumora T, et  al. Late-onset cases of familial 
hemophagocytic lymphohistiocytosis with mis-
sense perforin gene mutations. Am J Hematol. 
2007;82(6):427–32.

 14. Henter JI, Ehrnst A, Andersson J, Elinder G. Familial 
hemophagocytic lymphohistiocytosis and viral 
infections. Acta Paediatr. 1993;82(4):369–72.

 15. Henter JI, Elinder G, Lubeck PO, Ost 
A.  Myelodysplastic syndrome following epipodo-
phyllotoxin therapy in familial hemophagocytic 
lymphohistiocytosis. Pediatr Hematol Oncol. 
1993;10(2):163–8.

 16. Imashuku S.  Etoposide-related secondary acute 
myeloid leukemia (t-AML) in hemophago-
cytic lymphohistiocytosis. Pediatr Blood Cancer. 
2007;48(2):121–3.

 17. Miettunen PM, Narendran A, Jayanthan A, Behrens 
EM, Cron RQ. Successful treatment of severe pae-

diatric rheumatic disease-associated macrophage 
activation syndrome with interleukin-1 inhibition 
following conventional immunosuppressive ther-
apy: case series with 12 patients. Rheumatology. 
2011;50(2):417–9.

 18. Jordan M, Locatelli F, Allen C, De Benedetti F, 
Grom AA, Ballabio M, et  al. editors. A novel tar-
geted approach to the treatment of hemophagocytic 
lymphohistiocytosis (HLH) with an anti-interferon 
gamma (IFN gamma) monoclonal antibody (mAb), 
NI-0501: first results from a pilot phase 2 study in 
children with primary HLH.  Blood; 2015. AMER 
SOC HEMATOLOGY 2021 L ST NW, SUITE 900, 
WASHINGTON, DC 20036 USA.

 19. Zhang K, Filipovich AH, Johnson J, Marsh RA, 
Villanueva J.  In: Adam MP, Ardinger HH, Pagon 
RA, Wallace SE, Bean LJH, Stephens K, et al. edi-
tors. Hemophagocytic Lymphohistiocytosis, famil-
ial. Seattle: GeneReviews((R)); 1993.

 20. Koh KN, Im HJ, Chung NG, Cho B, Kang HJ, Shin 
HY, et  al. Clinical features, genetics, and outcome 
of pediatric patients with hemophagocytic lympho-
histiocytosis in Korea: report of a nationwide sur-
vey from Korea histiocytosis working party. Eur J 
Haematol. 2015;94(1):51–9.

 21. Lehmberg K, Sprekels B, Nichols KE, Woessmann 
W, Muller I, Suttorp M, et  al. Malignancy- 
associated haemophagocytic lymphohistiocyto-
sis in children and adolescents. Br J Haematol. 
2015;170(4):539–49.

 22. Celkan T, Berrak S, Kazanci E, Özyürek E, Ünal 
S, Uçar C, et  al. Malignancy-associated hemo-
phagocytic lymphohistiocytosis in pediatric cases: 
a multicenter study from Turkey. Turk J Pediatr. 
2009;51(3):207.

 23. Veerakul G, Sanpakit K, Tanphaichitr VS, 
Mahasandana C, Jirarattanasopa N.  Secondary 
hemophagocytic lymphohistiocytosis in children: 
an analysis of etiology and outcome. J Med Assoc 
Thailand. 2002;85:S530–41.

 24. Grom AA, Mellins ED. Macrophage activation syn-
drome: advances towards understanding pathogen-
esis. Curr Opin Rheumatol. 2010;22(5):561.

 25. Ravelli A, Grom AA, Behrens EM, Cron 
RQ. Macrophage activation syndrome as part of sys-
temic juvenile idiopathic arthritis: diagnosis, genet-
ics, pathophysiology and treatment. Genes Immun. 
2012;13(4):289–98.

 26. Put K, Avau A, Brisse E, Mitera T, Put S, Proost 
P, et  al. Cytokines in systemic juvenile idiopathic 
arthritis and haemophagocytic lymphohistiocyto-
sis: tipping the balance between interleukin-18 and 
interferon-γ. Rheumatology. 2015;54(8):1507–17.

 27. Akashi K, Hayashi S, Gondo H, Mizuno S, Harada 
M, Tamura K, et al. Involvement of interferon-γ and 
macrophage colony-stimulating factor in pathogen-
esis of haemophagocytic lymphohistiocytosis in 
adults. Br J Haematol. 1994;87(2):243–50.

 28. Kuriyama T, Takenaka K, Kohno K, Yamauchi 
T, Daitoku S, Yoshimoto G, et  al. Engulfment 

14 Macrophage Activation Syndrome



170

of hematopoietic stem cells caused by down- 
regulation of CD47 is critical in the pathogenesis 
of hemophagocytic lymphohistiocytosis. Blood. 
2012;120(19):4058–67.

 29. Nold-Petry CA, Lehrnbecher T, Jarisch A, Schwabe 
D, Pfeilschifter JM, Muhl H, et al. Failure of inter-
feron γ to induce the anti-inflammatory interleukin 
18 binding protein in familial hemophagocytosis. 
PLoS One. 2010;5(1):e8663.

 30. Bracaglia C, Marafon DP, Caiello I, de Graaf K, 
Guilhot F, Ferlin W, et al. High levels of interferon- 
gamma (IFNγ) in macrophage activation syn-
drome (MAS) and CXCL9 levels as a biomarker 
for IFNγ production in MAS.  Pediatr Rheumatol. 
2015;13(1):1.

 31. Tamura K, Kanazawa T, Tsukada S, Kobayashi T, 
Kawamura M, Morikawa A. Increased serum mono-
cyte chemoattractant protein-1, macrophage inflam-
matory protein-1β, and interleukin-8 concentrations 
in hemophagocytic lymphohistiocytosis. Pediatr 
Blood Cancer. 2008;51(5):662–8.

 32. Teruya-Feldstein J, Setsuda J, Yao X, Kingma DW, 
Straus S, Tosato G, et  al. MIP-1alpha expression 
in tissues from patients with hemophagocytic syn-
drome. Lab Investig. 1999;79(12):1583–90.

 33. Mazodier K, Marin V, Novick D, Farnarier C, 
Robitail S, Schleinitz N, et al. Severe imbalance of 
IL-18/IL-18BP in patients with secondary hemo-
phagocytic syndrome. Blood. 2005;106(10):3483–9.

 34. Osugi Y, Hara J, Tagawa S, Takai K, Hosoi G, 
Matsuda Y, et  al. Cytokine production regulating 
Th1 and Th2 cytokines in hemophagocytic lympho-
histiocytosis. Blood. 1997;89(11):4100–3.

 35. Fisher CJ, Dhainaut J-FA, Opal SM, Pribble JP, Balk 
RA, Slotman GJ, et al. Recombinant human interleu-
kin 1 receptor antagonist in the treatment of patients 
with sepsis syndrome: results from a randomized, 
double-blind, placebo-controlled trial. JAMA. 
1994;271(23):1836–43.

 36. Shakoory B, Carcillo JA, Chatham WW, Amdur RL, 
Zhao H, Dinarello CA, et al. Interleukin-1 receptor 
blockade is associated with reduced mortality in sep-
sis patients with features of macrophage activation 
syndrome: reanalysis of a prior phase III trial. Crit 
Care Med. 2016;44(2):275–81.

 37. Opal SM, Fisher CJ Jr, Dhainaut JF, Vincent JL, 
Brase R, Lowry SF, et al. Confirmatory interleukin-
 1 receptor antagonist trial in severe sepsis: a phase 
III, randomized, double-blind, placebo-controlled, 
multicenter trial. The Interleukin-1 Receptor 
Antagonist Sepsis Investigator Group. Crit Care 
Med. 1997;25(7):1115–24.

 38. Créput C, Galicier L, Buyse S, Azoulay 
E. Understanding organ dysfunction in hemophago-
cytic lymphohistiocytosis. Intensive Care Med. 
2008;34(7):1177–87.

 39. Henter J, Elinder G, Soder O, Hansson M, Andersson 
B, Andersson U.  Hypercytokinemia in famil-
ial hemophagocytic lymphohistiocytosis. Blood. 
1991;78(11):2918–22.

 40. Lachmann HJ, Quartier P, So A, Hawkins PN. The 
emerging role of interleukin-1β in autoinflammatory 
diseases. Arthritis Rheum. 2011;63(2):314–24.

 41. Sieni E, Cetica V, Mastrodicasa E, Pende D, Moretta 
L, Griffiths G, et al. Familial hemophagocytic lym-
phohistiocytosis: a model for understanding the 
human machinery of cellular cytotoxicity. Cell Mol 
Life Sci. 2012;69(1):29–40.

 42. Avau A, Put K, Wouters CH, Matthys P.  Cytokine 
balance and cytokine-driven natural killer cell 
dysfunction in systemic juvenile idiopathic arthri-
tis. Cytokine Growth Factor Rev. 2015;26(1): 
35–45.

 43. Brisse E, Matthys P, Wouters CH. Understanding the 
spectrum of haemophagocytic lymphohistiocytosis: 
update on diagnostic challenges and therapeutic 
options. Br J Haematol. 2016;174(2):175–87.

 44. De Kerguenec C, Hillaire S, Molinié V, Gardin C, 
Degott C, Erlinger S, et al. Hepatic manifestations of 
hemophagocytic syndrome: a study of 30 cases. Am 
J Gastroenterol. 2001;96(3):852–7.

 45. Dinarello C, Novick D, Kim S, Kaplanski 
G.  Interleukin-18 and IL-18 binding protein. Front 
Immunol. 2013;4:289.

 46. Moore KW, de Waal Malefyt R, Coffman RL, 
O’Garra A.  Interleukin-10 and the interleukin-10 
receptor. Annu Rev Immunol. 2001;19(1):683–765.

 47. Janka GE.  Familial and acquired hemophago-
cytic lymphohistiocytosis. Eur J Pediatr. 
2007;166(2):95–109.

 48. Jenkins MR, Rudd-Schmidt JA, Lopez JA, 
Ramsbottom KM, Mannering SI, Andrews DM, 
et  al. Failed CTL/NK cell killing and cytokine 
hypersecretion are directly linked through prolonged 
synapse time. J Exp Med. 2015;212(3):307–17.

 49. Janka G.  Hemophagocytic lymphohistiocytosis: 
when the immune system runs amok. Klin Padiatr. 
2009;221(05):278–85.

 50. Grom AA.  Natural killer cell dysfunction: a com-
mon pathway in systemic-onset juvenile rheuma-
toid arthritis, macrophage activation syndrome, 
and hemophagocytic lymphohistiocytosis? Arthritis 
Rheum. 2004;50(3):689–98.

 51. Saltzman RW, Monaco-Shawver L, Zhang K, 
Sullivan KE, Filipovich AH, Orange JS.  Novel 
mutation in syntaxin-binding protein 2 (STXBP2) 
prevents IL-2-induced natural killer cell cytotoxic-
ity. J Allergy Clin Immunol. 2012;129(6):1666.

 52. Spessott WA, Sanmillan ML, McCormick ME, Patel 
N, Villanueva J, Zhang K, et  al. Hemophagocytic 
lymphohistiocytosis caused by dominant-negative 
mutations in STXBP2 that inhibit SNARE-mediated 
membrane fusion. Blood. 2015;125(10):1566–77.

 53. Zhang M, Behrens EM, Atkinson TP, Shakoory B, 
Grom AA, Cron RQ. Genetic defects in cytolysis in 
macrophage activation syndrome. Curr Rheumatol 
Rep. 2014;16(9):1–8.

 54. Zhang X-Y, Ye X-W, Feng D-X, Han J, Li D, 
Zhang C.  Hemophagocytic lymphohistiocytosis 
induced by severe pandemic influenza A (H1N1) 

E. M. Eloseily and R. Q. Cron



171

2009 virus infection: a case report. Case Rep Med. 
2011;2011:1–3.

 55. Nagafuji K, Nonami A, Kumano T, Kikushige Y, 
Yoshimoto G, Takenaka K, et al. Perforin gene muta-
tions in adult-onset hemophagocytic lymphohistio-
cytosis. Haematologica. 2007;92(7):978–81.

 56. Lichtenheld MG, Olsen KJ, Lu P, Lowrey DM, 
Hameed A, Hengartner H, et  al. Structure and func-
tion of human perforin. Nature. 1988;335(6189): 
448–51.

 57. Behrens EM, Canna SW, Slade K, Rao S, Kreiger 
PA, Paessler M, et  al. Repeated TLR9 stimulation 
results in macrophage activation syndrome–like dis-
ease in mice. J Clin Investig. 2011;121(6):2264–77.

 58. Sullivan KE, Delaat CA, Douglas SD, Filipovich 
AH.  Defective natural killer cell function in 
patients with hemophagocytic lymphohistiocy-
tosis and in first degree relatives. Pediatr Res. 
1998;44(4):465–8.

 59. Villanueva J, Lee S, Giannini EH, Graham TB, Passo 
MH, Filipovich A, et al. Natural killer cell dysfunc-
tion is a distinguishing feature of systemic onset 
juvenile rheumatoid arthritis and macrophage acti-
vation syndrome. Arthritis Res Ther. 2004;7(1):1.

 60. Caiello I, Minnone G, Holzinger D, Vogl T, Prencipe 
G, Manzo A, et  al. IL-6 amplifies TLR mediated 
cytokine and chemokine production: implications 
for the pathogenesis of rheumatic inflammatory dis-
eases. PLoS One. 2014;9(10):e107886.

 61. Maude SL, Frey N, Shaw PA, Aplenc R, Barrett DM, 
Bunin NJ, et  al. Chimeric antigen receptor T cells 
for sustained remissions in leukemia. N Engl J Med. 
2014;371(16):1507–17.

 62. Zhang L, Zhou J, Sokol L. Hereditary and acquired 
hemophagocytic lymphohistiocytosis. Cancer 
Control. 2014;21(4):301–12.

 63. Schulert GS, Grom AA. Macrophage activation syn-
drome and cytokine-directed therapies. Best Pract 
Res Clin Rheumatol. 2014;28(2):277–92.

 64. Weaver LK, Behrens EM.  Hyperinflammation, 
rather than hemophagocytosis, is the common link 
between macrophage activation syndrome and 
hemophagocytic lymphohistiocytosis. Curr Opin 
Rheumatol. 2014;26(5):562.

 65. Minoia F, Davì S, Horne A, Demirkaya E, Bovis F, 
Li C, et al. Clinical features, treatment, and outcome 
of macrophage activation syndrome complicating 
systemic juvenile idiopathic arthritis: a multina-
tional, multicenter study of 362 patients. Arthritis 
Rheumatol. 2014;66(11):3160–9.

 66. Tsuda H, Shirono K. Serum lipids in adult patients 
with hemophagocytic syndrome. Am J Hematol. 
1996;53(4):285.

 67. Prendki V, Stirnemann J, Lemoine M, Lohez M, 
Aras N, Ganne-Carrié N, et al. Prevalence and clini-
cal significance of Küpffer cell hyperplasia with 
hemophagocytosis in liver biopsies. Am J Surg 
Pathol. 2011;35(3):337–45.

 68. Behrens EM, Beukelman T, Paessler M, Cron 
RQ.  Occult macrophage activation syndrome in 

patients with systemic juvenile idiopathic arthritis. J 
Rheumatol. 2007;34(5):1133–8.

 69. Sawhney S, Woo P, Murray K. Macrophage activation 
syndrome: a potentially fatal complication of rheu-
matic disorders. Arch Dis Child. 2001;85(5):421–6.

 70. Stephan J, Koné-Paut I, Galambrun C, Mouy R, 
Bader-Meunier B, Prieur AM.  Reactive haemo-
phagocytic syndrome in children with inflamma-
tory disorders. A retrospective study of 24 patients. 
Rheumatology. 2001;40(11):1285–92.

 71. Ravelli A, Magni-Manzoni S, Pistorio A, Besana 
C, Foti T, Ruperto N, et  al. Preliminary diagnos-
tic guidelines for macrophage activation syndrome 
complicating systemic juvenile idiopathic arthritis. J 
Pediatr. 2005;146(5):598–604.

 72. Parodi A, Davì S, Pringe AB, Pistorio A, Ruperto 
N, Magni-Manzoni S, et al. Macrophage activation 
syndrome in juvenile systemic lupus erythemato-
sus: a multinational multicenter study of thirty-eight 
patients. Arthritis Rheum. 2009;60(11):3388–99.

 73. Ravelli A, Minoia F, Davi S, Horne A, Bovis F, 
Pistorio A, et  al. 2016 classification criteria for 
macrophage activation syndrome complicating 
systemic juvenile idiopathic arthritis: a European 
league against rheumatism/American College of 
rheumatology/paediatric rheumatology international 
trials organisation collaborative initiative. Arthritis 
Rheumatol. 2016;68(3):566–76.

 74. Pelkonen P, Swanljung K, Siimes M. Ferritinemia as 
an indicator of systemic disease activity in children 
with systemic juvenile rheumatoid arthritis. Acta 
Paediatr. 1986;75(1):64–8.

 75. Davì S, Lattanzi B, Demirkaya E, Rosina S, 
Bracciolini G, Novelli A. Toward the development 
of new diagnostic criteria for macrophage activation 
syndrome in systemic juvenile idiopathic arthritis. 
Ann Paediatr Rheumatol. 2012;1:1–7.

 76. Kelly A, Ramanan AV.  Recognition and manage-
ment of macrophage activation syndrome in juvenile 
arthritis. Curr Opin Rheumatol. 2007;19(5):477–81.

 77. Davì S, Minoia F, Pistorio A, Horne A, Consolaro A, 
Rosina S, et  al. Performance of current guidelines 
for diagnosis of macrophage activation syndrome 
complicating systemic juvenile idiopathic arthritis. 
Arthritis Rheumatol. 2014;66(10):2871–80.

 78. Pringe A, Trail L, Ruperto N, Buoncompagni A, 
Loy A, Breda L, et al. Review: macrophage activa-
tion syndrome in juvenile systemic lupus erythema-
tosus: an under-recognized complication? Lupus. 
2007;16(8):587–92.

 79. Fardet L, Galicier L, Lambotte O, Marzac C, Aumont 
C, Chahwan D, et  al. Development and validation 
of the HScore, a score for the diagnosis of reactive 
hemophagocytic syndrome. Arthritis Rheumatol. 
2014;66(9):2613–20.

 80. Hejblum G, Lambotte O, Galicier L, Coppo P, 
Marzac C, Aumont C, et  al. A web-based Delphi 
study for eliciting helpful criteria in the positive 
diagnosis of hemophagocytic syndrome in adult 
patients. PLoS One. 2014;9(4):e94024.

14 Macrophage Activation Syndrome



172

 81. De Benedetti F, Brunner HI, Ruperto N, Kenwright 
A, Wright S, Calvo I, et  al. Randomized trial of 
tocilizumab in systemic juvenile idiopathic arthritis. 
N Engl J Med. 2012;367(25):2385–95.

 82. Ruperto N, Brunner HI, Quartier P, Constantin T, 
Wulffraat N, Horneff G, et al. Two randomized tri-
als of canakinumab in systemic juvenile idiopathic 
arthritis. N Engl J Med. 2012;367(25):2396–406.

 83. Bleesing J, Prada A, Siegel DM, Villanueva J, Olson 
J, Ilowite NT, et  al. The diagnostic significance of 
soluble CD163 and soluble interleukin-2 receptor 
α-chain in macrophage activation syndrome and 
untreated new-onset systemic juvenile idiopathic 
arthritis. Arthritis Rheum. 2007;56(3):965–71.

 84. Gorelik M, Fall N, Altaye M, Barnes MG, Thompson 
SD, Grom AA, et  al. Follistatin-like protein 1 and 
the ferritin/erythrocyte sedimentation rate ratio are 
potential biomarkers for dysregulated gene expres-
sion and macrophage activation syndrome in sys-
temic juvenile idiopathic arthritis. J Rheumatol. 
2013;40(7):1191–9.

 85. Shimizu M, Yokoyama T, Yamada K, Kaneda H, 
Wada H, Wada T, et  al. Distinct cytokine profiles 
of systemic-onset juvenile idiopathic arthritis- 
associated macrophage activation syndrome with 
particular emphasis on the role of interleukin-18 in its 
pathogenesis. Rheumatology. 2010;49(9):1645–53.

 86. Kawashima M, Yamamura M, Taniai M, Yamauchi 
H, Tanimoto T, Kurimoto M, et al. Levels of inter-
leukin- 18 and its binding inhibitors in the blood cir-
culation of patients with adult-onset Still’s disease. 
Arthritis Rheum. 2001;44(3):550–60.

 87. Maeno N, Takei S, Imanaka H, Yamamoto K, 
Kuriwaki K, Kawano Y, et al. Increased interleukin-
 18 expression in bone marrow of a patient with sys-
temic juvenile idiopathic arthritis and unrecognized 
macrophage-activation syndrome. Arthritis Rheum. 
2004;50(6):1935–8.

 88. Shimizu M, Nakagishi Y, Inoue N, Mizuta M, Ko G, 
Saikawa Y, et  al. Interleukin-18 for predicting the 
development of macrophage activation syndrome in 
systemic juvenile idiopathic arthritis. Clin Immunol. 
2015;160(2):277–81.

 89. Jenkins RW, Clarke CJ, Lucas JT, Shabbir M, Wu 
BX, Simbari F, et al. Evaluation of the role of secre-
tory sphingomyelinase and bioactive sphingolipids 
as biomarkers in hemophagocytic lymphohistiocyto-
sis. Am J Hematol. 2013;88(11):E265–E72.

 90. Ishii E.  Hemophagocytic lymphohistiocytosis in 
children: pathogenesis and treatment. Front Pediatr. 
2016;4:47.

 91. Cron RQ, Davi S, Minoia F, Ravelli A.  Clinical 
features and correct diagnosis of macrophage 
activation syndrome. Expert Rev Clin Immunol. 
2015;11(9):1043–53.

 92. Yanagimachi M, Goto H, Miyamae T, Kadota K, 
Imagawa T, Mori M, et al. Association of IRF5 poly-
morphisms with susceptibility to hemophagocytic 
lymphohistiocytosis in children. J Clin Immunol. 
2011;31(6):946–51.

 93. Chen C, Huang Y, Jaing T, Hung I, Yang C, Chang 
L, et  al. Hemophagocytic syndrome: a review of 
18 pediatric cases. J Microbiol Immunol Infect. 
2004;37(3):157.

 94. Risdall RJ, McKenna RW, Nesbit ME, Krivit W, 
Balfour HH, Simmons RL, et  al. Virus-associated 
hemophagocytic syndrome A benign histiocytic 
proliferation distinct from malignant histiocytosis. 
Cancer. 1979;44(3):993–1002.

 95. Burgio GR, Aricó M, Marconi M, Lanfranchi A, 
Caselli D, Ugazio AG.  Spontaneous NBT reduc-
tion by monocytes as a marker of disease activ-
ity in children with histiocytosis. Br J Haematol. 
1990;74(2):146–50.

 96. Oloomi Z, Moayeri H. Cytomegalovirus infection- 
associated hemophagocytic syndrome. Arch Iran 
Med. 2006;9:284–7.

 97. Maruyama K, Koizumi T, Hirato J. Cytomegalovirus 
associated hemophagocytic lymphohistiocytosis in a 
premature infant. Pediatr Int. 2006;48(6):648–50.

 98. Hoang MP, Dawson DB, Rogers ZR, Scheuermann 
RH, Rogers BB. Polymerase chain reaction ampli-
fication of archival material for Epstein-Barr virus, 
cytomegalovirus, human herpesvirus 6, and parvovi-
rus B19 in children with bone marrow hemophago-
cytosis. Hum Pathol. 1998;29(10):1074–7.

 99. Fardet L, Blum L, Kerob D, Agbalika F, Galicier 
L, Dupuy A, et al. Human herpesvirus 8- associated 
hemophagocytic lymphohistiocytosis in human 
immunodeficiency virus-infected patients. Clin 
Infect Dis. 2003;37(2):285–91.

 100. Grossman WJ, Radhi M, Schauer D, Gerday E, 
Grose C, Goldman FD.  Development of hemo-
phagocytic lymphohistiocytosis in triplets infected 
with HHV-8. Blood. 2005;106(4):1203–6.

 101. Re A, Facchetti F, Borlenghi E, Cattaneo C, Capucci 
M, Ungari M, et  al. Fatal hemophagocytic syn-
drome related to active human herpesvirus-8/
Kaposi sarcoma-associated herpesvirus infection 
in human immunodeficiency virus-negative, non- 
transplant patients without related malignancies. Eur 
J Haematol. 2007;78(4):361–4.

 102. van der Werff ten Bosch J, Kollen WJ, Ball LM, 
Brinkman D, Vossen AC, Lankester AC, et  al. 
Atypical varicella zoster infection associated with 
hemophagocytic lymphohistiocytosis. Pediatr Blood 
Cancer. 2009;53(2):226–8.

 103. Yamada K, Yamamoto Y, Uchiyama A, Ito R, Aoki 
Y, Uchida Y, et  al. Successful treatment of neona-
tal herpes simplex-type 1 infection complicated by 
hemophagocytic lymphohistiocytosis and acute liver 
failure. Tohoku J Exp Med. 2008;214(1):1–5.

 104. Ramasamy K, Lim Z, Savvas M, Salisbury J, 
Dokal I, Mufti G, et al. Disseminated herpes virus 
(HSV-2) infection with rhabdomyolysis and hemo-
phagocytic lymphohistiocytosis in a patient with 
bone marrow failure syndrome. Ann Hematol. 
2006;85(9):629–30.

 105. Levy J, Wodell R, August C, Bayever E. Adenovirus- 
related hemophagocytic syndrome after bone mar-

E. M. Eloseily and R. Q. Cron



173

row transplantation. Bone Marrow Transplant. 
1990;6(5):349–52.

 106. Ardalan M, Shoja M, Tubbs R, Esmaili H, Keyvani 
H. Postrenal transplant hemophagocytic lymphohis-
tiocytosis and thrombotic microangiopathy associ-
ated with parvovirus b19 infection. Am J Transplant. 
2008;8(6):1340–4.

 107. Wada Y, Kai M, Tanaka H, Shimizu N, Shimatani 
M, Oshima T.  Computed tomography findings of 
the liver in a neonate with Herpes simplex virus- 
associated hemophagocytic lymphohistiocytosis. 
Pediatr Int. 2011;53(5):773–6.

 108. Yamaguchi K, Yamamoto A, Hisano M, Natori M, 
Murashima A.  Herpes Simplex Virus 2–Associated 
Hemophagocytic Lymphohistiocytosis in a pregnant 
patient. Obstet Gynecol. 2005;105(5, Part 2):1241–4.

 109. Yilmaz S, Oren H, Demircioglu F, Firinci F, 
Korkmaz A, Irken G.  Parvovirus B19: a cause for 
aplastic crisis and hemophagocytic lymphohistiocy-
tosis. Pediatr Blood Cancer. 2006;47(6):861.

 110. Dutta U, Mittal S, Ratho RK, Das A.  Acute liver 
failure and severe hemophagocytosis secondary to 
parvovirus B19 infection. Indian J Gastroenterol. 
2005;24(3):118.

 111. Faurschou M, Nielsen OJ, Hansen PB, Juhl BR, 
Hasselbalch H.  Fatal virus-associated hemophago-
cytic syndrome associated with coexistent chronic 
active hepatitis B and acute hepatitis C virus infec-
tion. Am J Hematol. 1999;61(2):135–8.

 112. Tuon FF, Gomes VS, Amato VS, Graf ME, Fonseca 
GHH, Lazari C, et  al. Hemophagocytic syndrome 
associated with hepatitis A: case report and lit-
erature review. Rev Inst Med Trop Sao Paulo. 
2008;50(2):123–7.

 113. Russo RA, Rosenzweig SD, Katsicas MM. Hepatitis 
A-associated macrophage activation syndrome in 
children with systemic juvenile idiopathic arthritis: 
report of 2 cases. J Rheumatol. 2008;35(1):166–8.

 114. Tierney Jr LM, Thabet A, Nishino H. Case 10-2011: 
a woman with fever, confusion, liver failure, 
anemia, and thrombocytopenia. N Engl J Med. 
2011;364(13):1259–70.

 115. Akamatsu N, Sugawara Y, Tamura S, Matsui 
Y, Hasegawa K, Imamura H, et  al., editors. 
Hemophagocytic syndrome after adult-to-adult 
living donor liver transplantation. Amsterdam: 
Elsevier; 2006.

 116. Pease DF, Mathew J, Hepatitis C. Virus associated 
hemophagocytic lymphohistiocytosis: case report 
and literature review. J Hematol. 2013;2(2):76–8.

 117. Doyle T, Bhagani S, Cwynarski K. Haemophagocytic 
syndrome and HIV.  Curr Opin Infect Dis. 
2009;22(1):1–6.

 118. Sun H-Y, Chen M-Y, Fang C-T, Hsieh S-M, Hung 
C-C, Chang S-C.  Hemophagocytic lymphohistio-
cytosis: an unusual initial presentation of acute 
HIV infection. J Acquir Immune Defic Syndr. 
2004;37(4):1539–40.

 119. Park K-H, Yu H-S, Jung S-I, Shin D-H, Shin 
J-H.  Acute human immunodeficiency virus syn-

drome presenting with hemophagocytic lymphohis-
tiocytosis. Yonsei Med J. 2008;49(2):325–8.

 120. Harms PW, Schmidt LA, Smith LB, Newton DW, 
Pletneva MA, Walters LL, et al. Autopsy findings in 
eight patients with fatal H1N1 influenza. Am J Clin 
Pathol. 2010;134(1):27–35.

 121. Lai S, Merritt BY, Chen L, Zhou X, Green 
LK.  Hemophagocytic lymphohistiocytosis associ-
ated with influenza A (H1N1) infection in a patient 
with chronic lymphocytic leukemia: an autopsy 
case report and review of the literature. Ann Diagn 
Pathol. 2012;16(6):477–84.

 122. Mou SS, Nakagawa TA, Riemer EC, McLean TW, 
Hines MH, Shetty AK.  Hemophagocytic lympho-
histiocytosis complicating influenza A infection. 
Pediatrics. 2006;118(1):e216–9.

 123. Özdemir H, Ciftci E, Ince EÜ, Ertem M, Ince E, 
Dogru Ü. Hemophagocytic lymphohistiocyto-
sis associated with 2009 pandemic influenza A 
(H1N1) virus infection. J Pediatr Hematol Oncol. 
2011;33(2):135–7.

 124. Shrestha B, Omran A, Rong P, Wang W. Report of 
a fatal pediatric case of hemophagocytic lympho-
histiocytosis associated with pandemic influenza 
A (H1N1) infection in 2009. Pediatr Neonatol. 
2015;56(3):189–92.

 125. Willekens C, Cornelius A, Guerry M-J, Wacrenier A, 
Fourrier F.  Fulminant hemophagocytic lymphohis-
tiocytosis induced by pandemic A (H1N1) influenza: 
a case report. J Med Case Rep. 2011;5(1):1.

 126. Zheng Y, Yang Y, Zhao W, Wang H.  Novel swine- 
origin influenza A (H1N1) virus-associated hemo-
phagocytic syndrome—a first case report. Am J Trop 
Med Hyg. 2010;82(4):743–5.

 127. Beffermann N, Pilcante J, Sarmiento M.  Acquired 
hemophagocytic syndrome related to parainflu-
enza virus infection: case report. J Med Case Rep. 
2015;9(1):1.

 128. Xing Q, Xing P.  Mumps caused hemophagocytic 
syndrome: a rare case report. Am J Emerg Med. 
2013;31(6):1000.e1–2.

 129. Iaria C, Leonardi MS, Buda A, Toro ML, 
Cascio A.  Measles and secondary hemophago-
cytic lymphohistiocytosis. Emerg Infect Dis. 
2012;18(9):1529.

 130. Otagiri T, Mitsui T, Kawakami T, Katsuura M, 
Maeda K, Ikegami T, et al. Haemophagocytic lym-
phohistiocytosis following measles vaccination. Eur 
J Pediatr. 2002;161(9):494–6.

 131. Koubaa M, Marrakchi C, Maaloul I, Makni S, 
Berrajah L, Elloumi M, et  al. Rubella associated 
with hemophagocytic syndrome. First report in a 
male and review of the literature. Mediterranean J 
Hematol Infect Dis. 2012;4(1):e2012050.

 132. Katsibardi K, Moschovi MA, Theodoridou 
M, Spanakis N, Kalabalikis P, Tsakris A, et  al. 
Enterovirus-associated hemophagocytic syn-
drome in children with malignancy: report of three 
cases and review of the literature. Eur J Pediatr. 
2008;167(1):97–102.

14 Macrophage Activation Syndrome



174

 133. Nagao T, Takahashi N, Saitoh H, Noguchi S, Guo 
Y, Ito M, et  al. Adult T-cell leukemia-lymphoma 
developed from an HTLV-1 carrier during treatment 
of B-cell lymphoma-associated hemophagocytic 
syndrome. [Rinsho ketsueki] Jpn J Clin Hematol. 
2012;53(12):2008–12.

 134. Takahashi S, Oki J, Miyamoto A, Koyano S, Ito K, 
Azuma H, et al. Encephalopathy associated with hae-
mophagocytic lymphohistiocytosis following rotavi-
rus infection. Eur J Pediatr. 1999;158(2):133–7.

 135. Ray S, Kundu S, Saha M, Chakrabarti 
P.  Hemophagocytic syndrome in classic dengue 
fever. J Global Infect Dis. 2011;3(4):399.

 136. Koshy M, Mishra AK, Agrawal B, Kurup AR, 
Hansdak SG.  Dengue fever complicated by 
hemophagocytosis. Oxford Med Case Rep. 
2016;2016(6):121–4.

 137. Ab-Rahman HA, Rahim H, AbuBakar S, Wong 
P-F.  Macrophage activation syndrome- associated 
markers in severe dengue. Int J Med Sci. 
2016;13(3):179.

 138. Sam S-S, Omar SFS, Teoh B-T, Abd-Jamil J, 
AbuBakar S. Review of dengue hemorrhagic fever 
fatal cases seen among adults: a retrospective study. 
PLoS Negl Trop Dis. 2013;7(5):e2194.

 139. Erduran E, Cakir M. Reactive hemophagocytic lym-
phohistiocytosis and Crimean-Congo hemorrhagic 
fever. Int J Infect Dis. 2010;14:e349.

 140. Baty V, Schuhmacher H, Bourgoin C, Latger V, 
Buisine J, May T, et al. Hemophagocytic syndrome 
and hemorrhagic fever with renal syndrome. Presse 
Méd. 1998;27(31):1577.

 141. Lee JJ, Chung IJ, Shin DH, Cho SH, Cho D, Ryang 
DW, et al. Hemorrhagic fever with renal syndrome 
presenting with hemophagocytic lymphohistiocyto-
sis. Emerg Infect Dis. 2002;8(2):209–10.

 142. Lin L, Xu Y-Z, Wu X-M, Ge H-F, Feng J-X, Chen 
M-F, et al. A rare fatal case of a novel bunyavirus- 
associated hemophagocytic lymphohistiocytosis. J 
Infect Dev Countries. 2016;10(05):533–6.

 143. Kamihira T, Yano K, Tamada Y, Matsumoto T, 
Miyazato M, Nagaoka S, et  al. Case of domesti-
cally infected hepatitis E with marked throm-
bocytopenia. Nihon Shokakibyo Gakkai Zasshi. 
2008;105(6):841–6.

 144. Lu M, Xie Z, Gao Z, Wang C, Li N, Li M, et  al. 
Histopathologic study of avian influenza H5N1 
infection in humans. Zhonghua bing li xue za zhi. 
2008;37(3):145–9.

 145. Pei F, Zheng J, Gao Z, Zhong Y, Fang W, Gong E, 
et  al. Lung pathology and pathogenesis of severe 
acute respiratory syndrome: a report of six full 
autopsies. Zhonghua bing li xue za zhi: Chin J 
Pathol. 2005;34(10):656–60.

 146. Yoshiyama M, Kounami S, Nakayama K, Aoyagi N, 
Yoshikawa N.  Clinical assessment of Mycoplasma 
pneumoniae-associated hemophagocytic lymphohis-
tiocytosis. Pediatr Int. 2008;50(4):432–5.

 147. Ishida Y, Hiroi K, Tauchi H, Oto Y, Tokuda K, Kida 
K. Hemophagocytic lymphohistiocytosis secondary 

to Mycoplasma pneumoniae infection. Pediatr Int. 
2004;46(2):174–7.

 148. Non LR, Patel R, Esmaeeli A, Despotovic 
V.  Typhoid fever complicated by hemophagocytic 
 lymphohistiocytosis and rhabdomyolysis. Am J Trop 
Med Hyg. 2015;93(5):1068–9.

 149. Sniderman JD, Cuvelier GD, Veroukis S, Hansen 
G. Toxic epidermal necrolysis and hemophagocytic 
lymphohistiocytosis: a case report and literature 
review. Clin Case Rep. 2015;3(2):121–5.

 150. Dube R, Kar SS, Mahapatro S, Ray R.  Infection 
associated hemophagocytic lymphohistiocytosis: a 
case report. Indian J Clin Pract. 2013;24(2).

 151. Tseng Y-T, Sheng W-H, Lin B-H, Lin C-W, Wang J-T, 
Chen Y-C, et al. Causes, clinical symptoms, and out-
comes of infectious diseases associated with hemo-
phagocytic lymphohistiocytosis in Taiwanese adults. 
J Microbiol Immunol Infect. 2011;44(3):191–7.

 152. Rouphael NG, Talati NJ, Vaughan C, Cunningham 
K, Moreira R, Gould C.  Infections associated with 
haemophagocytic syndrome. Lancet Infect Dis. 
2007;7(12):814–22.

 153. Yagi K, Kano G, Shibata M, Sakamoto I, Matsui 
H, Imashuku S.  Chlamydia pneumoniae infection- 
related hemophagocytic lymphohistiocytosis and 
acute encephalitis and poliomyelitis-like flaccid 
paralysis. Pediatr Blood Cancer. 2011;56(5):853–5.

 154. Maheshwari P, Chhabra R, Yadav P. Perinatal tuber-
culosis associated hemophagocytic lymphohistiocy-
tosis. Indian J Pediatr. 2012;79(9):1228–9.

 155. Brastianos PK, Swanson JW, Torbenson M, 
Sperati J, Karakousis PC.  Tuberculosis-associated 
haemophagocytic syndrome. Lancet Infect Dis. 
2006;6(7):447–54.

 156. Wali Y, Beshlawi I. BCG lymphadenitis in neonates 
with familial hemophagocytic lymphohistiocytosis. 
Pediatr Infect Dis J. 2012;31(3):324.

 157. Rositto A, Molinaro L, Larralde M, Ranalletta M, 
Drut R. Disseminated cutaneous eruption after BCG 
vaccination. Pediatr Dermatol. 1996;13(6):451–4.

 158. Schleinitz N, Bernit E, Harle J-R.  Severe hemo-
phagocytic syndrome after intravesical BCG instil-
lation. Am J Med. 2002;112(7):593–4.

 159. Gosh J, Roy M, Bala A.  Infection associated 
with hemophagocytic lymphohistiocytosis trig-
gered by nosocomial infection. Oman Med J. 
2009;24(3):223–5.

 160. Chang C-C, Hsiao P-J, Chiu C-C, Chen Y-C, Lin 
S-H, Wu C-C, et  al. Catastrophic hemophagocytic 
lymphohistiocytosis in a young man with nephrotic 
syndrome. Clin Chim Acta. 2015;439:168–71.

 161. Saidi W, Gammoudi R, Korbi M, Aounallah A, 
Boussofara L, Ghariani N, et  al. Hemophagocytic 
lymphohistiocytosis: an unusual complication of 
leprosy. Int J Dermatol. 2015;54(9):1054–9.

 162. Kiernan TJ, O’Flaherty N, Gilmore R, Ho E, Hickey 
M, Tolan M, et  al. Abiotrophia defectiva endocar-
ditis and associated hemophagocytic syndrome—a 
first case report and review of the literature. Int J 
Infect Dis. 2008;12(5):478–82.

E. M. Eloseily and R. Q. Cron



175

 163. Dumler JS. The biological basis of severe outcomes 
in Anaplasma phagocytophilum infection. FEMS 
Immunol Med Microbiol. 2012;64(1):13–20.

 164. Karras A, Thervet E, Legendre C. Hemophagocytic 
syndrome in renal transplant recipients: report of 
17 cases and review of literature. Transplantation. 
2004;77(2):238–43.

 165. Cantero-Hinojosa J, D’iez-Ruiz A, Santos-Perez J, 
Aguilar-Martinez J, Ramos-Jimenez A.  Lyme dis-
ease associated with hemophagocytic syndrome. J 
Mol Med. 1993;71(8):620.

 166. Akbayram S, Dogan M, Akgun C, Peker E, Parlak 
M, Caksen H, et  al. An analysis of children with 
brucellosis associated with pancytopenia. Pediatr 
Hematol Oncol. 2011;28(3):203–8.

 167. Erduran E, Makuloglu M, Mutlu M. A rare hemato-
logical manifestation of brucellosis: reactive hemo-
phagocytic syndrome. J Microbiol Immunol Infect. 
2010;43(2):159–62.

 168. Sari I, Altuntas F, Hacioglu S, Kocyigit I, Sevinc 
A, Sacar S, et al. A multicenter retrospective study 
defining the clinical and hematological manifes-
tations of brucellosis and pancytopenia in a large 
series: hematological malignancies, the unusual 
cause of pancytopenia in patients with brucellosis. 
Am J Hematol. 2008;83(4):334–9.

 169. Anstead GM, Jorgensen JH, Craig FE, Blaser MJ, 
Patterson TF.  Thermophilic multidrug-resistant 
Campylobacter fetus infection with hypersplen-
ism and histiocytic phagocytosis in a patient with 
acquired immunodeficiency syndrome. Clin Infect 
Dis. 2001;32(2):295–6.

 170. Tamura A, Matsunobu T, Kurita A, Shiotani 
A.  Hemophagocytic syndrome in the course 
of sudden sensorineural hearing loss. ORL. 
2012;74(4):211–4.

 171. Ramon I, Libert M, Guillaume M-P, Corazza 
F, Karmali R.  Recurrent haemophagocytic syn-
drome in an HIV-infected patient. Acta Clin Belg. 
2010;65(4):276–8.

 172. Chinen K, Ohkura Y, Matsubara O, Tsuchiya 
E. Hemophagocytic syndrome associated with clos-
tridial infection in a pancreatic carcinoma patient. 
Pathol Res Pract. 2004;200(3):241–5.

 173. Harris P, Dixit R, Norton R. Coxiella burnetii causing 
haemophagocytic syndrome: a rare complication of 
an unusual pathogen. Infection. 2011;39(6):579–82.

 174. Hufnagel M, Niemeyer C, Zimmerhackl 
LB, Tüchelmann T, Sauter S, Brandis 
M.  Hemophagocytosis: a complication of acute Q 
fever in a child. Clin Infect Dis. 1995;21(4):1029–31.

 175. Hanson D, Walter AW, Powell J. Ehrlichia-induced 
hemophagocytic lymphohistiocytosis in two chil-
dren. Pediatr Blood Cancer. 2011;56(4):661–3.

 176. Burns S, Saylors R, Mian A. Hemophagocytic lym-
phohistiocytosis secondary to Ehrlichia chaffeensis 
infection: a case report. J Pediatr Hematol Oncol. 
2010;32(4):e142–3.

 177. Abbott KC, Vukelja SJ, Smith CE, McAllister CK, 
Konkol KA, O’rourke TJ, et  al. Hemophagocytic 

syndrome: a cause of pancytopenia in human 
ehrlichiosis. Am J Hematol. 1991;38(3):230–4.

 178. Krishnamurthy S, Mahadevan S, Mandal J, Basu 
D.  Leptospirosis in association with hemophago-
cytic syndrome: a rare presentation. Indian J 
Pediatr. 2013;80(6):524–5. https://doi.org/10.1007/
s12098-012-0863-0.

 179. Niller H. Myelodysplastic syndrome (MDS) as a late 
stage of subclinical hemophagocytic lymphohistio-
cytosis (HLH): a putative role for Leptospira infec-
tion. A hypothesis. Acta Microbiol Immunol Hung. 
2010;57(3):181–9.

 180. Lambotte O, Fihman V, Poyart C, Buzyn A, Berche 
P, Soumelis V.  Listeria monocytogenes skin infec-
tion with cerebritis and haemophagocytosis syn-
drome in a bone marrow transplant recipient. J 
Infect. 2005;50(4):356–8.

 181. Pellegrin J, Merlio J, Lacoste D, Barbeau P, Brossard 
G, Beylot J, et  al. Syndrome of macrophagic acti-
vation with hemophagocytosis in human immu-
nodeficiency virus infection. Rev Med interne. 
1992;13(6):438–40.

 182. Yang W, Fu L, Lan J, Shen G, Chou G, Tseng C, 
et  al. Mycobacterium avium complex-associated 
hemophagocytic syndrome in systemic lupus ery-
thematosus patient: report of one case. Lupus. 
2003;12(4):312–6.

 183. Valsalan R, Kosaraju K, Sohanlal T, Kumar 
PP. Hemophagocytosis in scrub typhus. J Postgrad 
Med. 2010;56(4):301.

 184. Cascio A, Giordano S, Dones P, Venezia S, Iaria C, 
Ziino O. Haemophagocytic syndrome and rickettsial 
diseases. J Med Microbiol. 2011;60(4):537–42.

 185. Gutiérrez-Ravé PV, Luque MR, Ayerza LM, 
Cañavate IM, Prados MD. Reactive hemophagocytic 
syndrome: analysis of a series of 7 cases. Med Clin. 
1990;94(4):130–4.

 186. Guo X, Chen N, Wang T, Zhou C, Li Q, Gao 
J. Visceral leishmaniasis associated hemophagocytic 
lymphohistiocytosis: report of four childhood cases. 
Zhonghua er ke za zhi. 2011;49(7):550–3.

 187. Rajagopala S, Dutta U, Chandra KP, Bhatia P, Varma 
N, Kochhar R.  Visceral leishmaniasis associated 
hemophagocytic lymphohistiocytosis–case report 
and systematic review. J Infect. 2008;56(5):381–8.

 188. Gagnaire M-H, Galambrun C, Stéphan 
JL. Hemophagocytic syndrome: a misleading com-
plication of visceral leishmaniasis in children—a 
series of 12 cases. Pediatrics. 2000;106(4):e58.

 189. Arslan F, Batirel A, Ramazan M, Ozer S, Mert 
A.  Macrophage activation syndrome triggered by 
primary disseminated toxoplasmosis. Scand J Infect 
Dis. 2012;44(12):1001–4.

 190. Briand P, Gangneux J, Favaretto G, Ly-Sunnaram 
B, Godard M, Robert-Gangneux F, et  al. 
Hemophagocytic syndrome and toxoplasmic primo- 
infection. Ann Biol Clin. 2008;66(2):199–205. 
https://doi.org/10.1684/abc.2008.0209.

 191. Gupta P, Hurley RW, Helseth PH, Goodman 
JL, Hammerschmidt DE.  Pancytopenia due 

14 Macrophage Activation Syndrome

https://doi.org/10.1007/s12098-012-0863-0
https://doi.org/10.1007/s12098-012-0863-0
https://doi.org/10.1684/abc.2008.0209


176

to hemophagocytic syndrome as the present-
ing manifestation of babesiosis. Am J Hematol. 
1995;50(1):60–2.

 192. Bhagat M, Kanhere S, Kadakia P, Phadke V, George 
R, Chaudhari K. Haemophagocytic lymphohistiocy-
tosis: a cause of unresponsive malaria in a 5-year-old 
girl. Paediatr Int Child Health. 2015;35(4):333–6. 
https://doi.org/10.1080/20469047.2015.1109227.

 193. Saribeyoglu ET, Anak S, Agaoglu L, Boral O, 
Unuvar A, Devecioglu O.  Secondary hemophago-
cytic lymphohistiocytosis induced by malaria infec-
tion in a child with Langerhans cell histiocytosis. 
Pediatr Hematol Oncol. 2004;21(3):267–72.

 194. Ullah W, Abdullah HMA, Qadir S, Shahzad 
MA.  Haemophagocytic lymphohistiocytosis 
(HLH): a rare but potentially fatal association 
with Plasmodium vivax malaria. BMJ Case Rep. 
2016;2016:bcr2016215366.

 195. Bhatia S, Bauer F, Bilgrami SA.  Candidiasis- 
associated hemophagocytic lymphohistiocytosis in 
a patient infected with human immunodeficiency 
virus. Clin Infect Dis. 2003;37(11):):e161–6.

 196. Numata K, Tsutsumi H, Wakai S, Tachi N, Chiba 
S. A child case of haemophagocytic syndrome asso-
ciated with cryptococcal meningoencephalitis. J 
Infect. 1998;36(1):118–9.

 197. Majluf-Cruz A, Hurtado MR, Souto-Meirino C, del 
Río CC, Simon J. Hemophagocytic syndrome asso-
ciated with histoplasmosis in the acquired immu-
nodeficiency syndrome: description of 3 cases and 
review of the literature. Sangre. 1993;38(1):51–5.

 198. Quijano G, Siminovich M, Drut R. Histopathologic 
findings in the lymphoid and reticuloendothelial sys-
tem in pediatric HIV infection: a postmortem study. 
Pediatr Pathol Lab Med. 1997;17(6):845–56.

 199. Keller FG, Kurtzberg J.  Disseminated histoplas-
mosis: a cause of infection-associated hemo-
phagocytic syndrome. J Pediatr Hematol Oncol. 
1994;16(4):368–71.

 200. Chokephaibulkit K, Veerakul G, Vanprapar 
N, Chaiprasert A, Tanphaichitr V, Chearskul 
S.  Penicilliosis-associated hemophagocytic syn-
drome in a human immunodeficiency virus-infected 
child: the first case report in children. J Med Assoc 
Thai. 2001;84(3):426–9.

 201. Chim C, Fong C, Ma S, Wong S, Yuen K. Reactive 
hemophagocytic syndrome associated with 
Penicillium marneffei infection. Am J Med. 
1998;104(2):196–7.

 202. Elazary AS, Wolf DG, Amir G, Avni B, Rund D, 
Yehuda DB, et  al. Severe Epstein–Barr virus- 
associated hemophagocytic syndrome in six adult 
patients. J Clin Virol. 2007;40(2):156–9.

 203. Tabata Y, Hibi S, Teramura T, Kuriyama K, Yagi 
T, Todo S, et al. Molecular analysis of latent mem-
brane protein 1 in patients with Epstein-Barr virus- 
associated hemophagocytic lymphohistiocytosis in 
Japan. Leuk Lymphoma. 2000;38(3–4):373–80.

 204. Kawaguchi H, Miyashita T, Herbst H, Niedobitek 
G, Asada M, Tsuchida M, et  al. Epstein-Barr 

virus- infected T lymphocytes in Epstein-Barr 
virus- associated hemophagocytic syndrome. J Clin 
Investig. 1993;92(3):1444.

 205. Beutel K, Gross-Wieltsch U, Wiesel T, Stadt UZ, 
Janka G, Wagner HJ.  Infection of T lymphocytes 
in Epstein-Barr virus-associated hemophagocytic 
lymphohistiocytosis in children of non-Asian origin. 
Pediatr Blood Cancer. 2009;53(2):184–90.

 206. Imashuku S. Clinical features and treatment strate-
gies of Epstein–Barr virus-associated hemophago-
cytic lymphohistiocytosis. Crit Rev Oncol Hematol. 
2002;44(3):259–72.

 207. Cho HS, Park YN, Lyu CJ, Park SM, Oh SH, Yang 
CH, et  al. EBV-elicited familial hemophagocytic 
lymphohistiocytosis. Yonsei Med J. 1997;38:245–8.

 208. Purtilo D, Yang JS, Cassel C, Harper R, Stephenson 
S, Landing B, et al. X-linked recessive progressive 
combined variable immunodeficiency (Duncan’s 
disease). Lancet. 1975;305(7913):935–41.

 209. Christensson B, Braconier JH, Winqvist I, Relander 
T, Dictor M. Fulminant course of infectious mono-
nucleosis with virus-associated hemophagocytic 
syndrome. Scand J Infect Dis. 1987;19(3):373–9.

 210. Akashi K, Mizuno S-I. Epstein-Barr virus-infected 
natural killer cell leukemia. Leuk Lymphoma. 
2000;40(1–2):57–66.

 211. Ohshima K, Suzumiya J, Sugihara M, Nagafuchi S, 
Ohga S, Kikuchi M.  Clinicopathological study of 
severe chronic active Epstein-Barr virus infection 
that developed in association with lymphoprolif-
erative disorder and/or hemophagocytic syndrome. 
Pathol Int. 1998;48(12):934–43.

 212. Su I-J, Wang C-H, Cheng A-L, Chen 
R-L.  Hemophagocytic syndrome in Epstein-Barr 
virus-associated T-lymphoproliferative disorders: 
disease spectrum, pathogenesis, and management. 
Leuk Lymphoma. 1995;19(5–6):401–6.

 213. Lindemann TL, Greene JS.  Persistent cervical 
lymphadenopathy in an adolescent with Epstein–
Barr induced hemophagocytic syndrome: manifesta-
tions of a rare but often fatal disease. Int J Pediatr 
Otorhinolaryngol. 2005;69(7):1011–4.

 214. Chuang H-C, Lay J-D, Hsieh W-C, Wang H-C, 
Chang Y, Chuang S-E, et al. Epstein-Barr virus LMP1 
inhibits the expression of SAP gene and upregulates 
Th1 cytokines in the pathogenesis of hemophago-
cytic syndrome. Blood. 2005;106(9):3090–6.

 215. Kasahara Y, Yachie A.  Cell type specific infection 
of Epstein–Barr virus (EBV) in EBV-associated 
hemophagocytic lymphohistiocytosis and chronic 
active EBV infection. Crit Rev Oncol Hematol. 
2002;44(3):283–94.

 216. Imashuku S, Hibi S, Tabata Y, Sako M, Sekine Y, 
Hirayama K, et  al. Biomarker and morphological 
characteristics of Epstein-Barr virus-related hemo-
phagocytic lymphohistiocytosis. Med Pediatr Oncol. 
1998;31(3):131–7.

 217. Nazaruk RA, Rochford R, Hobbs MV, Cannon 
MJ. Functional diversity of the CD8+ T-cell response 
to Epstein-Barr virus (EBV): implications for the 

E. M. Eloseily and R. Q. Cron

https://doi.org/10.1080/20469047.2015.1109227


177

pathogenesis of EBV-associated lymphoprolifera-
tive disorders. Blood. 1998;91(10):3875–83.

 218. Hatta K, Morimoto A, Ishii E, Kimura H, Ueda I, 
Hibi S, et  al. Association of transforming growth 
factor-β1 gene polymorphism in the development 
of Epstein-Barr virus-related hematologic diseases. 
Haematologica. 2007;92(11):1470–4.

 219. Teramura T, Tabata Y, Yagi T, Morimoto A, Hibi 
S, Imashuku S.  Quantitative analysis of cell-free 
Epstein-Barr virus genome copy number in patients 
with EBV-associated hemophagocytic lymphohis-
tiocytosis. Leuk Lymphoma. 2002;43(1):173–9.

 220. Kimura H, Hoshino Y, Hara S, Nishikawa K, 
Sako M, Hirayama M, et al. Viral load in Epstein- 
Barr virus-associated hemophagocytic syndrome. 
Microbiol Immunol. 2002;46(8):579–82.

 221. Sandberg Y, van Gastel-Mol EJ, Verhaaf B, Lam KH, 
van Dongen JJ, Langerak AW. BIOMED-2 multiplex 
immunoglobulin/T-cell receptor polymerase chain 
reaction protocols can reliably replace Southern 
blot analysis in routine clonality diagnostics. J Mol 
Diagn. 2005;7(4):495–503.

 222. Langerak AW, Groenen PJ, Bruggemann M, Beldjord 
K, Bellan C, Bonello L, et  al. EuroClonality/
BIOMED-2 guidelines for interpretation and report-
ing of Ig/TCR clonality testing in suspected lym-
phoproliferations. Leukemia. 2012;26(10):2159–71.

 223. Matsuda K, Nakazawa Y, Yanagisawa R, Honda T, 
Ishii E, Koike K. Detection of T-cell receptor gene 
rearrangement in children with Epstein–Barr virus- 
associated hemophagocytic lymphohistiocytosis 
using the BIOMED-2 multiplex polymerase chain 
reaction combined with GeneScan analysis. Clin 
Chim Acta. 2011;412(17):1554–8.

 224. Kelesidis T, Humphries R, Terashita D, Eshaghian 
S, Territo MC, Said J, et  al. Epstein–Barr virus- 
associated hemophagocytic lymphohistio-
cytosis in Los Angeles county. J Med Virol. 
2012;84(5):777–85.

 225. Kogawa K, Sato H, Asano T, Ohga S, Kudo K, 
Morimoto A, et al. Prognostic factors of Epstein–Barr 
virus-associated hemophagocytic lymphohistiocyto-
sis in children: report of the Japan Histiocytosis Study 
Group. Pediatr Blood Cancer. 2014;61(7):1257–62.

 226. Trottestam H, Berglöf E, Horne A, Onelöv E, Beutel 
K, Lehmberg K, et  al. Risk factors for early death 
in children with haemophagocytic lymphohistiocy-
tosis. Acta Paediatr. 2012;101(3):313–8.

 227. Huang SC, Chen JS, Cheng CN, Yang 
YJ.  Hypoalbuminaemia is an independent predic-
tor for hemophagocytic lymphohistiocytosis in 
childhood Epstein–Barr virus-associated infectious 
mononucleosis. Eur J Haematol. 2012;89(5):417–22.

 228. Bakhshi S, Pautu JL.  EBV-associated hemophago-
cytic lymphohistiocytosis with spontaneous regres-
sion. Indian Pediatr. 2005;42(12):1253.

 229. Imashuku S, Tabata Y, Teramura T, Hibi S. Treatment 
strategies for Epstein-Barr virus-associated hemo-
phagocytic lymphohistiocytosis (EBV-HLH). Leuk 
Lymphoma. 2000;39(1–2):37–49.

 230. Balamuth NJ, Nichols KE, Paessler M, Teachey 
DT.  Use of rituximab in conjunction with 
 immunosuppressive chemotherapy as a novel ther-
apy for Epstein Barr virus-associated hemophago-
cytic lymphohistiocytosis. J Pediatr Hematol Oncol. 
2007;29(8):569–73.

 231. Imashuku S, Hibi S, Todo S, Sako M, Inoue M, 
Kawa K, et  al. Allogeneic hematopoietic stem cell 
transplantation for patients with hemophagocytic 
syndrome (HPS) in Japan. Bone Marrow Transplant. 
1999;23(6):569–72.

 232. Ohga S, Kudo K, Ishii E, Honjo S, Morimoto 
A, Osugi Y, et  al. Hematopoietic stem cell trans-
plantation for familial hemophagocytic lympho-
histiocytosis and Epstein–Barr virus-associated 
hemophagocytic lymphohistiocytosis in Japan. 
Pediatr Blood Cancer. 2010;54(2):299–306.

 233. Qin Q, Xie Z, Shen Y, Yang S, Liu C, Huang Z, et al. 
Assessment of immunochemotherapy and stem cell 
transplantation on EBV-associated hemophagocytic 
lymphohistiocytosis in children: a systematic review 
and meta analysis. Eur Rev Med Pharmacol Sci. 
2012;16(5):672–8.

 234. Milone MC, Tsai DE, Hodinka RL, Silverman LB, 
Malbran A, Wasik MA, et  al. Treatment of pri-
mary Epstein-Barr virus infection in patients with 
X-linked lymphoproliferative disease using B-cell–
directed therapy. Blood. 2005;105(3):994–6.

 235. Danish EH, Dahms BB, Kumar 
ML.  Cytomegalovirus-associated hemophagocytic 
syndrome. Pediatrics. 1985;75(2):280–3.

 236. Kohara MM, Blum RN. Cytomegalovirus Ileitis and 
Hemophagocytic syndrome associated with use of 
anti—tumor necrosis factor—α antibody. Clin Infect 
Dis. 2006;42(5):733–4.

 237. Koketsu S-I, Watanabe T, Hori N, Umetani N, 
Takazawa Y, Nagawa H. Hemophagocytic syndrome 
caused by fulminant ulcerative colitis and cyto-
megalovirus infection: report of a case. Dis Colon 
Rectum. 2004;47(7):1250–5.

 238. Amenomori M, Migita K, Miyashita T, Yoshida S, 
Ito M, Eguchi K, et al. Cytomegalovirus-associated 
hemophagocytic syndrome in a patient with 
adult onset Still’s disease. Clin Exp Rheumatol. 
2005;23(1):100–2.

 239. Sakamoto O, Ando M, Yoshimatsu S, Kohrogi H, 
Suga M, Ando M.  Systemic lupus erythematosus 
complicated by cytomegalovirus-induced hemo-
phagocytic syndrome and colitis. Intern Med. 
2002;41(2):151–5.

 240. Devecioglu O, Anak S, Atay D, Aktan P, Devecioglu 
E, Ozalp B, et  al. Pediatric acute lymphoblastic 
leukemia complicated by secondary hemophago-
cytic lymphohistiocytosis. Pediatr Blood Cancer. 
2009;53(3):491–2.

 241. Sato M, Matsushima T, Takada S, Hatsumi N, Kim 
K, Sakuraya M, et al. Fulminant, CMV-associated, 
haemophagocytic syndrome following unre-
lated bone marrow transplantation. Bone Marrow 
Transplant. 1998;22(12):1219.

14 Macrophage Activation Syndrome



178

 242. Hardikar W, Pang K, Al-Hebbi H, Curtis N, Couper 
R.  Successful treatment of cytomegalovirus- 
associated haemophagocytic syndrome following 
paediatric orthotopic liver transplantation. J Paediatr 
Child Health. 2006;42(6):389–91.

 243. Abdelkefi A, Jamil WB, Torjman L, Ladeb S, 
Ksouri H, Lakhal A, et  al. Hemophagocytic syn-
drome after hematopoietic stem cell transplantation: 
a prospective observational study. Int J Hematol. 
2009;89(3):368–73.

 244. Imashuku S, Ueda I, Teramura T, Mori K, 
Morimoto A, Sako M, et  al. Occurrence of hae-
mophagocytic lymphohistiocytosis at less than 
1 year of age: analysis of 96 patients. Eur J Pediatr. 
2005;164(5):315–9.

 245. Uneda S, Murata S, Sonoki T, Matsuoka H, 
Nakakuma H.  Successful treatment with liposo-
mal doxorubicin for widespread Kaposi’s sarcoma 
and human herpesvirus-8 related severe hemo-
phagocytic syndrome in a patient with acquired 
immunodeficiency syndrome. Int J Hematol. 
2009;89(2):195–200.

 246. Stebbing J, Ngan S, Ibrahim H, Charles P, Nelson 
M, Kelleher P, et  al. The successful treatment 
of haemophagocytic syndrome in patients with 
human immunodeficiency virus-associated multi- 
centric Castleman’s disease. Clin Exp Immunol. 
2008;154(3):399–405.

 247. Pastore RD, Chadburn A, Kripas C, Schattner 
EJ. Novel association of haemophagocytic syndrome 
with Kaposi’s sarcoma-associated herpesvirus- 
related primary effusion lymphoma. Br J Haematol. 
2000;111(4):1112–5.

 248. Bossini N, Sandrini S, Setti G, Luppi M, Maiorca 
P, Maffei C, et  al. Successful treatment with lipo-
somal doxorubicin and foscarnet in a patient with 
widespread Kaposi’s sarcoma and human her-
pes virus 8-related, serious hemophagocytic syn-
drome, after renal transplantation. G ital Nefrol. 
2004;22(3):281–6.

 249. Corbellino M, Bestetti G, Scalamogna C, Calattini 
S, Galazzi M, Meroni L, et  al. Long-term remis-
sion of Kaposi sarcoma–associated herpesvirus- 
related multicentric Castleman disease with 
anti-CD20 monoclonal antibody therapy. Blood. 
2001;98(12):3473–5.

 250. Tanaka H, Nishimura T, Hakui M, Sugimoto H, 
Tanaka-Taya K, Yamanishi K.  Human herpesvirus 
6-associated hemophagocytic syndrome in a healthy 
adult. Emerg Infect Dis. 2002;8(1):87.

 251. Suzuki N, Morimoto A, Ohga S, Kudo K, Ishida 
Y, Ishii E, et al. Characteristics of hemophagocytic 
lymphohistiocytosis in neonates: a nationwide sur-
vey in Japan. J Pediatr. 2009;155(2):235–8.e1.

 252. Whitley R. Neonatal herpes simplex virus infection. 
Curr Opin Infect Dis. 2004;17(3):243–6.

 253. Rittichier KR, Bryan PA, Bassett KE, Taggart EW, 
Enriquez FR, Hillyard DR, et al. Diagnosis and out-
comes of enterovirus infections in young infants. 
Pediatr Infect Dis J. 2005;24(6):546–50.

 254. Albrecht H, Schafer H, Stellbrink H-J, Greten 
H.  Epstein-Barr virus-associated hemophagocytic 
syndrome. Arch Pathol Lab Med. 1997;121(8):853.

 255. Niedt G, Schinella R.  Acquired immunodeficiency 
syndrome. Clinicopathologic study of 56 autopsies. 
Arch Pathol Lab Med. 1985;109(8):727–34.

 256. Sailler L, Duchayne E, Marchou B, Brousset P, 
Pris J, Massip P, et  al. Etiological aspects of reac-
tive hemophagocytoses: retrospective study in 99 
patients. Rev Med Interne. 1996;18(11):855–64.

 257. Maakaroun NR, Moanna A, Jacob JT, Albrecht 
H. Viral infections associated with haemophagocytic 
syndrome. Rev Med Virol. 2010;20(2):93–105.

 258. Potter M, Foot A, Oakhill A.  Influenza A and the 
virus associated haemophagocytic syndrome: clus-
ter of three cases in children with acute leukaemia. J 
Clin Pathol. 1991;44(4):297–9.

 259. Imashuku S.  Differential diagnosis of hemophago-
cytic syndrome: underlying disorders and selec-
tion of the most effective treatment. Int J Hematol. 
1997;66(2):135–51.

 260. Cunney RJ, Bialachowski A, Thornley D, Smaill 
FM, Pennie RA.  An outbreak of influenza A in a 
neonatal intensive care unit. Infect Control Hosp 
Epidemiol. 2000;21(7):449–54.

 261. Ando M, Miyazaki E, Hiroshige S, Ashihara Y, 
Okubo T, Ueo M, et al. Virus associated hemophago-
cytic syndrome accompanied by acute respiratory 
failure caused by influenza A (H3N2). Intern Med. 
2006;45(20):1183–6.

 262. Deerojanawong J, Prapphal N, Poovorawan 
Y. Prevalence, clinical presentations and complica-
tions among hospitalized children with influenza 
pneumonia. Jpn J Infect Dis. 2008;61:446–9.

 263. To K-F, Chan PK, Chan K-F, Lee W-K, Lam W-Y, 
Wong K-F, et  al. Pathology of fatal human infec-
tion associated with avian influenza A H5N1 virus. J 
Med Virol. 2001;63(3):242–6.

 264. Zhang Z, Zhang J, Huang K, Li K-S, Yuen K-Y, 
Guan Y, et al. Systemic infection of avian influenza 
A virus H5N1 subtype in humans. Hum Pathol. 
2009;40(5):735–9.

 265. Kimura K, Adlakha A, Simon PM.  Fatal case of 
swine influenza virus in an immunocompetent host. 
Mayo Clin Proc. 1998;73(3):243–5.

 266. Watanabe T, Okazaki E, Shibuya H. Influenza A virus- 
associated encephalopathy with haemophagocytic 
syndrome. Eur J Pediatr. 2003;162(11):799–800.

 267. de Jong MD, Cam BV, Qui PT, Hien VM, Thanh TT, 
Hue NB, et al. Fatal avian influenza A (H5N1) in a 
child presenting with diarrhea followed by coma. N 
Engl J Med. 2005;352(7):686–91.

 268. Chokephaibulkit K, Uiprasertkul M, Puthavathana P, 
Chearskul P, Auewarakul P, Dowell SF, et al. A child 
with avian influenza A (H5N1) infection. Pediatr 
Infect Dis J. 2005;24(2):162–6.

 269. Peiris J, Yu W, Leung C, Cheung C, Ng W, 
Nicholls JA, et  al. Re-emergence of fatal human 
influenza A subtype H5N1 disease. Lancet. 
2004;363(9409):617–9.

E. M. Eloseily and R. Q. Cron



179

 270. Cheung CY, Poon LL, Lau AS, Luk W, Lau YL, 
Shortridge KF, et al. Induction of proinflammatory 
cytokines in human macrophages by influenza A 
(H5N1) viruses: a mechanism for the unusual severity 
of human disease? Lancet. 2002;360(9348):1831–7.

 271. Chan PK.  Outbreak of avian influenza A (H5N1) 
virus infection in Hong Kong in 1997. Clin Infect 
Dis. 2002;34(Suppl 2):S58–64.

 272. Ng WF, To KF, Lam WW, Ng TK, Lee KC.  The 
comparative pathology of severe acute respiratory 
syndrome and avian influenza A subtype H5N1—a 
review. Hum Pathol. 2006;37(4):381–90.

 273. Hsieh SM, Chang SC. Insufficient perforin expres-
sion in CD8+ T cells in response to hemagglutinin 
from avian influenza (H5N1) virus. J Immunol. 
2006;176(8):4530–3.

 274. Henter JI, Chow CB, Leung CW, Lau YL. Cytotoxic 
therapy for severe avian influenza A (H5N1) infec-
tion. Lancet. 2006;367(9513):870–3.

 275. Beigel JH, Farrar J, Han AM, Hayden FG, Hyer R, de 
Jong MD, et al. Avian influenza A (H5N1) infection 
in humans. N Engl J Med. 2005;353(13):1374–85.

 276. Schulert GS, Zhang M, Fall N, Husami A, Kissell D, 
Hanosh A, et  al. Whole-exome sequencing reveals 
mutations in genes linked to hemophagocytic lym-
phohistiocytosis and macrophage activation syn-
drome in fatal cases of H1N1 influenza. J Infect Dis. 
2016;213(7):1180–8.

 277. Kaya Z, Ozturk G, Gursel T, Bozdayi G. Spontaneous 
resolution of hemophagocytic syndrome and dis-
seminated intravascular coagulation associated with 
parvovirus b19 infection in a previously healthy 
child. Jpn J Infect Dis. 2005;58(3):149–51.

 278. Larroche C, Scieux C, Honderlick P, Piette AM, 
Morinet F, Bletry O.  Spontaneous resolution of 
hemophagocytic syndrome associated with acute 
parvovirus B19 infection and concomitant Epstein- 
Barr virus reactivation in an otherwise healthy adult. 
Eur J Clin Microbiol Infect Dis. 2002;21(10):739–42.

 279. Watanabe M, Shibuya A, Okuno J, Maeda T, 
Tamama S, Saigenji K. Hepatitis A virus infection 
associated with hemophagocytic syndrome: report 
of two cases. Intern Med. 2002;41(12):1188–92.

 280. Verma T, Aggarwal S. Childhood tuberculosis pre-
senting with haemophagocytic syndrome. Indian J 
Hematol Blood Transfus. 2012;28(3):178–80.

 281. Yang C, Lee J, Kim Y, Kim P, Lee S, Kim B, et al. 
Tuberculosis-associated hemophagocytic syndrome 
in a hemodialysis patient: case report and review of 
the literature. Nephron. 1996;72(4):690–2.

 282. Ruiz-argüelles GJ, Arizpe-Bravo D, Garces- 
Eisele J, Sanchez-Sosa S, Ruiz-argüelles A, 
Ponce-de-Leon S.  Tuberculosis-associated fatal 
hemophagocytic syndrome in a patient with lym-
phoma treated with fludarabine. Leuk Lymphoma. 
1998;28(5–6):599–602.

 283. Baraldes MA, Domingo P, Gonzalez MJ, Aventin A, 
Coll P. Tuberculosis-associated hemophagocytic syn-
drome in patients with acquired immunodeficiency 
syndrome. Arch Intern Med. 1998;158(2):194–5.

 284. Lam K, Ng W, Chan A.  Miliary tuberculosis with 
splenic rupture: a fatal case with hemophagocytic 
syndrome and possible association with long stand-
ing sarcoidosis. Pathology. 1994;26(4):493–6.

 285. Cascio A, Pernice L, Barberi G, Delfino D, Biondo 
C, Beninati C, et al. Secondary hemophagocytic lym-
phohistiocytosis in zoonoses. A systematic review. 
Eur Rev Med Pharmacol Sci. 2012;16(10):1324–37.

 286. Koduri PR, Chundi V, DeMarais P, Mizock BA, 
Patel AR, Weinstein RA. Reactive hemophagocytic 
syndrome: a new presentation of disseminated his-
toplasmosis in patients with AIDS. Clin Infect Dis. 
1995;21(6):1463–5.

 287. De Lavaissière M, Manceron V, Bourée P, Garçon 
L, Bisaro F, Delfraissy J-F, et  al. Reconstitution 
inflammatory syndrome related to histoplasmosis, 
with a hemophagocytic syndrome in HIV infection. 
J Infect. 2009;58(3):245–7.

 288. Hadchouel M, Prieur A-M, Griscelli C. Acute hem-
orrhagic, hepatic, and neurologic manifestations in 
juvenile rheumatoid arthritis: possible relationship 
to drugs or infection. J Pediatr. 1985;106(4):561–6.

 289. Wallace CA, Sherry DD. Trial of intravenous pulse 
cyclophosphamide and methylprednisolone in the 
treatment of severe systemic-onset juvenile rheuma-
toid arthritis. Arthritis Rheum. 1997;40(10):1852–5.

 290. Mouy R, Stephan J-L, Pillet P, Haddad E, Hubert 
P, Prieur A-M.  Efficacy of cyclosporine A in the 
treatment of macrophage activation syndrome in 
juvenile arthritis: report of five cases. J Pediatr. 
1996;129(5):750–4.

 291. Ravelli A, De Benedetti F, Viola S, Martini 
A.  Macrophage activation syndrome in systemic 
juvenile rheumatoid arthritis successfully treated 
with cyclosporine. J Pediatr. 1996;128(2):275–8.

 292. Henter J-I, Samuelsson-Horne A, Arico M, Egeler 
RM, Elinder G, Filipovich AH, et al. Treatment of 
hemophagocytic lymphohistiocytosis with HLH-94 
immunochemotherapy and bone marrow transplan-
tation. Blood. 2002;100(7):2367–73.

 293. Emmenegger U, Spaeth PJ, Neftel KA. Intravenous 
immunoglobulin for hemophagocytic lymphohistio-
cytosis? J Clin Oncol. 2002;20(2):599–601.

 294. Coca A, Bundy KW, Marston B, Huggins J, Looney 
RJ.  Macrophage activation syndrome: serological 
markers and treatment with anti-thymocyte globulin. 
Clin Immunol. 2009;132(1):10–8.

 295. Aeberli D, Oertle S, Mauron H, Reichenbach S, 
Jordi B, Villiger PM.  Inhibition of the TNF path-
way: use of infliximab and etanercept as remission- 
inducing agents in cases of therapy-resistant 
chronic inflammatory disorders. Swiss Med Wkly. 
2002;132(29–30):414–22.

 296. Emmenegger U, Reimers A, Frey U, Fux C, Bihl 
F, Semela D, et al. Reactive macrophage activation 
syndrome: a simple screening strategy and its poten-
tial in early treatment initiation. Swiss Med Wkly. 
2002;132(17/18):230–6.

 297. Henzan T, Nagafuji K, Tsukamoto H, Miyamoto T, 
Gondo H, Imashuku S, et al. Success with infliximab 

14 Macrophage Activation Syndrome



180

in treating refractory hemophagocytic lymphohistio-
cytosis. Am J Hematol. 2006;81(1):59–61.

 298. Maeshima K, Ishii K, Iwakura M, Akamine M, 
Hamasaki H, Abe I, et al. Adult-onset Still’s disease 
with macrophage activation syndrome successfully 
treated with a combination of methotrexate and etan-
ercept. Mod Rheumatol. 2012;22(1):137–41.

 299. Makay B, Yılmaz Ş, Türkyılmaz Z, Ünal N, Ören 
H, Ünsal E. Etanercept for therapy-resistant macro-
phage activation syndrome. Pediatr Blood Cancer. 
2008;50(2):419–21.

 300. Prahalad S, Bove KE, Dickens D, Lovell DJ, 
Grom AA.  Etanercept in the treatment of mac-
rophage activation syndrome. J Rheumatol. 
2001;28(9):2120–4.

 301. Sellmer A, Stausbøl-Grøn B, Krag-Olsen B, Herlin 
T. Successful use of infliximab in macrophage acti-
vation syndrome with severe CNS involvement. 
Scand J Rheumatol. 2011;40(2):156–7.

 302. Takahashi N, Naniwa T, Banno S.  Successful 
use of etanercept in the treatment of acute lupus 
hemophagocytic syndrome. Mod Rheumatol. 
2008;18(1):72–5.

 303. Verbsky JW, Grossman WJ.  Hemophagocytic 
lymphohistiocytosis: diagnosis, pathophysiol-
ogy, treatment, and future perspectives. Ann Med. 
2006;38(1):20–31.

 304. Chauveau E, Terrier F, Casassus-Buihle D, 
Moncoucy X, Oddes B. Macrophage activation syn-
drome after treatment with infliximab for fistulated 
Crohn’s disease. Presse Med. 2005;34(8):583–4.

 305. Kaneko K, Kaburaki M, Muraoka S, Tanaka N, 
Yamamoto T, Kusunoki Y, et  al. Exacerbation 
of adult-onset Still’s disease, possibly related to 
elevation of serum tumor necrosis factor-alpha 
after etanercept administration. Int J Rheum Dis. 
2010;13(4):e67–e9.

 306. Kimura Y, Pinho P, Walco G, Higgins G, Hummell 
D, Szer I, et al. Etanercept treatment in patients with 
refractory systemic onset juvenile rheumatoid arthri-
tis. J Rheumatol. 2005;32(5):935–42.

 307. Ramanan AV, Schneider R.  Macrophage activation 
syndrome following initiation of etanercept in a 
child with systemic onset juvenile rheumatoid arthri-
tis. J Rheumatol. 2003;30(2):401–3.

 308. Sandhu C, Chesney A, Piliotis E, Buckstein R, Koren 
S. Macrophage activation syndrome after etanercept 
treatment. J Rheumatol. 2007;34(1):241.

 309. Sterba G, Sterba Y, Stempel C, Blank J, Azor E, 
Gomez L. Macrophage activation syndrome induced 
by etanercept in a patient with systemic sclerosis. Isr 
Med Assoc J. 2010;12(7):443.

 310. Stern A, Riley R, Buckley L. Worsening of macro-
phage activation syndrome in a patient with adult 
onset Still’s disease after initiation of etanercept 
therapy. J Clin Rheumatol. 2001;7(4):252–6.

 311. Agarwal S, Moodley J, Goel GA, Theil KS, 
Mahmood SS, Lang RS.  A rare trigger for mac-
rophage activation syndrome. Rheumatol Int. 
2011;31(3):405–7.

 312. Moltó A, Mateo L, Lloveras N, Olivé A, Minguez 
S.  Visceral leishmaniasis and macrophagic activa-
tion syndrome in a patient with rheumatoid arthritis 
under treatment with adalimumab. Joint Bone Spine. 
2010;77(3):271–3.

 313. Nigrovic PA, Mannion M, Prince FH, Zeft A, 
Rabinovich CE, Van Rossum MA, et  al. Anakinra 
as first-line disease-modifying therapy in systemic 
juvenile idiopathic arthritis: report of forty-six 
patients from an international multicenter series. 
Arthritis Rheum. 2011;63(2):545–55.

 314. Pascual V, Allantaz F, Arce E, Punaro M, Banchereau 
J.  Role of interleukin-1 (IL-1) in the pathogenesis 
of systemic onset juvenile idiopathic arthritis and 
clinical response to IL-1 blockade. J Exp Med. 
2005;201(9):1479–86.

 315. Bruck N, Suttorp M, Kabus M, Heubner G, Gahr 
M, Pessler F. Rapid and sustained remission of sys-
temic juvenile idiopathic arthritis-associated macro-
phage activation syndrome through treatment with 
anakinra and corticosteroids. J Clin Rheumatol. 
2011;17(1):23–7.

 316. Kelly A, Ramanan AV. A case of macrophage acti-
vation syndrome successfully treated with anakinra. 
Nat Clin Pract Rheumatol. 2008;4(11):615–20.

 317. Record JL, Beukelman T, Cron RQ.  Combination 
therapy of abatacept and anakinra in children with 
refractory systemic juvenile idiopathic arthri-
tis: a retrospective case series. J Rheumatol. 
2011;38(1):180–1.

 318. Clark SR, McMahon CJ, Gueorguieva I, Rowland 
M, Scarth S, Georgiou R, et al. Interleukin-1 recep-
tor antagonist penetrates human brain at experimen-
tally therapeutic concentrations. J Cereb Blood Flow 
Metab. 2008;28(2):387–94.

 319. Canna S, Frankovich J, Higgins G, Narkewicz MR, 
Nash SR, Hollister JR, et al. Acute hepatitis in three 
patients with systemic juvenile idiopathic arthritis 
taking interleukin-1 receptor antagonist. Pediatr 
Rheumatol. 2009;7(1):1.

 320. Lurati A, Teruzzi B, Salmaso A, Demarco G, 
Pontikati I, Gattinara M, et al. Macrophage activa-
tion syndrome (MAS) during anti-IL1 receptor ther-
apy (anakinra) in a patient affected by systemic onset 
idiopathic juvenile arthritis (soJIA): a report and 
review of the literature. Pediatr Rheumatol Online J. 
2005;3(2):79–85.

 321. Zeft A, Hollister R, LaFleur B, Sampath P, Soep J, 
McNally B, et  al. Anakinra for systemic juvenile 
arthritis: the Rocky Mountain experience. J Clin 
Rheumatol. 2009;15(4):161–4.

 322. Yokota S, Imagawa T, Mori M, Miyamae T, Aihara 
Y, Takei S, et al. Efficacy and safety of tocilizumab 
in patients with systemic-onset juvenile idiopathic 
arthritis: a randomised, double-blind, placebo- 
controlled, withdrawal phase III trial. Lancet. 
2008;371(9617):998–1006.

 323. Mizutani S, Kuroda J, Shimura Y, Kobayashi T, 
Tsutsumi Y, Yamashita M, et al. Cyclosporine A for 
chemotherapy-resistant subcutaneous panniculitis- 

E. M. Eloseily and R. Q. Cron



181

like T cell lymphoma with hemophagocytic syn-
drome. Acta Haematol. 2011;126(1):8–12.

 324. Brudno JN, Kochenderfer JN. Toxicities of chimeric 
antigen receptor T cells: recognition and manage-
ment. Blood. 2016;127(26):3321–30.

 325. Alexeeva EI, Valieva SI, Bzarova TM, Semikina EL, 
Isaeva KB, Lisitsyn AO, et  al. Efficacy and safety 
of repeat courses of rituximab treatment in patients 
with severe refractory juvenile idiopathic arthritis. 
Clin Rheumatol. 2011;30(9):1163–72.

 326. Bosman G, Langemeijer SC, Hebeda K, Raemaekers 
J, Pickkers P, van der Velden W. The role of ritux-
imab in a case of EBV-related lymphoproliferative 
disease presenting with haemophagocytosis. Neth J 
Med. 2009;67(8):364–5.

 327. Fischer A, Cerf-Bensussan N, Blanche S, Le Deist 
F, Bremard-Oury C, Leverger G, et  al. Allogeneic 
bone marrow transplantation for erythrophagocytic 
lymphohistiocytosis. J Pediatr. 1986;108(2):267–70.

 328. Baker K, Filipovich A, Gross T, Grossman W, 
Hale G, Hayashi R, et  al. Unrelated donor hema-
topoietic cell transplantation for hemophagocytic 
lymphohistiocytosis. Bone Marrow Transplant. 
2008;42(3):175–80.

 329. Baker KS, DeLaat CA, Steinbuch M, Gross TG, 
Shapiro RS, Loechelt B, et al. Successful correction 
of hemophagocytic lymphohistiocytosis with related 
or unrelated bone marrow transplantation. Blood. 
1997;89(10):3857–63.

 330. Blanche S, Caniglia M, Girault D, Landman J, 
Griscelli C, Fischer A.  Treatment of hemophago-
cytic lymphohistiocytosis with chemotherapy and 
bone marrow transplantation: a single-center study 
of 22 cases. Blood. 1991;78(1):51–4.

 331. Dürken M, Horstmann M, Bieling P, Erttmann R, 
Kabisch H, Löliger C, et  al. Improved outcome in 
haemophagocytic lymphohistiocytosis after bone 
marrow transplantation from related and unrelated 
donors: a single-centre experience of 12 patients. Br 
J Haematol. 1999;106(4):1052–8.

 332. Dürken M, Finckenstein FG, Janka GE. Bone mar-
row transplantation in hemophagocytic lymphohis-
tiocytosis. Leuk Lymphoma. 2001;41(1–2):89–95.

 333. Kobayashi R, Tanaka J, Hashino S, Ota S, Torimoto 
Y, Kakinoki Y, et al. Etoposide-containing condition-
ing regimen reduces the occurrence of hemophago-
cytic lymphohistiocytosis after SCT. Bone Marrow 
Transplant. 2014;49(2):254–7.

 334. Carmo M, Risma KA, Arumugam P, Tiwari S, Hontz 
AE, Montiel-Equihua CA, et al. Perforin gene trans-
fer into hematopoietic stem cells improves immune 
dysregulation in murine models of perforin defi-
ciency. Mol Ther. 2015;23(4):737–45.

 335. Rivat C, Booth C, Alonso-Ferrero M, Blundell M, 
Sebire NJ, Thrasher AJ, et  al. SAP gene transfer 
restores cellular and humoral immune function in a 
murine model of X-linked lymphoproliferative dis-
ease. Blood. 2013;121(7):1073–6.

 336. Jordan MB, Hildeman D, Kappler J, Marrack 
P.  An animal model of hemophagocytic lympho-

histiocytosis (HLH): CD8+ T cells and  interferon 
gamma are essential for the disorder. Blood. 
2004;104(3):735–43.

 337. Schmid JP, Ho CH, Chrétien F, Lefebvre JM, Pivert 
G, Kosco-Vilbois M, et  al. Neutralization of IFNγ 
defeats haemophagocytosis in LCMV-infected 
perforin- and Rab27a-deficient mice. EMBO Mol 
Med. 2009;1(2):112–24.

 338. Bracaglia C, Caiello I, De Graaf K, D’Ario G, 
Guilhot F, Ferlin W, et al. Interferon-gamma (IFNy) 
in macrophage activation syndrome (MAS) asso-
ciated with systemic juvenile idiopathic arthritis 
(sJIA). High levels in patients and a role in a murine 
mas model. Pediatr Rheumatol. 2014;12(1):1.

 339. Takada H, Takahata Y, Nomura A, Ohga S, Mizuno 
Y, Hara T.  Increased serum levels of interferon- 
γ- inducible protein 10 and monokine induced by 
gamma interferon in patients with haemophago-
cytic lymphohistiocytosis. Clin Exp Immunol. 
2003;133(3):448–53.

 340. Billiau AD, Roskams T, Van Damme-Lombaerts R, 
Matthys P, Wouters C. Macrophage activation syn-
drome: characteristic findings on liver biopsy illus-
trating the key role of activated, IFN-γ-producing 
lymphocytes and IL-6-and TNF-α-producing mac-
rophages. Blood. 2005;105(4):1648–51.

 341. Science UnLo. 2016. https://clinicaltrials.gov/ct2/
show/NCT01818492.

 342. Tesi B, Sieni E, Neves C, Romano F, Cetica V, 
Cordeiro AI, et  al. Hemophagocytic lymphohistio-
cytosis in 2 patients with underlying IFN-[gamma] 
receptor deficiency. J Allergy Clin Immunol. 
2015;135(6):1638.

 343. Sikora KA, Fall N, Thornton S, Grom AA.  The 
limited role of interferon-γ in systemic juve-
nile idiopathic arthritis cannot be explained by 
cellular hyporesponsiveness. Arthritis Rheum. 
2012;64(11):3799–808.

 344. Das R, Guan P, Sprague L, Verbist K, Tedrick P, An 
QA, et  al. Janus kinase inhibition lessens inflam-
mation and ameliorates disease in murine models 
of hemophagocytic lymphohistiocytosis. Blood. 
2016;127(13):1666–75.

 345. Maschalidi S, Sepulveda FE, Garrigue A, Fischer 
A, de Saint Basile G.  Therapeutic effect of 
JAK1/2 blockade on the manifestations of hemo-
phagocytic lymphohistiocytosis in mice. Blood. 
2016;128(1):60–71. https://doi.org/10.1182/
blood-2016-02-700013.

 346. Chuang HC, Lay JD, Hsieh WC, Su IJ. Pathogenesis 
and mechanism of disease progression from hemo-
phagocytic lymphohistiocytosis to Epstein–Barr 
virus-associated T-cell lymphoma: nuclear factor-κB 
pathway as a potential therapeutic target. Cancer Sci. 
2007;98(9):1281–7.

 347. Hsieh W-C, Lan B-S, Chen Y-L, Chang Y, Chuang 
H-C, Su I-J.  Efficacy of peroxisome proliferator 
activated receptor agonist in the treatment of virus- 
associated haemophagocytic syndrome in a rabbit 
model. Antivir Ther. 2010;15(1):71–81.

14 Macrophage Activation Syndrome

https://clinicaltrials.gov/ct2/show/NCT01818492
https://clinicaltrials.gov/ct2/show/NCT01818492
https://doi.org/10.1182/blood-2016-02-700013
https://doi.org/10.1182/blood-2016-02-700013


182

 348. Yang J, Huck SP, McHugh RS, Hermans IF, 
Ronchese F.  Perforin-dependent elimination of 
dendritic cells regulates the expansion of antigen- 
specific CD8+ T cells in vivo. Proc Natl Acad Sci U 
S A. 2006;103(1):147–52.

 349. Brisse E, Wouters CH, Matthys P. Hemophagocytic 
lymphohistiocytosis (HLH): a heterogeneous spec-
trum of cytokine-driven immune disorders. Cytokine 
Growth Factor Rev. 2015;26(3):263–80.

 350. Favilli F, Anzilotti C, Martinelli L, Quattroni P, De 
Martino S, Pratesi F, et  al. IL-18 activity in sys-
temic lupus erythematosus. Ann N Y Acad Sci. 
2009;1173:301–9.

 351. Novick D, Elbirt D, Miller G, Dinarello CA, 
Rubinstein M, Sthoeger ZM.  High circulating lev-
els of free interleukin-18 in patients with active SLE 
in the presence of elevated levels of interleukin-18 
binding protein. J Autoimmun. 2010;34(2):121–6.

 352. Dinarello CA.  Interleukin-18 and the pathogen-
esis of inflammatory diseases. Semin Nephrol. 
2007;27(1):98–114.

 353. Chiossone L, Audonnet S, Chetaille B, Chasson L, 
Farnarier C, Berda-Haddad Y, et al. Protection from 
inflammatory organ damage in a murine model of 
hemophagocytic lymphohistiocytosis using treat-
ment with IL-18 binding protein. Front Immunol. 
2012;3:239.

 354. Canna SW, Girard C, Malle L, de Jesus A, Romberg 
N, Kelsen J, et  al. Life-threatening NLRC4- 
associated hyperinflammation successfully treated 
with IL-18 inhibition. J Allergy Clin Immunol. 
2017;139(5):1698–701.

 355. Palmblad K, Schierbeck H, Sundberg E, Horne AC, 
Harris HE, Henter JI, et al. High systemic levels of 
the cytokine-inducing HMGB1 isoform secreted in 
severe macrophage activation syndrome. Mol Med. 
2014;20:538–47.

 356. Rood JE, Rao S, Paessler M, Kreiger PA, Chu N, 
Stelekati E, et al. ST2 contributes to T-cell hyperac-
tivation and fatal hemophagocytic lymphohistiocy-
tosis in mice. Blood. 2016;127(4):426–35.

E. M. Eloseily and R. Q. Cron



183© Springer International Publishing AG, part of Springer Nature 2018 
G. Ragab et al. (eds.), The Microbiome in Rheumatic Diseases and Infection, 
https://doi.org/10.1007/978-3-319-79026-8_15

Rheumatoid Arthritis

Matthew L. Stoll, S. Louis Bridges Jr., 
and Maria I. Danila

Abbreviations

ACPA  Anti-cyclic citrullinated peptide 
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CRA Chronic rheumatoid arthritis
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SE Shared epitope
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TNFi Tumor necrosis factor inhibitor

 Introduction

The concept that rheumatoid arthritis (RA) could 
be mediated by infections is more than 100 years 
old, since Bailey suggested that the disease was 
likely mediated by bacterial toxins and indicated 
that the offending bacterium may reside in the 
gastrointestinal tract [1]. Indeed, the RA infec-
tion theory was the rationale for the development 
of sulfasalazine in the 1940s [2] as well as for 
several of the early trials evaluating antibiotics as 
a therapeutic tool (Table 15.1). Over the ensuing 
decades, the concept that RA was mediated by 
infections largely fell out of favor, because no 
single organism was clearly identified using can-
didate organism approaches. The pendulum has 
swung back. Beginning with the study by 
Vaahtovuo et al. [3], multiple investigators have 
used culture-independent technology to query 
mucosal populations at several different body 
surfaces, finding abnormalities that in many cases 
have been remarkably consistent and which lead 
to the conclusion that the oral and enteric micro-
biota predispose to the development of RA and 
the formation of its hallmark antibody, anti-cyclic 
citrullinated peptide antibodies (ACPAs).
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 Fecal Microbiota in RA

Multiple studies have evaluated the contents of 
the fecal microbiota in RA (Table 15.2). There is 
substantial heterogeneity in the published stud-
ies, primarily in the methodology used to identify 
the bacteria, the geographic location of the sub-
jects, the use of immunomodulatory medications 
in the RA patients, and the source of the controls. 
The first three studies to evaluate the microbiota 
as a whole used fecal culture followed by various 
analytic techniques to identify anaerobic and aer-
obic organisms, as well as to identify a limited 
number of specific organisms through traditional 
methods [4–6]. These studies were limited in 
their ability to identify the vast majority of the 
bacteria present in the intestinal tract, and not 
surprisingly, few differences emerged. Shinebaum 
[4] reported increased C. perfringens in RA 
patients, a finding that was subsequently thought 
to be secondary to the use of nonsteroidal anti- 
inflammatory drugs (NSAIDs) on the basis of the 
observation that RA patients and osteoarthritis 
(OA) patients on NSAIDs had similar burden of 
this organism and both patient populations had a 
higher abundance of C. perfringens as compared 
to OA patients not taking NSAIDs [6]. Severijnen 
reported higher frequency of what was termed 
“coccoid rods” in RA patients [5]. None of these 
studies identified any bacteria that were lower in 
patients.

Although still widely used in clinical medi-
cine, culture is a suboptimal modality to differen-
tiate all of the components of a complex 
community of bacteria. It is generally cited that 
only about 20% of intestinal bacteria can be cul-
tured [7]. Although the number may in fact be 
higher [8], culture and identification is neverthe-
less a highly labor-intensive approach; it has been 
estimated that to culture and identify the fecal 
community of bacteria would take about one 
person- year of laboratory effort [9]. In contrast, 
the process of sequencing of 16S ribosomal DNA 
and its analysis can be completed in a few days.

Thus, as the technology became available, 
genetic tools were used to compare the fecal 
microbiota of RA patients and controls. The first 
such study to do so was published by Vaahtovuo 

et al. [3]. This study was nevertheless limited by 
the use of specific genetic probes, rather than 
pan-bacterial markers that have since become 
state of the art. In addition, this early study was 
possibly limited by the use of patients with fibro-
myalgia as controls, as it has not been established 
whether their microbiota is representative of 
healthy adults. They observed four probe sets of 
bacteria to be reduced in RA ([1] Bacteroides/Po
rphyromonas/Prevotella, [2] B. fragilis, [3] 
Bifidobacterium, [4] Eubacterium rectale–Clos-
tridium coccoides group) and did not identify any 
elevated probes. Today, we recognize that inclu-
sion of both Bacteroides and Prevotella in a sin-
gle probe set is a limitation, as these two genera 
constitute two distinct enterotypes, which tend to 
be inversely correlated with one another [10].

All subsequent studies used either sequencing 
of the 16S ribosomal DNA, whole-genome 
sequencing, or a combination of these approaches. 
As discussed elsewhere (Chap. 3), these 
approaches constitute far more comprehensive 
and relatively unbiased approaches to query the 
microbiota. The first of these metagenomics stud-
ies was the groundbreaking work published by 
Scher and colleagues in 2013 evaluating popula-
tions of subjects with new-onset RA (NORA), 
long-standing or chronic RA (CRA), and healthy 
controls (HC) [11]. This study also included sub-
jects with psoriatic arthritis, which is the topic of 
a different chapter (Chap. 18). One of the key 
findings was a striking increase in the abundance 
of a single organism, Prevotella copri, which had 
a fecal abundance upwards of 50% in some sub-
jects and greater than 5% in 33/44 (75%) of 
NORA subjects compared to 6/28 (21%) of 
HC. Fecal carriage of P. copri was higher in RA 
patients without versus with the shared epitope 
(SE), a 5 amino acid sequence motif in residues 
70–74 of the HLA-DRβ chain (QKRAA, 
QRRAA, or RRRAA) that is the genetic factor 
that confers the highest risk for RA susceptibility 
[12]. This latter finding suggests that the abun-
dance of P. copri above a certain threshold may 
be needed to overcome the lack of genetic predis-
position to RA. Interestingly, the abundance of P. 
copri in subjects with CRA was similar to that of 
healthy controls.
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A subsequent study of NORA patients like-
wise suggested a role for intestinal P. copri in the 
etiopathogenesis of RA. Maeda et al. studied 17 
subjects with NORA and 14 HC [13]. Principal 
component analysis of the sequencing of the 16S 
rDNA identified four clusters. One dominated by 
Prevotella was comprised only of RA patients. 
Most of the Prevotella sequences aligned closely 
with P. copri, and patients in the Prevotella clus-
ter had elevated inflammatory markers when 
compared to patients in the remaining clusters.

A Chinese study of NORA patients did not 
identify significant differences in the abundance 
of fecal P. copri between patients and controls, 
indicating that geographic differences in genet-
ics and diet likely also play important roles in 
determining microbial contributions to arthritis. 
In this study, 94 NORA patients and 80 HC 
underwent metagenomic shotgun sequencing. 
Taxa abundant in RA patients included 
Eggerthella lenta and Clostridium asparagi-
forme, while those abundant in controls included 
Klebsiella pneumoniae, Megamonas hyper-
megale, Sutterella wadsworthensis, and 
Bifidobacterium bifidum. Longitudinal evalua-
tion of treated RA participants showed that 
baseline levels of some bacteria, particularly 
those containing certain virulence factors, were 
predictive of response to therapy. Using repeat 
specimens from 40 patients following initiation 
of therapy, the authors showed that changes in 
the gut microbiota did not correlate very well 
with response to therapy.

A North American study of CRA patients 
showed RA patients to be deficient in fecal 
Faecalibacterium prausnitzii and abundant for 
rare bacteria within the Actinobacteria phylum, 
primarily Collinsella and Eggerthella [14]. The 
latter finding is consistent with the study by 
Zhang et al. [15]. As discussed elsewhere (Chap. 
19) in this textbook, F. prausnitzii has been 
shown to be decreased in adult and pediatric 
patients with inflammatory bowel disease [16], as 
well as in children with enthesitis-related arthritis 
[17, 18]. Its role in arthritis has been attributed to 
a variety of potential factors, such as its effects of 
development of regulatory T cells [19] and on the 
health of the enterocytes [20].

In summary, multiple studies have evaluated 
the fecal microbiota in RA patients. All of the 
studies that used sequencing methods to identify 
bacteria have identified substantial differences 
between RA patients and controls. Moreover, 
two of them, despite geographic heterogeneity, 
demonstrated depletion of Bacteroides [3, 11] 
and two showed increased abundance of P. copri 
[11, 13], findings which have not been observed 
in patients with CRA [11, 14]. The only excep-
tion to these general findings was a study con-
ducted in China, in which Bacteroides was 
enriched in RA patients [15]. Additional com-
monalities described in this body of work include 
that two of these studies demonstrated expansion 
of a rare genus called Eggerthella [14, 15]. 
Finally, both studies that reported on the within-
group (alpha) diversity of the samples demon-
strated decreased diversity in RA patients, 
although in one of these studies, this finding was 
dependent upon the metric used [11, 14].

Several studies provided mechanisms by 
which the associated bacteria may predispose to 
arthritis. For example, one of the findings by 
Chen et  al. was that a rare genus within the 
Actinobacteria phylum, Collinsella, was enriched 
in RA patients [14]. As part of the study, the 
authors introduced this organism into the 
collagen- induced arthritis model, finding that 
addition of Collinsella increased the frequency 
albeit not the severity of arthritis. They also found 
that mouse dendritic cells (DC) pre-cultured with 
Collinsella demonstrated more robust responses 
to collagen as compared to DC not cultured with 
Collinsella and that Collinsella increased the per-
meability of the CACO-2 intestinal cell line. 
Taken together, they proposed that a combination 
of decreased Faecalibacterium and increased 
Collinsella resulted in increased intestinal per-
meability, potentially permitting microbial com-
ponents to enter the lamina propria and trigger 
dysfunctional immunity. Likewise, Scher et  al. 
demonstrated that colonization of antibiotic- 
depleted mice with P. copri, the most abundant 
organism in their study, resulted in increased 
colitis induced by dextran sulfate [11]. Maeda 
et  al. used fecal transplant to test the ability of 
Prevotella to induce arthritis in SKG mice 
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injected with zymosan, finding that microbiota 
containing Prevotella were associated with the 
development of arthritis while microbiota lack-
ing Prevotella—whether derived from RA 
patients or healthy controls—did not [13]. The 
Prevotella-exposed mice also had increased 
numbers of CD4+ and CD4 + IL-17+ T cells in 
the large intestine, and T cells derived from 
regional lymph nodes in these mice showed 
enhanced Th17 responses compared to T cells 
derived from mice exposed to control 
microbiota.

Thus, studies of the fecal microbiota in RA 
patients indicate expansion of P. copri in NORA 
patients and also show in animal systems that P. 
copri is pro-inflammatory and immunogenic. 
Pianta et al. demonstrated that P. copri is immu-
nogenic in humans as well [21]. They used liq-
uid chromatography mass spectroscopy to 
identify the peptidome from HLA-DR+ antigen- 
presenting cells. Among them was a peptide that 
matched to a portion of a 27-kD protein from P. 
copri (Pc-p27). Production of interferon-gamma 
following in vitro exposure to this peptide was 
observed in T cells from 17/40 (42%) of RA 
patients compared to 0/15 healthy controls and 
0/10 patients with Lyme arthritis. Likewise, RA 
patients demonstrated increased levels of IgA 
antibodies against both the peptide and whole 
bacteria, with the levels of these antibodies cor-
relating with those of inflammatory cytokines. 
Thus, P. copri is not only abundant in NORA 
but also appears to trigger mucosal immune 
reactions.

While there is compelling evidence that P. 
copri is likely involved in the initiation of RA, 
there are still multiple unanswered questions. It is 
not known what drives the expansion of 
Prevotella, nor what factors cause it evidently to 
return to normal in patients with long-standing 
disease. Would prevention of this expansion of P. 
copri be able to prevent this disease from start-
ing, and would eradication of P. copri be a thera-
peutic option? The latter seems unlikely, in light 
of the absence of any studies showing expansion 
of this organism in patients with long-standing 
disease. Additionally, if P. copri induces mucosal 
immunity and inflammation, as the study by 

Scher suggested [11], why is subclinical gut 
inflammation a rare finding in patients with RA, 
as compared to patients with spondyloarthritis 
[22, 23]?

 Periodontal Disease and Associated 
Microbiota in RA

The gut is not the only habitat that has been asso-
ciated with RA; the oral microbiota may also 
play an important role in the disease, particularly 
in the context of periodontal disease (PD). PD is 
fundamentally an infectious and inflammatory 
process [24, 25]. An early step in the initiation of 
PD is the development of a biofilm consisting of 
oral bacteria. This biofilm permits the expansion 
of pathogenic organisms, such as Porphyromonas 
gingivalis, that are not ordinarily present on the 
gingival surface in significant quantities [25]. P. 
gingivalis is a gram-negative anaerobic coccoba-
cillus that can both elude host immune responses 
and cause local tissue destruction [25]. Deep 
sequencing of the gingival microbiota revealed 
that P. gingivalis is only present in subjects with 
PD, even among RA patients [26]. The host 
responds to the microbial challenge by generat-
ing an immunologic response, consisting of vari-
ous innate and adaptive mediators of 
inflammation. This results in plaque formation 
and local gingival inflammation. As this pro-
gresses, the connective tissue attachment to the 
tooth is damaged, followed by the development 
of bone destruction [24]. Treatment of periodon-
titis typically consists of a procedure called scal-
ing and root planning (SRP), which consists of 
physical removal of the plaque, which is the 
nidus of the inflammatory process [27].

There is abundant epidemiologic evidence of 
an association between RA and PD [26, 28–31]. 
For example, a cross-sectional study conducted 
through the National Health and Nutrition 
Examination Survey III consisting of 4461 North 
American participants showed that RA patients 
were more likely to have PD compared to those 
without RA (OR 1.82 following adjustment for 
multiple potential confounders, including smok-
ing status, 95% CI 1.04–3.20) [28]. Likewise, a 
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cross-sectional study of 852 non-smoking adults 
in India referred for periodontal evaluation 
showed an incidence of RA of 4.4%, compared to 
1% in the general population [29]. Small studies 
have found such an association as well [26, 30, 
31], including those that were limited to patients 
with newly diagnosed disease [26, 31].

There are many potential explanations for this 
association. One potential association is that this 
reflects confounding by cigarette smoking. That 
is, cigarette smoking is a well-known risk factor 
for RA [32] and is also a risk factor for PD [33], 
so the association between RA and PD could 
potentially reflect confounding by the shared risk 
factor of cigarette smoking. Arguing against this 
possibility is that the large studies discussed 
above took smoking into account, either through 
statistical adjustment [28] or by excluding smok-
ers [29], yet the association holds. Furthermore, 
as discussed below, it is plausible that cigarette 
smoking is not simply a shared risk factor for PD 
and RA, but drives the increased risk of RA 
through the intermediary of PD.

Another potential mechanism accounting for 
the association between PD and RA is the possi-
bility that oral microbiota might end up in the 
synovium, triggering a local inflammatory pro-
cess. For example, Reichert et al. found genetic 
material from P. gingivalis in the synovium of 
7/42 (16.7%) of RA patients vs 4/114 (3.5%) of 
HC, p  =  0.009 [34]. However, this does not 
appear to be a specific finding, as similar organ-
isms were also observed in the synovium of sub-
jects with OA [35], and others have found that 
bacterial DNA as a whole is present in subjects 
with a variety of disorders [36–39]. It was sug-
gested that this finding reflects non-specific trap-
ping of killed bacteria by inflamed joints [40].

A third potential mechanism is that the arthritic 
process, and its therapy, may contribute to 
PD.  That is, the immunosuppressive therapy of 
RA might predispose to the bacterial overgrowth 
that defines PD, or the decreased mobility of the 
hand and wrist resulting from the disease process 
in RA could impair oral hygiene, thus contributing 
to PD. This explanation would not entirely account 
for the findings of severe PD in patients with 
NORA [26, 31], nor for data showing that antibod-

ies again P. gingivalis develop prior to the devel-
opment of symptoms associated with RA [41]. 
More importantly, the possibility that active RA 
results in PD would not account for the findings 
reported in several prospective studies, in which 
periodontal therapy consisting of SRP has been 
shown to be therapeutic for RA [42–45]. In open-
label studies, Erciyas et  al. reported improved 
Disease Activity Score (DAS) levels and inflam-
matory markers among 60 subjects with mild or 
moderate RA who underwent SRP [42]; Biyikoglu 
et  al. reported improved DAS and inflammatory 
markers among the 10 of 15 RA patients who 
underwent SRP and completed the study [43]; and 
Ribeiro et al. observed improved ESR among 22 
subjects with RA who underwent SRP, but not in a 
parallel albeit not evidently randomized group of 
16 subjects who underwent dental cleaning alone 
[44]. Although these open-label studies were not 
without biases in their design and analysis, similar 
findings were reported in a randomized study pub-
lished by Ortiz et al. [45]. In this study, 40 subjects 
with active RA on stable therapy and severe PD 
were randomized to receive treatment for the latter 
versus no additional care, stratifying for baseline 
use of tumor necrosis factor inhibitor (TNFi) ther-
apy in 20 of the subjects. They found substantial 
improvements in multiple clinical and laboratory 
markers of RA regardless of background TNFi use 
in the SRP arm.

A fourth potential mechanism accounting for 
the link between PD and RA is that as PD is an 
inflammatory process, PD and RA may reflect 
similar immunoregulatory environments that 
therefore might tend to co-occur in the same pop-
ulation, not unlike the associations between 
spondyloarthritis and inflammatory bowel dis-
ease or psoriasis. This possibility is supported by 
shared genetics between RA and PD, particularly 
among HLA-DRB1 alleles containing the SE 
[46]. There are multiple schema for classifying 
HLA-DRB1 risk alleles in RA but studies have 
largely shifted to analysis of amino acid residues 
rather than alleles. Amino acid residues encoded 
at positions 11, 71, and 74  in HLA-DRB1 are 
thought to be most important in RA risk [47]. To 
our knowledge, the association between PD and 
the SE at the amino acid level has yet to be 
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explored. Additional evidence for shared patho-
physiologic mechanisms between RA and PD 
includes other genetic susceptibility factors [48], 
as well as findings that inflammation in periodon-
tal tissue is mediated at least in part by cytokines 
such as interleukin (IL)-1, IL-6, and TNF, that 
have become therapeutic targets in RA [49]. 
However, the possibility that these shared mecha-
nisms account for the association between PD 
and RA ultimately fail to account for the findings 
discussed above that treatment of PD results in 
improved clinical parameters in RA.

A fifth mechanism is that P. gingivalis may 
itself be the target of the immune system in 
RA.  Several studies in patients with RA have 
shown elevated IgG antibodies directed against P. 
gingivalis [50–54]. However, other studies have 
reported contradictory findings [26, 55, 56], and 
the presence of these antibodies may reflect that 
this organism is present in the context of an 
inflammatory milieu without necessarily being 
pathogenic. Thus, although it is certainly plausi-
ble that there may be heterogeneity in the dis-
ease, with such antibodies contributing to the 
disease process in a subset of patients, the role of 
these antibodies in the pathogenesis of RA 
requires further study.

Finally, the association between PD and RA 
may be mediated by P. gingivalis, (the “2-hit” 
model of RA pathogenesis). According to this 
model, P. gingivalis contributes to RA through 
citrullination of proteins via its peptidylarginine 
deiminase (PAD) enzyme, resulting in the devel-
opment of ACPAs [57]. ACPAs serve as diagnos-
tic markers for RA, and third-generation ACPA 
assays have sensitivity ranging from 61.3 to 82.9 
and specificity ranging from 93 to 97.6 for the 
diagnosis of RA [58]. Human proteins are not 
typically citrullinated. However, the PAD enzyme 
in humans and P. gingivalis converts the amino 
acid arginine into citrulline residues. Humans 
encode five PAD isotypes (PAD1-PAD4, and 
PAD6), of which PAD2 and PAD4 have been 
found in the synovial tissue and fluid of persons 
with RA, which may be a site where the citrulli-
nation occurs [59–61]. The significance of PAD 
in RA is underscored by studies showing that the 

PAD4 locus is associated with a ~ 2-fold risk of 
RA in a variety of populations [62–65]. P. gingi-
valis carries its own version of PAD (known as P. 
gingivalis PAD, or PPAD), possibly the only bac-
terial species that does so [66]. PPAD is capable 
of citrullinating human proteins [57]. There are 
several lines of evidence that this citrullination 
process may be directly pathogenic for the dis-
ease, rather than a bystander phenomenon. One is 
that in the collagen-induced arthritis model of 
RA, infection with P. gingivalis results in earlier 
onset and increased severity of the disease, find-
ings that are abrogated if the P. gingivalis lacks 
PPAD [67]. Also, in the same model, tolerization 
with citrulline-containing peptides prior to induc-
tion of arthritis resulted in less disease severity 
and lower production of anti-CCP antibodies 
[68]. It is therefore of particular interest that ciga-
rette smoking is associated only with anti-CCP+ 
RA [32], consistent with the possibility that ciga-
rette smoking contributes to RA by inducing 
periodontitis. Of note, this association between P. 
gingivalis and RA may be limited to CCP+ dis-
ease, which is strongly associated with the major 
histocompatibility complex, particularly the SE 
[69, 70]. In contrast, P. copri appears to be more 
strongly linked to RA patients lacking the SE 
[11], who are often CCP-. Thus, the pathophysi-
ology of these two subsets of RA may be different, 
which clearly could have implications with 
respect to diagnosis and treatment.

To summarize, multiple explanations for the 
association between PD and RA have been pro-
posed. The model that arguably is best supported 
by the data is that PD is mediated in large part by 
a limited set of organisms, one of which is P. gin-
givalis. This species has the unique capacity to 
citrullinate human proteins, which when modified 
are targeted by the immune system to form 
ACPAs, the hallmark antibody of RA. Cigarette 
smoking may play into this association largely by 
increasing the risk of PD, thus accounting for its 
association with anti-CCP+, but not anti-CCP-, 
RA.  The most important clinical implication of 
this theory is that treatment of PD appears to 
result in improvement in the RA disease process. 
This model is shown in Fig. 15.1.
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 Additional Microbiomes in RA

As detailed above, much of the literature on the 
microbiota in RA has centered on the enteric or 
gingival microbiota. One other habitat that may be 
relevant is the lung. Interstitial lung disease is 
common in RA patients [71], indicating that the 
lungs may be a source of inflammation. Perhaps 
due to relative inaccessibility, the microbiota of 
the lungs has not been studied extensively. 
Recently, Scher and colleagues performed bron-
chial alveolar lavage on 20 patients with NORA, 
12 healthy controls, and 10 patients with sarcoid-
osis [72]. The RA patients demonstrated decreased 
alpha diversity and depletion of several families, 
such as Burkholderiaceae, Actinomycetaceae, and 
Spirochaetaceae. However, similar findings were 
seen in the patients with sarcoidosis, and principal 
coordinates analysis showed that the sarcoidosis 
and RA patients clustered together, apart from the 
controls. Thus, Scher concluded that these find-
ings may reflect an inflammatory lung, rather than 
a specific RA, phenotype. This stands in contrast 
to the gut microbiota studies, where several of the 
findings—particularly the outgrowth of P. copri—
appear to be unique to RA [11].

One final habitat that was evaluated in a single 
study is the salivary microbiota. Note that these 
results cannot be compared with those of the gin-
gival microbiota, as these are two fairly distinct 

habitats [73]. Counterintuitively, Zhang et  al. 
found P. gingivalis among multiple other organ-
isms to be depleted in the saliva of NORA 
patients, while several species of Prevotella were 
elevated in the RA saliva [15]. Interestingly, the 
same study also found several species of 
Prevotella to be elevated in the control gingival 
plaques. Partial normalization of the oral micro-
biota was observed following introduction of 
immunosuppressive therapy.

 Therapeutic Alterations 
of the Microbiota

 Antibiotics

There have been numerous controlled studies of 
antibiotics as potential therapeutic agents in 
RA.  As summarized in Table  15.1, this benefit 
was seen in multiple different classes of antibiot-
ics, including fluoroquinolones, tetracyclines 
(minocycline > doxycycline, tetracycline), and 
sulfa antibiotics, including but not limited to 
 sulfasalazine. The effectiveness of antibiotics 
may not necessarily be attributable to their anti-
microbial activity, as many of them particularly 
the tetracyclines may contain intrinsic anti-
inflammatory activity, such as inhibition of 
matrix metalloproteinases (MMPs) [74]. Indeed, 

Healthy gingiva
Arginine

PPAD

Anti-CCp Abs

PPAD Expression

Bacterial overgrowth

Gingivitis Citrulline

Inflamed knee

Fig. 15.1 Overgrowth of pathogenic bacteria such as P. 
gingivalis (red) occurs in the gingiva, resulting in inflamed 
tissue. This bacterial overgrowth is associated with expres-

sion of PPAD, which converts the amino acid arginine into 
citrulline. Antibodies against citrulline (anti- CCPs) then 
deposit in synovial tissue, resulting in arthritis
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O’Dell and colleagues suggested that the effec-
tiveness of low-dose doxycycline in one study 
proved that the mechanism was through inhibi-
tion of MMPs [75], although none of these stud-
ies included an assessment of the microbiota. It 
has also been proposed that the effectiveness of 
tetracyclines and sulfa drugs is due to their ability 
to eradicate oral pathogens [40]. As we learn 
more about potential microbial contributing fac-
tors to RA, the possibility that antibiotics were 
effective due at least in part to antimicrobial 
activity becomes increasingly plausible. 
Whatever the mechanism of effectiveness, antibi-
otics are generally not considered optimal long-
term therapy, due to risks such as resistance to 
antibiotics and development of Clostridium diffi-
cile colitis. The key perhaps is to find means of 
altering the microbiota that do not carry the risks 
associated with antibiotics. For example, as dis-
cussed above, specific therapy of periodontal dis-
ease appears to be effective therapy for RA [45] 
perhaps by eradicating P. gingivalis, an approach 
that has a better safety profile than long-term use 
of antibiotics.

 Probiotics

There have been four small sample size RCTs 
of probiotics in RA (Table  15.3). A fifth study 
was published [76] but appears to be duplica-
tive of one of the other four [77]. Although two 
of them reported positive findings, these effects 

were minimal. For example, Mandel et  al. [78] 
reported efficacy on the basis of small effect sizes 
and non-statistically significant findings such as 
improved patient-reported ability to participate 
in daily activities in 4/22 (18%) in the probiotic 
arm as compared to 2/22 (9.1%) in the placebo 
arm, p = 0.53. Likewise, after excluding 14 of 60 
subjects from the analysis due to failure to fol-
low the protocol, Alipour et al. [77] reported that 
the swollen joint count decreased from a mean 
(25th–75th percentiles) of 0 (0–2) to 0 (0–1) in the 
intervention group, compared to a decrease in the 
placebo group from 1 (0–1.75) to 1 (0–1.75); the 
between-group p-value was not reported. They 
did, however, report that patients given the probi-
otic were more likely to have a EULAR response 
(8/22 [36%] vs 1/24 [4.2%], p = 0.007) as well 
as significantly lower inflammatory cytokine lev-
els in the probiotic group. Overall, however, the 
effects of probiotics in RA appear to be small at 
best. As will be discussed in the individualized 
medicine chapter (Chap. 35), there are multiple 
reasons for this lack of substantial effects, includ-
ing failure of the probiotic to alter the microbiota 
or the selection of the wrong probiotic.

 Diet

Although dietary therapies can rapidly alter the 
microbiota [79, 80] dietary therapy has also not 
been found to be a successful therapeutic 
approach for RA. A Cochrane review evaluated 

Table 15.3 Probiotic trials in RA

Study n Probiotic Duration Outcome
Hatakka 
et al. [110]

21 LGG 12 months No statistically significant differences in a variety of clinical and 
immunologic parameters

Mandel 
et al. [78]

45 BC 60 days ACR20 attained by 8/22 (36%) completers of BC vs 6/22 (27%) 
completers of placebo, p-value not provided. No statistically 
significant differences in a variety of patient-reported outcomes or 
laboratory values

Pineda 
et al. [111]

29 LR 90 days ACR20 attained by 3/15 (20%) probiotic vs 1/14 (14%) placebo 
(p = 0.33)

Alipour 
et al. [77]

60a LC 8 weeks Very minimal improvements favoring probiotic

aOut of 60 initial participants, only 46 were analyzed; the other 14 were excluded due to not following the protocol
BC Bacillus coagulans, LC Lactobacillus casei, LGG Lactobacillus rhamnosus GG, LR Lactobacillus reuteri RC-14 
and Lactobacillus rhamnosus GR-1 (both administered)
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15 controlled dietary intervention studies in RA, 
including vegetarian, elemental, vegan, and 
Mediterranean diets [81]. There were no consis-
tent benefits observed. The vegetarian and 
Mediterranean diets resulted in decreased pain, 
but no improvements in function or objective 
findings. Other interventions likewise failed to 
show substantial effects. The authors also noted 
substantial dropout in the treatment arms, which 
they attributed to diet unpalatability. The failure 
of some of these studies may pertain to some of 
them evidently being carbohydrate-rich diets, 
which might have the effect of increasing the 
abundance of Prevotella [79], which as noted 
above may not be optimal in patients with 
RA.  Clearly, future interventions must be tar-
geted towards eradicating known dysbiosis. An 
additional factor to consider is that a patient’s 
baseline microbiota may influence response to 
dietary therapy [82] and thus may need to be 
assessed as part of the intervention.

 Concluding Remarks

Over 100 years ago, RA was considered to be an 
infectious disease. By the late twentieth century, 
this hypothesis had fallen out of favor, even 
though some clinical trials of antibiotics showed 
effectiveness. Currently, there is accumulating 
evidence that there are infectious triggers to 
RA. That two geographically distinct studies of 
newly diagnosed subjects with RA have both 
shown an abundance of P. copri in their intestines 
[11, 13], particularly in light of the data showing 
the same organism to be an immunologic target 
in RA [21], is highly suggestive that this organ-
ism may be part of the pathogenesis of the dis-
ease. Given that its abundance appears to be 
normal in established disease [11, 14], it remains 
to be seen whether attempts to target this organ-
ism therapeutically might bear fruit. In contrast, 
the gingival microbiota, particularly in patients 
with severe periodontal disease, appears to be a 
worthwhile therapeutic target. Whether antibiot-
ics are effective due to their ability to eradicate 
oral pathogens is unclear, and few would advo-
cate chronic use of antibiotics in light of the array 

of medications available today. However, just as 
routine screening of the eyes is part of the man-
agement of children with JIA, perhaps routine 
screening of the gingiva should be part of the care 
of RA patients, with appropriate local therapy as 
needed.
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 Introduction

Spondyloarthritis (SpA) indicates a group of clin-
ically and genetically related disorders character-
ized by chronic inflammation of the axial skeleton 
(sacroiliitis and spondylitis), the peripheral joints, 
and/or the entheses. SpA comprises different 
subtypes, including ankylosing spondylitis (AS), 
psoriatic arthritis (PsA), juvenile-onset SpA 
(enthesitis-related arthritis, ERA), reactive arthri-
tis (ReA), and inflammatory bowel disease (IBD)-
related arthritis. These are the initially described 
clinical phenotypes. Over time it became appar-
ent that these diseases are interrelated with regard 
to clinical characteristics, familial clustering, and 
genetic susceptibility. It is generally accepted that 
SpA is due to a chronic inflammatory response 
that develops in genetically predisposed people, 
but the underlying cause of the inflammation is 
not known. The most important genetic suscep-
tibility factor in SpA is the major histocompat-
ibility complex (MHC) class I surface antigen 
HLA-B27 (human leukocyte antigen B27) [1]. 
However, environmental factors also contribute to 
SpA pathogenesis, and multiple lines of reason-
ing indicate an important role for microorganisms 
in triggering disease. Specific gastrointestinal 
or urogenital pathogens have been linked with 
ReA, but in other SpA subtypes, no specific caus-
ative microorganism has been identified. Rather, 
inappropriate immune responses to commensal 
bacteria or alterations in resident microbial com-
munities (dysbiosis) are proposed to be factors in 
SpA development. Indeed, several genetic sus-

ceptibility factors linked with SpA may impact 
the handling, processing, and response to micro-
bial antigens.

 Ankylosing Spondylitis/Axial SpA

Ankylosing spondylitis (AS) is the prototype 
example of SpA. It is characterized by inflam-
mation of the axial skeleton, that is, the sacro-
iliac joints (usually the first to be involved) and 
the spine (spondylitis), with or without periph-
eral arthritis or enthesitis. Typical for SpA is 
that inflammation coincides with pathological 
new bone formation. In AS this causes fusion 
(ankylosis) of sacroiliac joints and vertebrae, 
which may lead to development of so-called 
bamboo spine (fusion of consecutive verte-
brae), with significant reduction of axial mobil-
ity [2]. The modified New York (mNY) criteria 
were specifically developed for diagnosis of 
AS.  They are dependent on the presence of 
characteristic radiographic lesions (erosions, 
sclerosis, ankylosis, joint space changes) in the 
sacroiliac joints. The availability of magnetic 
resonance imaging (MRI), which can detect 
active inflammation before structural lesions 
are seen on plain radiographs, has led to the 
identification of non- radiographic axial SpA 
(nr-axSpA), which can be regarded as an ear-
lier form of AS.  Multiple studies have found 
that AS and nr-axSpA, when carefully selected 
on the basis of objective signs of inflammation, 
are similar with regard to symptoms, disease 
impact, and therapy response [3]. Hence, the 
division between these two is rather arbitrary, 
as it is based on scoring of sacroiliac radio-
graphs, which is subjective and shows consid-
erable inter-reader variability [4]. Both of these 
clinical entities can in fact be seen as part of a 
disease continuum [1]. In 2009 ASAS pro-
posed new classification criteria for axial and 
peripheral SpA. Axial SpA encompasses both 
the radiographic (AS) and non-radiographic 
forms. Peripheral SpA includes ReA, the SpA-
like PsA subtype, IBD-associated arthritis, and 
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other forms of arthritis fitting the SpA criteria 
(previously often called undifferentiated SpA).

 Intestinal Inflammation in SpA

There is a close relationship between gut and 
joint inflammation in SpA. This is most obvious 
in reactive arthritis (ReA), where disease is 
known to be triggered by gastrointestinal infec-
tions with Salmonella, Shigella, Yersinia, or 
Campylobacter subspecies (spp.). The risk of 
developing ReA is increased by carriage of HLA- 
B27; the pattern of joint involvement is typical 
for SpA. Hence, ReA can be considered a sub-
type of SpA.  Moreover, up to 20% of patients 
with ReA eventually develop AS within 
10–20  years, especially if they are HLA-B27 
positive [5]. In addition, a reciprocal overlap 
exists between IBD and SpA: about 5–10% of 
SpA patients develop IBD.  Conversely, up to 
30% of IBD patients may develop SpA-like artic-
ular inflammation.

Multiple genetic susceptibility factors have 
also been found to be shared between IBD and 
SpA patients. Furthermore, by performing sys-
tematic ileocolonoscopies, it was demonstrated 
that ~50% of all SpA patients have microscopic 
signs of bowel inflammation, without associated 
gastrointestinal symptoms [6]. These studies 
involved patients with AS, ReA, and undiffer-
entiated SpA, as well as healthy controls and 
patients with other rheumatic diseases, such as 
rheumatoid arthritis (RA). None of the control 
patients and only one RA patient showed gut 
lesions. Later, these lesions were also described 
in PsA but only in the oligoarticular (SpA-like) 
subgroup [7]. Similar findings have also been 
reported in juvenile SpA [8]. Gut inflammation in 
SpA can affect the ileum as well as the colon but 
is most common in the terminal ileum and ileo-
cecal valve. Two types of inflammation can be 
distinguished based on histopathological charac-
teristics (not on disease duration): an acute type 
resembling infectious enterocolitis (granulocytic 
infiltration with normal mucosal architecture) and 

a chronic type with disturbance of mucosal archi-
tecture and a chronic lymphoplasmacytic cellu-
lar infiltrate in the lamina propria (Fig. 16.1) [9]. 
Some of these histological changes (e.g., sarcoid 
granulomas, aphthoid ulcers, microgranulomas) 
are particularly similar to those seen in Crohn’s 
disease (CD), suggesting that this microscopic 
inflammation may represent an early, subclinical 
form of CD. This is further strengthened by the 
fact that SpA patients with chronic microscopic 
gut inflammation have an increased risk (up to 
20%) of developing overt CD [10]. Follow-up 
studies showed that gut and joint inflamma-
tion was clearly linked, with remission of joint 
inflammation coinciding with disappearance of 
gut inflammation and vice versa; all patients in 
articular remission had normal gut histology on 
reexamination (despite previous or current use of 
NSAIDs).

Interestingly, chronic gut inflammation in 
SpA is also linked to more extensive bone mar-
row edema of the sacroiliac joints and a higher 
rate of evolution to AS [10, 11]. This suggests an 
important influence of intestinal inflammation on 
disease extent and prognosis in SpA. The pres-
ence of microscopic gut inflammation in SpA has 
since been confirmed by several other investiga-
tors [12–17].
Normal histology:

• Slender villi and straight crypts
• Absence of inflammatory cell infiltrates in 

epithelium

Acute inflammation:

• Increased amount of granulocytes in villus 
and crypt epithelium (focal inflammation)

• Preserved architecture of villi and crypts

Chronic inflammation:

• Crypt and villus distortion
• Chronic lymphoplasmacytic cellular infiltrate 

in the lamina propria (and in this case active 
granulocytic infiltration of villus epithelium)

16 Spondyloarthritis



204

 The Microbiota in SpA

Dysbiosis of the intestinal microbiota, with 
decreased diversity, has consistently been 
found in IBD, where the most common hypoth-
esis for pathogenesis involves an exaggerated 
immune response to commensal gut bacteria 
(see also Chap. 19 in this book) [18]. Based on 
the links between gut and joint inflammation 
in SpA and the overlap with IBD, it is reason-
able to presume that intestinal microorganisms 
play a role in SpA pathogenesis as well. This 
is most obvious in the ReA subtype, where 

arthritis is triggered by specific gastrointesti-
nal infections. In addition, in three animal 
models for SpA, disease is abrogated when the 
animals are raised in germ-free conditions 
[19–21].

 Microbiota Studies in SpA

The first comprehensive analysis of the intestinal 
microbiota in SpA was a 2002 study comparing 
fecal samples of AS patients and controls by 
denaturing gradient gel electrophoresis (DGGE) 

Normal

a c e

b d f

Acute Chronic

Fig. 16.1 Different patterns of ileal biopsy findings in 
SpA patients. (a) Normal histology of ileal mucosa featur-
ing slender villi and straight crypts; absence of inflamma-
tory cell infiltrates (H&E; original magnification ×4). (b) 
Higher magnification emphasizing lack of inflammatory 
cell infiltration in villus epithelium (H&E; original magni-
fication ×20). (c) Focal active inflammation in mucosa 
with preserved architecture of villi and crypts (H&E; origi-
nal magnification ×4). (d) Increased amount of granulo-
cytes in villus and crypt epithelium with well- preserved 
epithelium (H&E; original magnification ×20). (e) Chronic 
dense inflammatory cell infiltration of lamina propria with 

crypt and villus alterations (H&E; original magnification 
×4). (f) Active granulocytic infiltration of villus epithelium 
and chronic dense lymphoplasmacytic cellular infiltrate in 
the lamina propria (H&E; original magnification ×20). 
Reproduced from “Microscopic gut inflammation in axial 
spondyloarthritis: a multiparametric predictive model. Van 
Praet L, Van den Bosch FE, Jacques P, Carron P, Jans L, 
Colman R, Glorieus E, Peeters H, Mielants H, De Vos M, 
Cuvelier C, Elewaut D.  Ann Rheum Dis. 2013 Mar;72 
(3):414–7. doi: https://doi.org/10.1136/annrheum-
dis-2012-202,135. Epub 2012 Nov 8. Copyright © 2013 
with permission from BMJ Publishing Group Ltd.”
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and fluorescence in situ hybridization (FISH) for 
specific bacterial groups. This study showed high 
interindividual variability and no specific differ-
ences in colonization profiles between patients 
and controls. However, there was a higher preva-
lence of sulfate-reducing bacteria in patients with 
AS. There were no differences in fecal  colonization 
with Klebsiella pneumoniae or Bacteroides vul-
gatus (implicated in AS, see below) [22].

More recently, studies have been performed 
using next-generation sequencing of 16S ribo-
somal RNA (rRNA) gene amplicons. Table 16.1 
summarizes microbiota studies in SpA in humans 
and animal models for SpA. In children with SpA 
(enthesitis-related arthritis, ERA), decreased fecal 
Faecalibacterium prausnitzii was observed com-
pared to healthy controls [26]. Faecalibacterium 
prausnitzii has anti- inflammatory properties 

Table 16.1 Microbiome studies in SpA in humans and animal models for SpA

Disease Technology Sample
Microbiota changes (versus healthy 
controls) Ref.

Ankylosing 
spondylitis

DGGE + FISH Feces ↑ Sulfate-reducing bacteria
N.B. No difference in Klebsiella 
pneumoniae or Bacteroides vulgatus

[22]

Ankylosing 
spondylitis

16S rRNA 
amplicon seq.

Ileal biopsies ↑ Lachnospiraceae, Veillonellaceae, 
Prevotellaceae, Porphyromonadaceae, 
and Bacteroidaceae
↓ Ruminococcaceae and Rikenellaceae
N.B. No difference in Klebsiella spp. or 
ReA-associated bacteria

[23]

Axial SpA ± gut 
inflammation

16S rRNA 
amplicon seq.

Ileal + colonic 
biopsies

Dialister (part of Veillonellaceae) ~ gut 
inflammation and ASDAS

[24]

Axial SpA 16S rRNA 
amplicon seq.

Subgingival 
plaques

No difference versus HCs despite more 
periodontitis in SpA

[25]

Enthesitis-related 
arthritis (juvenile 
SpA)

16S rRNA 
amplicon seq.

Feces ↓ Faecalibacterium prausnitzii (part of 
Clostridiaceae) and Lachnospiraceae
↑ Bifidobacterium
↑ Akkermansia muciniphila
(Verrucomicrobiaceae) in subgroup
↑ Bacteroides in (another) subgroup

[26]

HLA-B27 tg rats
Fisher 344 
background F33-3 
line

16S rRNA 
amplicon seq.

Feces ↓ Firmicutes spp.
↑ Proteobacteria spp.
↑ Akkermansia muciniphila (also linked 
with arthritis development)
N.B. Changes present by 10 weeks of age 
~ development of intestinal inflammation

[27]

HLA-B27 tg rats. 
Lewis background
F1 21-3 × 283-2 
males
(no intestinal 
inflammation)

16S rRNA 
amplicon seq.

Feces ↑ Prevotella spp. (part of Prevotellaceae)
↑ Bacteroides vulgatus
↓ Rikenellaceae

[28]

Bacterial families are given in parentheses if applicable
The phylum Firmicutes includes i.a. the Clostridiaceae, Lachnospiraceae, Ruminococcaceae, and Veillonellaceae 
families
The phylum Bacteroidetes includes i.a. the Prevotellaceae, Porphyromonadaceae, Bacteroidaceae, and Rikenellaceae 
families
The phylum Proteobacteria includes i.a. the Campylobacteraceae and the Enterobacteriaceae families
The phylum Verrucomicrobia includes i.a. the Verrucomicrobiaceae family
The phylum Actinobacteria includes i.a. the Bifidobacteriaceae family
DGGE denaturing gradient gel electrophoresis, FISH fluorescence in situ hybridization, Seq. sequencing, HCs healthy 
controls, ReA reactive arthritis, ASDAS ankylosing spondylitis disease activity score, tg transgenic, spp. subspecies

16 Spondyloarthritis



206

through production of butyrate, and a decrease in 
its abundance as well as in its enzymes (involved 
in butyrate pathways) has been found in IBD [29]. 
In addition, a subgroup of these ERA patients 
fell into a distinct cluster characterized by an 
increase in Bacteroides species, while another 
subgroup showed elevations in Akkermansia 
muciniphila, a mucus-degrading species. A rela-
tively lower diversity of the intestinal microbiota 
was found in PsA patients who showed lower 
Akkermansia and Ruminococcus spp., which have 
also been shown to be reduced in IBD [30]. In 
contrast, increased microbial diversity (without 
an overall change in microbial load) was seen 
in the terminal ileum of AS patients compared 
to healthy controls, with a higher abundance of 
Lachnospiraceae, Veillonellaceae, Prevotellaceae, 
Porphyromonadaceae, and Bacteroidaceae and a 
decrease in Ruminococcaceae and Rikenellaceae 
[23]. A trend for increased microbial diversity in 
inflamed versus non-inflamed SpA and healthy 
control samples was also found in a 2016 study 
[24]. Here, ileum and colon biopsies from SpA 
patients with and without microscopic gut inflam-
mation and from healthy controls were compared. 
In this study a specific genus was also linked 
with disease activity and inflammation: Dialister 
was significantly correlated with the ankylosing 
spondylitis disease activity score (ASDAS), and a 
higher abundance of Dialister was seen in inflamed 
versus non-inflamed or healthy control biopsies 
[24]. Dialister is part of the Veillonellaceae family 
of the Firmicutes phylum. Biochemically Dialister 
appears to be largely unreactive and asaccharolytic 
[31]. However, Dialister spp. are reported to pro-
duce propionate (a short-chain fatty acid) out of 
succinate [32]. Its possible pathogenetic role in 
SpA awaits further clarification.

The finding of increased diversity in the lat-
ter two studies is remarkable considering the 
reduced diversity found in IBD.  A possible 
explanation for this could be the absence of 
substantial mucosal damage in SpA in contrast 
to full-blown IBD.  It is possible that intestinal 
inflammation in SpA represents an earlier stage 
of inflammation compared to IBD and there-
fore harbors a different microbiota profile. In 
IBD cases with higher epithelial damage, more 

extreme dysbiosis and a more reduced species 
diversity are indeed seen [33]. Alternatively, 
genetic differences between IBD and SpA could 
be the basis of this discrepancy. In support of 
this hypothesis, a difference in microbial com-
position has been shown between CD patients 
with and without ATG16L1 (autophagy- related 
16-like 1) and NOD2 (nucleotide oligomeriza-
tion domain 2) risk alleles [34]. Also, different 
sample types (e.g., analysis of stool versus biop-
sies) could explain discrepancies between vari-
ous studies.

Another microbial site that is interesting to 
investigate is the oral cavity. Associations 
between periodontal infections/the oral micro-
biota and RA have been extensively studied 
(see Chap. 15.) In a recent paper, the oral 
microbiota composition of axial SpA patients 
versus healthy controls was compared by 16S 
rRNA sequencing. Axial SpA patients showed 
a significantly greater prevalence of periodon-
titis versus healthy controls. However no sig-
nificant difference in bacterial community 
structure or diversity was shown. Also, no spe-
cific bacterial taxa associated with SpA could 
be identified, although due to small sample 
size in this study, false negative results are a 
possibility [25].

 Specific Bacterial Species  
Triggering SpA

Some specific bacteria, particularly Klebsiella 
pneumoniae, have been suggested to play a role 
in AS pathogenesis. This hypothesis is based on 
antigenic similarities between HLA-B27 and 
Klebsiella (see below) and on increased levels of 
anti-Klebsiella IgA antibodies found in the serum 
of SpA patients [35, 36]. However, these results 
have not consistently been reproduced [22]. A 
2004 study found no significant differences with 
respect to cellular or humoral immune responses 
to Klebsiella pneumoniae in AS patients versus 
healthy controls [37]. In a 1978 study in AS, an 
association between active inflammatory disease 
and fecal Klebsiella pneumoniae was described. 
However, in the 2002 DGGE study mentioned 
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earlier, no differences were found in fecal coloni-
zation with Klebsiella pneumonia between AS 
patients and healthy controls [22]. Also, in the 
recent 16S rRNA study on ileum biopsies, no 
association between Klebsiella spp. and AS was 
seen [23]. In conclusion, at this moment, a defi-
nite role for a specific triggering species in SpA 
(except for ReA) has not consistently been 
proven.

 Antimicrobial Antibodies in SpA

Several antibodies to commensal bacteria have 
been found in the serum of IBD patients, support-
ing the hypothesis of an increased responsiveness 
to commensal bacteria underlying disease. These 
include antibodies against CBir1 flagellin, IgA 
and IgG anti-Saccharomyces cerevisiae antibod-
ies (ASCAs), IgA antibodies against E. coli outer 
membrane protein (OMP) C, and IgA antibodies 
against I2 derived from Pseudomonas fluores-
cens. In UC there is also a link with peripheral 
antineutrophil cytoplasmic antibodies (pANCA) 
[38, 39]. Based on the overlap between IBD and 
SpA, these antibodies have also been investigated 
in patients with SpA, with varying results. At this 
moment it appears that these antibodies are rather 
nonspecific. Also, no correlation with the pres-
ence of subclinical gut inflammation has been 
found [40–46].

 The Role of the Microbiota in Animal 
Models for SpA

 The HLAB27 Transgenic Rat Model
Rats overexpressing HLA-B27 develop intestinal 
inflammation and SpA-like joint disease (periph-
eral arthritis, sacroiliitis, and sometimes spondy-
litis of tail vertebrae) [47]. Interestingly, these 
animals do not develop disease when raised in 
germ-free conditions, providing convincing evi-
dence for implicating the microbiota in SpA 
pathogenesis [19]. Reintroduction of bacteria 
(especially Bacteroides spp.) reestablished 
inflammation [48]. Moreover, intestinal dysbio-
sis was shown in these rats, with higher abun-

dance of Prevotella spp. and Bacteroides vulgatus 
and lower Rikenellaceae spp. compared to wild- 
type animals [28]. This study was performed in a 
HLA-B27 transgenic rat line that does not 
develop gastrointestinal inflammation (so local 
inflammation could not be a confounding factor). 
A recent study described the intestinal immune 
response in HLA-B27 transgenic rats more in 
detail [27]. Early activation of innate immunity 
(increased expression of TNFα and interleukin 
(IL)-1β), an increase in antimicrobial peptides 
(S100A8 and RegIIIγ), and expansion of mucosal 
Th17 cells were seen. Interestingly, these 
changes, which indicate an immunological 
hyperresponsiveness in the gut, occurred prior to 
the onset of dysbiosis and clinical inflammation. 
In addition, increased secretory IgA (sIgA) coat-
ing of intestinal bacteria and increased 
Akkermansia muciniphila colonization were 
linked with HLA-B27 expression and with arthri-
tis development. As mentioned earlier, 
Akkermansia muciniphila was also overrepre-
sented in fecal samples of a subset of ERA 
patients [26]. Exposure of wild-type animals to 
dysbiotic feces from HLA-B27 animals does not 
induce disease, indicating that dysbiosis alone, in 
the absence of HLA-B27 expression, is not suf-
ficient to trigger disease in this model [27].

 SKG Mice Injected with Curdlan
SKG mice spontaneously develop autoimmune 
arthritis resembling RA under conventional 
microbial conditions. This is due to a mutation in 
ZAP-70, which leads to an increase of autoreac-
tive T cells. Under specific pathogen-free (SPF) 
conditions, SKG mice remain healthy. However 
if, under these conditions, they are injected with 
curdlan (β-1,3-glucan aggregates), they develop 
an Th17/IL-23-dependent SpA-like disease with 
enthesitis, sacroiliitis, peripheral arthritis, dacty-
litis, plantar fasciitis, vertebral inflammation, 
ileitis resembling CD, and unilateral uveitis [21, 
49]. Beta-glucan is a major component of bacte-
rial and fungal cell walls; hence this indicates 
that interactions between the host’s immune sys-
tem and microorganisms affect the development 
of specific disease phenotypes [21]. In subsequent 
experiments, the impact of genetic background and 
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the microbiota on specific disease characteristics 
(arthritis versus ileitis) was further elucidated. 
Ileitis (and concurrent ileal IL-23 expression, 
endoplasmic reticulum (ER) stress, and IL-17 
production) was dependent on the host’s micro-
biota, Toll-like receptor 4 (TLR4) signaling, and 
SKG allele presence; ileitis was absent in curd-
lan-treated germ-free SKG mice and significantly 
attenuated in mice with limited microbiota expo-
sure or in TLR4−/− mice. Wild- type mice injected 
with curdlan developed  arthritis (albeit milder), 
but not ileitis. Also gut microbiota profiles dif-
fered significantly between wild-type and SKG 
mice, and curdlan injection further shifted these 
profiles. Ileitis, but not arthritis, was suppressed 
by microbiota transfer upon co-housing SKG 
mice with wild-type mice. Arthritis and spondyli-
tis still developed after curdlan injection in germ-
free SKG mice, or in those with limited 
microbiota exposure, but with a low incidence, 
indicating that the diversity of the microbiota 
also influenced articular symptoms. Histological 
joint scores, however, did not differ between 
TLR-4+/+ and TLR4−/− mice [50]. Interestingly, 
when these mice are infected with Chlamydia 
muridarum, they develop characteristic features 
of reactive arthritis, including asymmetric arthri-
tis, enthesitis, spondylitis, sacroiliitis, conjuncti-
vitis, and psoriasis-like skin disease; this was 
associated with impaired Chlamydia muridarum 
clearance and elevated TNF levels [51].

 The Ankylosing Enthesopathy 
(ANKENT) Mouse Model
ANKENT is an inflammatory disease character-
ized by enthesitis and ankylosis of the ankle and 
tarsal joints. It develops spontaneously (albeit in 
rather low frequency, ~10%) in some inbred 
strains of normal mice. It occurs almost exclu-
sively in males, and its frequency varies among 
strains, whereby the highest frequency is found 
in B10.BR (H-2κ haplotype) male mice. Its inci-
dence is also significantly increased in HLA-
B27 transgene mice [52]. As in the two previous 
models, ANKENT does not develop when ani-
mals are held in germ-free conditions [20]. 
Disease is reestablished after recolonization 
with a mixture of common intestinal bacteria 

(Bacteroides spp. and Enterococcus spp. and/or 
Veillonella spp. and Staphylococcus spp.), 
whereas this is not the case in mice recolonized 
with Lactobacillus spp. [53]. Repeated intraperi-
toneal lipopolysaccharide (LPS) injection before 
disease development, however, leads to a 
decrease in ANKENT incidence, possibly 
through upregulation of negative immunoregula-
tory pathways (higher serum levels of IL-10 
were seen in LPS-treated mice) [54].

 Mechanisms Linking the Intestinal 
Microbiota with SpA Pathogenesis

In SpA, genetic susceptibility factors may influ-
ence the response to bacteria and may eventually 
lead to dysbiosis and inflammation. Conversely, 
the composition and metabolic activity of the 
intestinal microbiota can affect the host’s immune 
response, thereby possibly triggering or aggra-
vating inflammation.

 Factors Involved in the Response 
to Intestinal Microorganisms

 The Intestinal Epithelial Barrier
Under normal circumstances, unwanted immune 
responses toward commensal gut bacteria are 
avoided by two main mechanisms. Firstly, expo-
sure of microorganisms to the immune system is 
limited by the physical barrier that is the intesti-
nal epithelium and its associated mucus layer. 
Secondly, immune responses that do develop are 
kept in check due to a tolerogenic microenviron-
ment in the lamina propria, which is character-
ized by the presence of specialized dendritic cells 
(DCs) and macrophages, and high levels of anti- 
inflammatory mediators. Additional help in 
maintaining intestinal barrier function is pro-
vided by Paneth cells, which produce antimicro-
bial peptides, and by secretory IgA (sIgA), which 
binds and neutralizes toxins and pathogens in the 
gut lumen [55, 56]. An overexpression of Paneth 
cell-derived antimicrobial peptides was seen in 
the ileum of patients with AS and subclinical gut 
inflammation, as well as in CD patients with a 
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low degree of inflammation, whereas a reduced 
number of Paneth cells were seen in CD patients 
with a high degree of gut inflammation [57]. In 
HLA-B27 transgenic rats, increased sIgA coating 
of intestinal bacteria was seen [27], and in some 
studies increased sIgA was demonstrated in 
serum of AS patients [58, 59]. Whether these 
changes represent compensatory mechanisms for 
increased bacterial exposure or are in themselves 
the cause of dysbiosis (loss of protective com-
mensal organisms) is not known [60].

 Innate Immunity

Bacterial Sensing by Innate Immune Cells
Innate immune cells sense antigens through a 
limited number of germ line-encoded invariant 
receptors, capable of recognizing conserved pat-
terns of microbial structures known as pathogen- 
associated molecular patterns (PAMPs). These 
receptors are called pattern recognition receptors 
(PRRs) and recognize a broad class of pathogens. 
Examples of these are transmembrane Toll-like 
receptors (TLRs) and cytosolic nucleotide oligo-
merization domain receptors (NODs).

TLR4 binds LPS, a component of Gram- 
negative bacteria. This binding leads to activation 
of the nuclear factor-κB (NF-κB) signaling path-
way and a pro-inflammatory response (e.g., IL-23 
secretion). Two mutations in TLR4 (Asp299Gly 
and Thr399Ile) have been associated with IBD 
susceptibility, but no link with AS was found 
[61]. Also, in the SKG mouse model, the induc-
tion of ileitis (but not arthritis) was TLR4 depen-
dent. On the other hand, the expression of TLR2 
and TLR4 was shown to be higher in inflamed 
synovium of SpA versus RA patients [62].

It is well established that certain polymor-
phisms in NOD2/CARD15 are associated with 
CD susceptibility. In SpA patients, their overall 
frequency appears not to be increased, although 
they were found to be associated with a higher 
risk of chronic microscopic gut inflammation 
[63, 64]. Polymorphisms in CARD9 (caspase 
recruitment domain family member 9) are associ-
ated with both SpA and IBD [65, 66]. CARD9 
codes for a protein essential for signaling down-
stream of the PRRs dectin-1 and dectin-2. These 

receptors recognize beta-glucan, a component of 
bacterial and fungal cell walls. CARD9 defi-
ciency in mice leads to impaired intestinal epithe-
lial repair [67]. On the other hand, beta-glucan 
administration to SKG mice leads to a SpA-like 
disease in these animals [21].

Processing of Microorganisms
Macrophages in SpA patients may respond aber-
rantly to microorganisms on the one hand by 
increased pro-inflammatory cytokine secretion 
and, on the other, by diminished clearance of 
intracellular bacteria (leading to dissemination of 
the organisms and systemic inflammation). 
Macrophages positive for CD163, a marker of 
alternative (M2) activation, were found to be 
increased in SpA versus RA synovium. CD163+ 
macrophages were also increased in colon 
mucosa of SpA and CD (but not UC) patients 
[68]. Additionally, CD163 was shown to be asso-
ciated with impaired lymphocyte activation in 
SpA synovium, possibly leading to defective 
clearance of intracellular bacteria [69]. On the 
other hand, peripheral blood macrophages from 
AS patients showed higher IL-23 production in 
response to LPS compared to healthy controls 
[70]. Also, reduced IL-10 production was seen in 
peripheral blood mononuclear cells (PBMCs) 
from AS patients in response to autologous 
Bacteroides, and HLA-B27 transgenic rats also 
show an intrinsic defect in IL-10 production in 
response to TLR ligands [71, 72]. Similarly, mice 
with myeloid-specific deficiency in A20 (also 
called TNFAIP3), a protein involved in negative 
feedback of NF-κB signaling, spontaneously 
develop enthesitis [73].

Innate Lymphoid Cells (ILCs)
ILCs are a recently described type of cells that 
are capable of rapidly secreting large amounts of 
cytokines when stimulated by stress signals, 
microbial compounds, or cytokines [74]. ILC 
type 3 appears to be very important for gut immu-
nity. They secrete IL-22 and IL-17 and express 
the Th17-associated transcription factor RORγt 
(retinoic-acid-receptor-related orphan nuclear 
receptor γt). Intestinal IL-22 is essential for epi-
thelial integrity and repair [75]. ILC3s have also 
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been shown to directly induce cell death of com-
mensal bacteria-specific CD4 T cells in a MHC 
class II-dependent manner [76].

The role of intestinal ILCs has not been exten-
sively investigated in SpA. A recent study described 
an increase of ILC3-like cells (although RORγt 
negative) in gut, synovial fluid, and bone marrow 
of patients with AS that had the capacity to produce 
IL-17 and IL-22 and expressed α4β7 [77].

 Adaptive Immunity

HLA-B27
HLA-B27 is the most important genetic suscepti-
bility factor in SpA [78]. As a MHC class I mol-
ecule, the physiological role of HLA-B27 is 
antigen presentation to CD8 T cells. Hence, it 
was speculated that certain B27 alleles might 
bind specific bacterial peptides and present them 
to cytotoxic T cells, which would then cross-react 
with endogenous antigens causing chronic 
inflammation (the arthritogenic peptide theory). 
Several reports indeed described the presence of 
HLA-B27-restricted CD8 T cells to bacterial 
peptides in HLA-B27-positive patients with ReA 
[79–81]. Also, HLA-B27-restricted autoreactive 
CD8 T cells specific for cartilage-derived pep-
tides were found in synovial fluid (SF) of patients 
with AS [82]. However, two animal models for 
SpA, SKG mice injected with curdlan and HLA- 
B27 transgenic rats, are not dependent on CD8 T 
cells but are dependent on CD4 T cells (which 
interact with MHC class II molecules) [83]. 
Bacterial antigen-specific T cells in ReA have 
also found to be CD4+. Furthermore, they 
showed signs of impaired Th1 responses, possi-
bly inhibiting effective clearance of bacteria [84]. 
Moreover, these CD4+ T cells reacted not only to 
bacterial antigens but also to HLA-B27 itself, 
possibly through cross-reactivity: HLA-B27 con-
tains amino acid sequences that are identical to 
those found in Gram-negative bacterial proteins 
[85, 86]. Also, anti-HLA-B27 monoclonal anti-
bodies were found to bind Klebsiella, Shigella, 
and Yersinia antigens [87–89].

Few studies have examined bacteria-specific 
CD4 T cell responses in non-ReA SpA patients. 
A 2012 study found higher frequencies of E. coli- 

specific Th1 cells in SF and peripheral blood of 
patients with AS compared to patients with RA 
[90]. An antigen-specific proliferative response 
of SF mononuclear cells (SFMCs) and PBMCs to 
the outer membrane protein (OMP) of Salmonella 
typhimurium was found in enthesitis-related JIA 
[91]. Impaired Th1 responses, characterized by 
lower IFNγ and IL-2 production, have been 
described in peripheral blood, synovium, and gut 
mucosa of non-ReA SpA patients, and this was 
restored after anti-TNFα therapy, suggesting that 
chronic TNF exposure might be the cause of this 
impairment [92].

Nevertheless, no specific arthritogenic peptide 
nor specific autoantibodies have been identified in 
SpA, so that alternative hypotheses linking HLA-
B27 to SpA have been postulated. One possibility 
is that aberrant intracellular peptide processing 
combined with altered peptide presentation by 
HLA-B27 plays a role. This is supported by the 
discovery of ERAP-1 (endoplasmic reticulum 
aminopeptidase 1) polymorphisms, associated 
with HLA-B27-positive SpA patients. ERAP-1 
encodes a peptidase involved in peptide trimming 
before MHC class I presentation [93, 94].

HLA-B27 may also contribute to SpA patho-
genesis through triggering of local innate immu-
nity. Two hypotheses have been proposed for this: 
HLA-B27 may form heavy chain dimers, which 
activate NK-type receptors [95]. However, 
monodimer formation is also seen in other HLA-B 
molecules not associated with SpA [95]. Secondly, 
HLA-B27 may misfold in the ER, activating the 
unfolded protein response (UPR), which leads to 
a pro-inflammatory reaction (i.e., IL-23 secretion) 
[96]. However, the increased LPS-induced IL-23 
secretion seen in PBMCs from AS patients versus 
healthy controls (see above) was not associated 
with the induction of an UPR, even after upregu-
lation of expression of HLA-B27 [70]. In line 
with this, another study found no increased acti-
vation of the UPR in synovial tissue and PBMCs 
from HLA-B27- positive AS patients versus those 
with other inflammatory joint diseases and healthy 
controls [97].

There is also evidence that HLA-B27 may 
affect dendritic cell and macrophage function. 
For instance, aberrant activity of DCs, including 
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preferential induction of Th17 cells, was shown 
in DCs derived from HLA-B27 transgenic rats 
[98]. Enhanced intracellular replication/impaired 
elimination of Salmonella enteritidis has been 
seen in HLA-B27-transfected monocytes through 
modulation of Salmonella genes [99, 100]. This 
suggests that HLA-B27 might contribute to 
 disease by increasing translocation of certain 
enteric bacteria.

The IL-23 Receptor (IL-23R)
The IL-17/IL-23 pathway has emerged as a cru-
cial factor in SpA pathogenesis, as illustrated by 
increased IL-23 and IL-17 expression in SpA 
joints and the effectiveness of IL-17 or IL-23 
blocking therapy. Moreover, certain polymor-
phisms in the IL-23R gene are associated with 
SpA, psoriasis, and IBD [66, 101]. Intestinal 
IL-23 is produced by macrophages, DCs, Paneth 
cells, and epithelial cells in response to microbial 
stimuli or after activation of the UPR. IL-23 sup-
ports the survival of effector Th17 cells, stimulat-
ing their expression of IL-17 and IL-22, and 
inhibits differentiation to T regulatory (Treg) 
cells [102–104]. Besides Th17 cells, IL-23R is 
expressed by many innate immune cell popula-
tions, e.g., ILC3s, γδ T cells, and mucosal- 
associated invariant T (MAIT) cells, all of which 
are characterized by IL-17 secretion and expres-
sion of RORγt [105, 106]. IL-23 expression in 
DCs has been shown to be induced by infection 
with Chlamydia trachomatis, a ReA-associated 
microorganism [107]. The triggering of arthritis 
and ileitis in SKG mice by microbial-derived cur-
dlan (see above) is also IL-23 dependent.

 Immunoregulation
Tregs in the gut are crucial for counterbalancing 
inflammatory responses to commensal bacteria. 
Tregs suppress inflammation by producing IL-10 
and transforming growth factor (TGF) β and by 
expressing cytotoxic T lymphocyte antigen 4 
(CTLA-4). They also induce class switching of B 
cells to produce IgA antibodies against commen-
sal organisms [108, 109]. Treg cells have not 
been extensively studied in SpA.  Alterations in 
Treg cell frequencies have not consistently been 
found in peripheral blood of SpA patients, but in 

SF, an increased number of Treg cells was 
described in peripheral SpA patients compared to 
AS and RA patients [110]. An increase in IL-10- 
producing Treg cells was found in the ileum of 
AS patients with chronic gut inflammation [111].

Some genetic polymorphisms associated with 
SpA may influence Treg cell function. For exam-
ple, polymorphisms in STAT3 (signal transducer 
and activator of transcription 3) are associated 
with both IBD and AS [66, 112]. STAT3 activa-
tion by IL-6 and IL-23, in combination with 
IL-1β, TGFβ, and RORγt, is associated with 
Th17 formation. On the other hand, STAT3 acti-
vation by IL-10 in Treg cells is crucial for their 
ability to suppress these pathogenic Th17 
responses [113].

 Microbial Factors Influencing 
Immunity in SpA

Data from animal studies have given us insight 
into how intestinal microorganisms or their 
metabolites can influence the intestinal, and sub-
sequently systemic, immune system.

As mentioned above, the IL-17/IL-23 path-
way plays an important role in SpA development. 
In mice, segmented filamentous bacteria (SFB) 
have been shown to induce Th17 cell differentia-
tion, possibly by stimulating DCs to produce 
IL-23 and IL-6 [114]. Indole-3-aldehyde, a tryp-
tophan metabolite produced by certain microbi-
ota such as Lactobacillus, can drive IL-22 
expression in group 3 ILCs [115], which in turn 
limits the expansion of SFB, inhibiting Th17 cell 
development [116].

Colonization of mice with Clostridia species 
(clusters IV and XIVa) induces Treg cell develop-
ment by providing an environment rich in trans-
forming growth factor-β [117]. Polysaccharide A, 
expressed by Bacteroides fragilis also modulates 
DCs to induce Tregs [118]. On the other hand, 
certain bacteroides species have been shown to 
mediate chronic colitis and arthritis in HLA-B27 
transgenic rats [48].

An increase in sulfate-reducing bacteria has 
been described in fecal samples of AS patients (see 
above [22]). These bacteria produce hydrogen 

16 Spondyloarthritis



212

sulfide (H2S) as a by-product, which can disrupt 
the epithelial barrier. Associations between these 
bacteria and IBD have also been described [119].

Short-chain fatty acids (SCFAs), such as 
butyrate, are produced by several commensal 
bacteria (e.g., Bacteroides, Clostridia species) 
as a result of carbohydrate fermentation. They 
are an important nutritional source for entero-
cytes and have immunomodulatory properties. 
Low doses of butyrate were shown to enhance 
epithelial barrier function, whereas high doses 
increased intestinal permeability due to epithe-
lial cell apoptosis [120]. SCFAs induce the dif-

ferentiation of colonic Treg cells in mice, at 
least partly through stimulation of IL-10 and 
retinoic acid production by intestinal DCs and 
macrophages [121, 122]. Butyrate has also been 
shown to decrease pro-inflammatory cytokine 
expression in  vitro in human lamina propria 
mononuclear cells [123]. A reduction in butyr-
ate-producing bacteria has been described in 
IBD as well as in ERA patients [26, 124]. 
Figure  16.2 summarizes the interactions 
between intestinal microorganisms and intesti-
nal immune cells that are thought to play a role 
in SpA pathogenesis.
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Fig. 16.2 Interactions between intestinal microorgan-
isms and intestinal immune cells that are thought to play a 
role in SpA pathogenesis. The main hypotheses with 
regard to HLA-B27 and SpA development are depicted: 
presentation of an arthritogenic peptide to CD8+ T cells, 
misfolding in the ER causing ER stress and the UPR, and/
or recognition of HLA-B27 heavy chain dimers by 
NK-type receptors. H2S hydrogen sulfide, SFB segmented 
filamentous bacteria, PSA polysaccharide A, SFCA short- 

chain fatty acid, RA retinoic acid, HLA-B27 human leuko-
cyte antigen B27, STAT signal transducer and activator of 
transcription, ERAP endoplasmic reticulum aminopepti-
dase, UPR unfolded protein response, CARD caspase 
recruitment domain-containing protein, TLR Toll-like 
receptor, IL interleukin, IL-23R IL-23 receptor, sIgA 
secretory IgA, TGF transforming growth factor, TNF 
tumor necrosis factor
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 Trafficking of Bacterial Antigens 
From Gut to Joint

The exact mechanisms linking gut and joint inflam-
mation in SpA have not been elucidated. One 
hypothesis is that intestinal bacteria or fragments 
thereof traffic to the joints and cause inflammation 
locally. Evidence supporting this hypothesis has 
mainly been found in ReA.  Indeed, antigens or 
nucleic acids from ReA-associated microorgan-
isms as well as T cells specific for these bacteria 
have consistently been detected in SF of ReA 
patients [79–81, 125–128]. More direct proof came 
from the discovery of identical T cell expansions in 
the colon and synovium of a patient with entero-
genic ReA [129]. However, materials from skin or 
gut commensals are also found in the SF of ReA 
patients [130, 131]. Also, bacterial nucleic acids 
have been detected in various forms of arthritis, 
such as RA, so their pathogenic relevance is unclear 
[132–135]. Furthermore, long-term antibiotics 
have no proven benefit in the treatment of ReA (at 
least not when triggered by enteric infections) nor 
in peripheral SpA [136, 137].

An alternative hypothesis is that bacterial anti-
gens prime intestinal T cells and macrophages, 
which then preferentially travel to the joints pos-
sibly due to aberrant expression of adhesion mol-
ecules, aberrant neovascularization, or local 
factors within the synovium. In the joint lympho-
cytes might be reactivated by cross-reacting with 
self-peptides (such as HLA-B27 itself, given its 
shared amino acid sequences with Gram-negative 
bacteria). Gut leukocytes indeed appear to have 
the capacity to interact with synovial vessels and 
enter the joint [138, 139]. Moreover, gut-derived 
Th17 cells were demonstrated in the spleen of K/
BxN TCR transgenic mice at the onset of their 
genetically determined arthritis, and the fre-
quency of these cells correlated with the titer of 
autoantibodies. Hence, this study provided a link 
between the intestinal Th17 pool (induction of 
which is influenced by gut microbiota such as 
SFB) and the development of arthritis. Of note, 
there was minimal emigration of Th17 cells from 
the gut in mice without arthritis [140].

Alternatively (or simultaneously), aberrant 
interaction with intestinal bacteria and/or intesti-

nal inflammation could lead to increased sys-
temic inflammation, which ultimately would 
affect the joints or entheses (which might show 
hyperresponsiveness to inflammatory stimuli due 
to genetic characteristics of SpA). A proposed 
mechanism for SpA pathogenesis and how intes-
tinal inflammation or the microbiota might play a 
role in this is illustrated in Fig. 16.3.

 Possible Therapeutic Implications

Given the evidence described above, therapeutic 
interventions to manipulate the gut microbiota in 
SpA are interesting to consider. On the one hand, 
an individual’s global microbiota composition, 
once established, appears to be quite stable over 
time, highlighting the importance of early life 
colonization and exposure [141]. Also, short- term 
diet-induced changes in the microbiota composi-
tion appear to return quickly to the pre- intervention 
stage [142]. On the other hand, long- term studies 
looking at dietary interventions have not yet been 
performed. Also, antibiotics have been shown to 
have not only short-term but also long-term 
(years) impact on microbial  composition, sug-
gesting that there is some plasticity and hence 
room for interventional changes [143]. This has 
been illustrated by the success of treating persis-
tent Clostridium difficile infection via fecal micro-
bial transplants (FMT), where the composition of 
the recipient becomes highly similar to that of the 
donor [144]. Successful case reports have also 
been described for FMT in IBD (see Chap. 19.) A 
perhaps more appealing alternative for FMT are 
“synthetic stools,” currently being developed and 
containing key species derived from the stool of 
healthy people [145]. Probiotic bacteria were 
shown to be protective in experimental models of 
colitis, including in HLA-B27 transgenic rats 
(Lactobacillus rhamnosus GG) [146, 147]. Also, 
consumption of Lactobacillus casei prior to infec-
tion abolished gut and joint inflammation triggered 
by Salmonella in mice, and this coincided with 
decreased expression of TNFα, IL-17, IL-23, 
IL-1β, and IL-6 in the gut [148]. Prebiotics contain-
ing chicory-derived long-chain inulin and oligo-
fructose reduced colitis and prevented arthritis in 
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the HLA-B27 transgenic rat model. This beneficial 
effect was associated with alterations to the gut 
microbiota (increased endogenous Bifidobacteria 
and Lactobacilli), as well as a decrease in pro-
inflammatory cytokines and an increase in immu-
noregulatory cytokines [149]. One RCT in 63 
active SpA patients with probiotics containing 
Streptococcus salivarius, Bifidobacterium lactis, 
and Lactobacillus acidophilus, however, did not 
demonstrate a benefit over placebo [150]. 
Likewise, a pediatric study of ERA patients failed 
to identify any benefit to probiotics [151]. On the 
other hand, these interventions in SpA are not yet 

fine-tuned regarding microbiota composition and 
function. Perhaps if pre-/probiotic interventions 
become more specific and are able to fill in spe-
cific (bacterial/functional) niches, a therapeutic 
effect might be possible.
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 Introduction of the JIA Categories

JIA is a heterogeneous condition, consisting of 
several categories with distinct clinical, patho-
physiological, and genetic features [1]. It is not a 
single disease but a heterogeneous collection of 
conditions involving a spectrum of clinical find-
ings [2]. About 20% of the risk for JIA may come 

from genetic factors [3], indicating a strong role 
for environmental factors, including the human 
intestinal microbiota. The International League 
of Associations for Rheumatology criteria divide 
JIA into seven categories of which oligoarthritis 
and seronegative polyarthritis are the most com-
mon ones in Western nations [4]  and are well- 
represented in microbiota studies. Many children 
in these categories are diagnosed in early child-
hood, before age 5 [4]. Rheumatoid factor- 
positive polyarthritis and enthesitis-related 
arthritis (ERA) are usually diagnosed in older 
children and are roughly described as juvenile 
counterparts of the classical forms of adult rheu-
matoid arthritis and adult spondyloarthritis 
(SpA), respectively [5]; the microbiota in juve-
nile SpA has been investigated as well. The role 
of the microbiota in juvenile psoriatic arthritis 
has yet to be studied. Finally, undifferentiated 
arthritis is a variable condition with overlapping 
features shared by several of the preceding cate-
gories. However, at least the JIA categories of 
polyarticular and oligoarticular arthritis are 
believed to be antigen-driven lymphocyte- 
mediated autoimmune diseases with abnormali-
ties in the adaptive immune system [6]. In 
contrast, systemic JIA appears to be an autoin-
flammatory syndrome, which shows no consis-
tent associations with autoantibodies or human 
leukocyte antigen types (HLA) [6, 7]. There have 
not been any studies evaluating the gut microbi-
ota in this category either.
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 Early-Life Events Which Are 
Associated with the Risk of JIA

 Overview

Increased incidence of autoimmune diseases in 
Western countries has been linked with changes 
in early colonization of indigenous microbes, 
which educate the immune system [8]. For proper 
health, human mucosal immunity needs to main-
tain tolerance toward nutrients and beneficial 
microbes but simultaneously suppress any inva-
sive pathogens without excess injury to the host 
mucosal barrier. Inappropriate colonization of 
beneficial microbes may result in perturbations of 
mucosal and peripheral immune maturation, 
which in turn can result in a higher risk of chronic 
autoimmune diseases in later life. The maturation 
process seems to start during pregnancy, since 
maternal health has been shown to impact the 
meconium microbiota composition and inflam-
matory disease susceptibility of the offspring [9]. 
For example, a recent Israeli study observed a dis-
tinctive pattern of month of birth in JIA patients 
compared to the healthy population; one interpre-
tation of this finding is that seasonal environmen-
tal pathogens or alterations in maternal vitamin D 
levels may influence the risk of subsequent auto-
immunity [10]. Additionally, a cluster of JIA 
cases that occurred following the influenza A 
H3N2 outbreak in 1977 was linked to prenatal 
sensitization to the H2N2 strain that may have 
occurred in 1963 [11]. However, for the most part, 
the association of prenatal events and subsequent 
risk of JIA is largely unknown. What has been 
studied in greater detail as risk factors for JIA are 
early-life events, such as mode of delivery, feed-
ing practice, and exposure to systemic antimicro-
bial agents. All of these affect the development of 
the microbiota and consequently may have pro-
found effects on immune maturation [12–14].

 Mode of Delivery

Two Scandinavian registry-based studies [15, 16] 
have investigated the mode of delivery and future 
risk of JIA. In the Danish epidemiological study, 
children delivered by elective Caesarean section 

had an increased risk of JIA compared to vagi-
nally delivered children [16]. Of note, this pro-
tective benefit did not extend to children with 
emergent Caesarean sections. This finding is sup-
ported by a Swedish study showing a tendency 
toward higher Caesarean section rates among 
children with JIA compared to controls (OR 1.1, 
95% CI 1.0–1.3) although this study did not 
assess the differences between elective and 
unplanned sections. It should be noted that elec-
tive Caesarean sections are generally character-
ized by absence of stress signals induced by 
childbirth, whereas this is not the case with 
unplanned sections [17]. In addition, the amni-
otic sac will be frequently ruptured in emergent 
sections, thus exposing the fetus to maternal 
microbiota, while infants born by elective sec-
tions typically have no exposure to the maternal 
microbiota. Instead, such infants are colonized 
by skin bacteria such as Staphylococcus, 
Corynebacterium, and Propionibacterium spp. In 
contrast, vaginal delivery promotes the coloniza-
tion of Bifidobacteria and Bacteroides [18, 19] as 
well as Lactobacilli and Streptococci. The micro-
bial alteration and reduction of the microbial 
diversity in infants born by Caesarean section are 
reported to persist at least until 2  years of age 
[20–22], although there is contradictory data [3]. 
Besides the disturbed bacterial colonization of 
the mucosa, the mode of delivery imprints epi-
genetic regulation of gene expression, the long-
term consequences of which are unknown [17]. 
Caesarean sections reduce the infant’s early 
immune activation, as measured by leukocyte 
counts, and the secretion of proinflammatory 
cytokines, such as IL-1β, IL-6, and TNFα, and 
also delay the achievement of the humoral 
immune tolerance during the first year of life as 
measured by higher counts of food antigen-spe-
cific IgA, IgG, and IgM secreting B cells in 
peripheral blood, at least in infants who are at 
risk for allergic disease [17, 23–25].

 Infant Feeding Practices

A second early-life event that appears to impact 
future risk of JIA is mode of feeding. Unlike 
mode of delivery, this information is more chal-
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lenging to study, as feeding practices are not cap-
tured in insurance-based registries and thus 
generally rely on recall. In the first study evaluat-
ing the risk of JIA in breastfed compared with 
bottle-fed infants [26], breastfeeding was shown 
to have a protective effect on the development of 
JIA. Subsequent studies have supported this find-
ing, although breastfeeding seemed to reduce the 
risk of developing certain JIA subtypes more 
than others. Specifacally, a shorter duration [27]
or less frequent [26] breastfeeding was associ-
ated with development of oligoarticular JIA [28], 
but there was no protective effect of breastfeed-
ing on polyarticular JIA [28]. In a large British 
registry study [29], breastfeeding seemed to 
decrease susceptibility to ERA and juvenile pso-
riatic arthritis more so than other forms of JIA 
[29]. Breastfeeding was also protective against 
the adult counterpart of ERA, spondyloarthropa-
thy [30]. In the British study [29], breastfeeding 
influenced also the severity of JIA at presenta-
tion. Breastfed infants had younger age but 
milder symptoms during the onset of the disease 
as measured with lower scores on the childhood 
health assessment questionnaire, a marker of 
functional limitations. In recent Swedish pro-
spective population-based study [31], parents 
filled out questionnaires on breastfeeding and 
introduction of solid foods (n = 10,565 completed 
questionnaires). This data was coupled 16 years 
later with the Swedish National Patient Register 
to identify children diagnosed with JIA (n = 32). 
Children who had been breastfed for less than 
4 months had 3.5 increased risk of JIA compared 
to those breastfed more than 4  months. The 
patient sample in the study was too small to ana-
lyze the risk in different JIA categories, but the 
biggest category of the sample of the study was 
oligoarthritis (44%, 14/32). The study also evalu-
ated potential confounding factors such as family 
history, parental education, and cigarette smok-
ing, concluding that these factors did not affect 
the final outcome.

Mechanistically, the association between 
feeding practice and future risk of JIA may be 
due to altered microbial populations or to altered 
mucosal immunity. Breastfed infants have higher 
abundance of Bifidobacterium, Lactobacilli, and 
Streptococci than their bottle-fed counterparts 

[32] supporting dominance of the microbes 
already colonized during vaginal delivery [18]. 
Breastfeeding seems to influence not only the 
colonization of fecal microbiota but also imprint-
ing of mucosal immunity [33]. Specifically, 
based upon studies in humans and mice, Perez 
et  al. [33] postulated that breast milk includes 
mononuclear cells containing bacterial DNA, 
which the infant uses to train the immune system 
to recognize these foreign DNA fragments and 
thus to respond appropriately to microbial chal-
lenge [33].

The mechanism by which bottle-feeding was 
associated with an increased risk of JIA may dif-
fer based upon the subtype. As summarized 
above, bottle-feeding may be associated with 
both increased risks of oligoarticular JIA and 
SpA. Patients with ERA and ankylosing spondy-
litis show antibodies against commensal micro-
biota [34, 35]. In contrast, the predominant 
antibody in oligoarticular JIA is the antinuclear 
antibody (ANA) [36]. Of potential relevance, 
neonatal mice raised in germ-free conditions do 
not develop secondary lymphoid tissue in their 
intestinal mucosa and yet produce ANAs when 
exposed to segmented filamentous bacteria [37]. 
Van Dijkhuizen et al. presented data at Pediatric 
Rheumatology European conference [38] that the 
intestinal microbial composition was different in 
ANA-positive patients with respect to ANA- 
negative patients, suggesting that early-life events 
affecting the intestinal microbiota may be spe-
cifically associated with arthritis associated with 
a positive ANA.

 Early Antibiotic Exposure

A third early-life factor that can influence the 
microbiota is exposure to antibiotics. Antibiotic 
use during infancy was recently shown to reverse 
the beneficial effects of breastfeeding with 
respect to development of a normal microbiota 
[39]. Two separate registry-based studies dem-
onstrated that early-life exposure to antibiotics 
was associated with a higher risk of develop-
ment of JIA later in life, even exposure that took 
place years before the onset of the disease [40, 
41]. Both studies also showed a dose-dependent 

17 Juvenile Idiopathic Arthritis



224

 relationship between the use of antibiotics and 
JIA, and one study showed that those children 
exposed to antibiotics with wider total microbial 
coverage [41] appeared to have a higher risk of 
JIA than children exposed to a limited repertoire 
of antibiotics, even after adjusting for a total 
number of courses [42]. The study by Horton 
et al. [40] did not detect any obvious differences 
among classes of antibiotics, although it may not 
have been powered to see such an effect. Of note, 
broad- spectrum antibiotics have been associated 
with loss of intestinal microbial diversity [43, 
44], which has been observed in children with 
JIA [45]. Neither studies evaluating antibiotic 
exposure and subsequent risk of JIA could fully 
exclude the possibilities that either children who 
develop JIA are more prone to developing infec-
tions early in life or that the infections themselves 
contributed to the risk. Indeed, a previous study 
conducted in Sweden showed that hospitalization 
in the first year of life was associated with risk of 
later JIA [15] raising the need to dissect whether 
the infection itself or antibiotics directed against 
the infection play a role in this finding. Along 
those lines, Horton et al. [40] concluded in their 
study that the relationship between exposure 
to antibiotics and JIA held even after adjusting 
for infections, although in their study based on 
primary health care, it was impossible to assess 
whether upper respiratory tract infections treated 
with antibiotics were intrinsically different than 
those not associated with antibiotic therapy.

 Immunologic Maturation and JIA

A question that arises from the above studies is 
what are the potential mechanisms by which 
early colonization patterns might influence sub-
sequent risk of JIA? Differences in the coloniza-
tion pattern of mucosal microbes in different 
populations have been suspected to contribute to 
the innate immunity maturation and future inci-
dence of autoimmune disease in the population 
level [8]. Vatanen et al. [8] studied the differences 
in the infant fecal microbiota in countries with 
high (Finland and Estonia) compared to low 
(Russia) incidence of childhood type 1 diabetes 

and likely JIA [46–49]. Interestingly, the Vatanen 
study showed that infants in countries with high 
incidence type 1 diabetes had an elevated fecal 
abundance of Bacteroides with a lower fecal 
abundance of E. coli compared to the Russian 
children. The potential significance of these find-
ings was demonstrated in both mice and humans, 
where the lipopolysaccharide (LPS) from E. coli 
compared to that of Bactroides dorei demon-
strated increased capacity both to engender 
inflammatory cytokine production from human 
peripheral blood cells and mouse splenocytes and 
also to induce tolerance to endotoxin in both 
humans and mice. Vatanen et al. concluded that 
the pattern of high Bacteroides compared to E. 
coli colonizing the infant gut could cause a 
reduced immune education of the mucosal innate 
immunity. This conclusion is in accordance with 
the extended version of hygiene hypothesis that 
the increased risk of autoimmunity could be due 
to deficient triggering of mucosal immunity in 
infancy [50]. It is therefore potentially highly sig-
nificant that several studies have shown elevated 
fecal abundance of Bacteroides in children with 
type 1 diabetes and JIA. Specifically, this finding 
has been reported in separate studies in Finnish 
children with both type 1 diabetes and new-onset 
oligoarticular and seronegative polyarticular JIA, 
although these studies also showed a decreased 
fecal abundance of one species within the 
Bacteroides genus, B. fragilis [51, 52], possibly 
reflecting the ability of its polysaccharide tail to 
promote development of regulatory T cells [53]. 
The latter finding in particular indicates that spe-
cialized symbiont-derived molecules can pro-
mote tolerance toward commensals. In fact, 
mediators of intestinal mucosal tolerance medi-
ated by innate and adaptive immune pathways 
have been studied from mucosal biopsies of JIA 
patients suffering from gastrointestinal symp-
toms [54]. This study showed that JIA patients in 
remission displayed higher intestinal messenger 
RNA levels of Toll-like receptor 4 together with 
higher expression of the anti-inflammatory medi-
ators IL10, TGFβ, and FOXP3 compared with 
expression in patients with active JIA [54]. In 
accordance with this finding, stimulation of the 
Toll-like receptor 9 on apical mucosa by selected 
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microbial conserved structures was shown to 
induce regulatory T-cell responses and confer 
protection against experimental arthritis [55] but 
induced proinflammatory cascades on basolateral 
side [56]. Therefore, altered mucosal innate 
immunity, potentially influenced by early devel-
opment of the fecal microbiota, may affect the 
subsequent risk of JIA (Fig. 17.1).

Another illustration of mucosal immunity 
affecting systemic disease risk comes from find-
ings from helminth parasites. Helminths ensure 
their survival through regulating immune path-
ways, thereby shielding themselves from an 
inflammatory process [57]. Many helminth infec-
tions can induce regulatory T-cell responses, 
which in mouse models of arthritis have trans-
lated to reduction of disease severity during hel-
minth infection [58]. A potential therapeutic 
benefit of one helminth parasite, Trichuris suis, 
was also demonstrated in humans with IBD [59, 
60], although this therapy has not been evaluated 
in children with JIA.  However, there are data 

from studies in humans that parasites may affect 
the pathways associated with arthritis: an inverse 
relationship was detected between helminth 
exposure and presence of ANAs, and furthermore 
ANA titers increased following eradication of the 
parasite [61]. These findings are of particular 
interest in light of the studies summarized above 
that the microbiota may contribute to the devel-
opment of ANAs [37, 38].

 Alteration of Fecal Microbial 
Profiles in JIA Compared 
with Controls

Five studies and one congress abstract have been 
published so far evaluating changes in the fecal 
microbiota in children with JIA [34, 38, 45, 52, 
62]. All of these studies evaluated the fecal 
microbiota, rather than intestinal biopsy speci-
mens. This may be an important limitation, as the 
microbiota varies greatly along the length of the 

Fig. 17.1 Schematic presentation of the potential effect 
of altered intestinal microbiome in JIA. Early life factors, 
such as Caesarean section, bottle feeding and early expo-
sure to antibiotics, can impair colonization of the com-
mensal microbiota (blue square in the right corner). The 
commensal microbiota can induce mucosal immune 

 maturation and development of adequate mucosal integ-
rity (innermost circles). Impaired maturation and integrity 
of mucosal immune system predisposes host to humoral 
immune responses toward commensal microbiota and 
self-antigens (outer circle)
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gastrointestinal tract [63] and fecal microbiota 
differs from that of the mucosa [64]. Another 
potential limitation of these studies is failure to 
take into account all of the medications that could 
impact the microbiota. While all of them excluded 
children with recent exposure to antibiotics, other 
medications that can impact the fecal microbiota, 
such as laxatives and proton pump inhibitors [44, 
65, 66], were not consistently assessed. This lim-
itation is not unique to studies in JIA but appears 
to be fairly widespread among studies evaluating 
patients with inflammatory disorders in general. 
All of the studies in children with JIA published 
to date involved PCR amplification of the hyper-
variable 16S ribosomal DNA regions but differ to 
some extent in the specific hypervariable region 
studied; one of them also included whole genome 
shotgun metagenomics (Table 17.1). Thus, these 
studies may not be directly comparable, as choice 
of hypervariable region can impact the findings 
[67]. One study querying the fecal microbiota 
used liquid chromatography and mass spectrom-
etry to identify fecal water metabolites in ERA 
patients and controls [68]. Table  17.1 summa-
rizes the study methods and populations, and 
Table 17.2 lists the critical findings therein, which 
are also summarized below.

Two of those studies evaluated the fecal 
microbiota profile in oligo-/polyarticular JIA [45, 
52], with some contradictory data observed at the 
phylum level. Specifically, the Finnish study 
demonstrated in newly diagnosed subjects 
decreased Firmicutes and increased Bacteroidetes 
compared to healthy controls, while an Italian 
study in children with established ERA and poly-
articular JIA [45] revealed that Firmicutes were 
more abundant in JIA. Since the Italian but not 
the Finnish study was inclusive of children on 
immunosuppressive therapy, these findings raise 
the question as to whether immunosuppressive 
therapies might affect the microbiota. 
Sulfasalazine undoubtedly does, as it is an antibi-
otic. Most of the ERA patients in the study of Di 
Paola et  al. were exposed to sulfasalazine [45], 
but none in the Indian or North American studies 
were [34, 62]. There are very little data on the 
extent to which other medications might impact 
the microbiota. A study in mice presented at the 

2016 American College of Rheumatology annual 
conference demonstrated that Firmicutes were 
more resistant to methotrexate than were 
Bacteroidetes [69], a finding which could poten-
tially result in the loss of Bacteroidetes in JIA 
reported by Di Paola et al. [45], although the dose 
of methotrexate used in the study by Nayak et al. 
[70] was not reflective of that used in clinical 
practice to treat rheumatic diseases. Still different 
phylum-level findings were reported in a study 
inclusive of children from Italy and the 
Netherlands presented at the Pediatric 
Rheumatology European Society Meeting 2016, 
with this study reporting increased Proteobacteria 
and decreased Actinobacteria in children with 
JIA compared to controls [38]. Interestingly, 
despite differences at the phylum level, some 
consistent findings have been seen at the genus/
species level. Specifically, decreased 
Faecalibacterium prausnitzii was reported 
among both polyarticular JIA patients in the 
Italian study [45] and ERA patients in the North 
American study [34]. Likewise, a nonsignificant 
underrepresentation of different species belong-
ing to Clostridium cluster IV, which includes F. 
prausnitzii, was found in the Finnish study of 
polyarticular and oligoarticular JIA subjects [52].

Another consistent finding is increased 
abundance of Bacteroides, a finding reported 
in children with ERA in both Indian and North 
American studies [34, 62, 69] as well as children 
with oligo-/polyarticular JIA in the Finnish study 
[52]. These findings may reflect immune priming 
associated with Bacteroides, as discussed above, 
and this might be the case at least with respect to 
the association of this genus with development 
of oligoarthritis and seronegative polyarthritis in 
young children. In contrast, Bacteroides may be 
directly pathogenic in older children with ERA 
[34]. The study by Stoll et al. [34] showed expan-
sion of mucin-degrading organisms Akkermansia 
muciniphila and Bacteroides in children with 
ERA accompanied by loss of F. prausnitzii [34]. 
This injury to the mucin layer combined with 
loss of F. prausnitzii might enable Bacteroides to 
be located closer to epithelial cells than it nor-
mally is [71], permitting it to be targeted by the 
mucosal immune system. Indeed, Stoll et al. [34]
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demonstrated that children with ERA had altered 
humoral immunity toward commensal microbes 
including Bacteroides [34]. Animal data also 
show that Bacteroides may be directly pathogenic 
in models of HLA-B27-associated arthritis [72, 
73]. Thus, the mechanism by which Bacteroides 
is associated with JIA awaits further clarification.

One other finding that emerges from this 
research is that the functional potential of the 
microbiota might be essential with respect to dis-
ease pathogenesis. The decreased abundance of 
F. prausnitzii and other species belonging to ben-
eficial Clostridium cluster IV may result in 
reduced production of butyrate, an important 
substrate for epithelial cell proliferation and 
maintenance of the intestinal integrity [74, 75]. 
Of note, increased intestinal permeability has 
been identified in children with JIA [76]. The 
synergistic effect of these symbionts is also 
important for induction of regulatory T cell [77]. 
Indeed, Stoll et  al. showed, in ERA, decreased 
content of fecal water metabolites involved in the 
butanoate pathway, which makes butyrate [78], 
which is a key metabolite in the induction of reg-
ulatory T cells [79]. Additionally, the study by 
Stoll et al. [68] showed reduced diversity of fecal 
metabolites, particularly those within the trypto-
phan pathway, in children with ERA as compared 
to healthy controls. The authors argued that these 
alterations may affect the selection between regu-
latory and effector T cells [68]. Thus, bacterial 
metabolites may themselves affect mucosal 

immune function, contributing to the pathogene-
sis of ERA (Fig. 17.1).

 Spreading of the Mucosal 
Inflammation to the Target Organ, 
Synovial Membranes

How do altered microbial populations and immu-
nity to the microbiota translate into arthritis? 
Presumably, an initial step is development of 
intestinal inflammation. Studies in children with 
ERA have demonstrated increased intestinal 
inflammation by colonoscopy [80], leukocyte 
scintigraphy [81], and fecal calprotectin [82]. 
Since mucosal inflammation exacerbates antigen 
leakage and consequently antigen-mediated 
immune activation, this could trigger humoral 
immune responses. For example, Fotis et al. dem-
onstrated increased humoral reactivity toward 
LPS from different aerobic gram-negative rods in 
JIA patients compared with controls [83]. The 
LPS reactivity correlated with juvenile arthritis 
disease activity scores (JADAS) in 27 patients. In 
addition, Stoll et  al. [34] reported that among 
children with ERA, serum IgA levels against 
commensal microbiota (B. fragilis) were directly 
proportional to the fecal abundance of the 
Bacteroides genus.

Intestinal dendritic cells can steer T cell acti-
vation status, and in addition, intestinal dendritic 
cells activate T cells to express gut-associated 

Table 17.1 Studies on fecal microbiota in juvenile idiopathic arthritis

Study
Number of 
patients

Number of 
controls Nation

Disease 
category Patient characteristics

Hypervariable 
region

Stoll et al. 
[34]

25 13 USA ERA DMARD-naive and on 
DMARD

V4

Tejesvi et al. 
[52]

31 29 Finland Seroneg. 
poly, oligo

Newly onset, 
DMARD-naive,

V4–V5

Aggarwal 
et al. [62]

33 14 India ERA Established disease, 
on DMARD

V3

Di Paola et al. 
[45]

29 29 Italy Seroneg. 
poly, ERA

Established disease, 
on DMARD

V5–V6

Stoll et al. 
[68]

24 19 USA ERA DMARD-naive and on 
DMARD

NA

Stoll et al. 
[69]

30 19 USA ERA Newly onset, 
DMARD-naïve

V4

DMARD disease-modifying antirheumatic drugs, ERA enthesitis-related arthritis, seroneg. poly seronegative polyarthri-
tihs, oligo oligoarthritis, NA not applicable
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homing receptors like α4β7 integrin and CCR9, 
which guide activated T cells circulating through 
the blood to migrate back to the bowel in normal 
situation [84]. During natural cell death, den-
dritic cells inactivate T cells, which recognize 
autoantigens, ensuring central tolerance. An 
opposite interaction occurs between dendritic 
and T cells during bacterial invasion. Since a het-
erogeneous expression of adhesion molecules is 
found in synovial endothelial cells during synovi-
tis [85, 86], mucosal T cells can circulate through 
the blood and home into the inflamed joints. This 
theory is supported by the finding that leukocytes 
expressing gut-specific homing receptors have 

been found in inflamed synovial fluid from 
patients with ERA and adult SpA [87, 88]. 
Likewise, intestinal secretory antibodies directed 
against enteropathogenic microbes could be 
transferred into the joint spaces and be able to 
bind to cross-reactive self-antigens [89].

Another possibility was proposed by Saxena 
et al. [90], who suggested that ERA might be a 
continuum of adult reactive arthritis (ReA). In the 
latter condition, triggering microbes have been 
identified in synovial tissue [91]. Specifically, the 
Indian group has argued that Salmonella may be 
a triggering organism for ERA, as it is in some 
cases of reactive arthritis in adults [92]. They 
reported increased T-cell responses toward 
Salmonella outer membrane protein in ERA 
patients compared to controls. Although 
Salmonella is not a common cause of ReA in 
developed nations, it is plausible that other organ-
isms might likewise be the target of aberrant 
immunity, as recently suggested [93]. It should 
be noted that these two alternative theories link-
ing gut and synovial inflammation—migration of 
gut-derived T cells into joints versus disease 
caused by pathologic T cell or humoral immunity 
against specific enteric organisms—are not nec-
essarily mutually exclusive possibilities.

Finally, it bears mention that the fecal micro-
biota may not be the only relevant microbial hab-
itat in JIA.  As discussed elsewhere in this 
text  (Chap. 15), the oral microbiota has been a 
subject of interest in adults with RA, particularly 
with respect to an association between RA and 
gingivitis. The category of JIA that is most simi-
lar to RA is RF+ polyarticular JIA.  Consistent 
with the data in adults with RA, children with 
anti-cyclic citrullinated peptide antibody (CCP)-
positive JIA demonstrated increased antibodies 
toward oral microbiota associated with gingivitis 
as well as poorer oral health, compared to chil-
dren with anti-CCP-negative JIA [94].

 Infections in Context of JIA 
Pathogenesis

So far, the discussion has been on the association 
of the microbiota as a whole with JIA. However, 
specific viral and bacterial infections have been 

Table 17.2 Fecal microbial taxonomic and functional 
alterations in JIA

Disease category
Microbial alteration “loss of symbionts”
Reduction of Faecalibacterium 
prausnitzii [34]

ERA

Reduction of Faecalibacterium 
prausnitzii [45]

Seronegative 
polyarticular JIA

Underrepresentation of members 
of Clostridium cluster IV  
(a trend) [52]

Oligoarthritis, 
seronegative 
polyarthritis

Microbial alteration substituting Microbiota
Increase of Bacteroides or  
B. fragilis [34, 62, 69]

ERA

Increase of Bacteroides  
[34, 52, 62]

Oligoarthritis, 
seronegative 
polyarthritis

Increase of Enterococcus [62] ERA
Microbial functional alteration
Decreased genetic potential of the 
butanoate pathway [69]

ERA

Decreased content of butanoate 
pathway [68]

ERA

Decreased content of tryptophan 
pathway [68]

ERA

Immune response toward microbiota/related to 
microbial alteration
Divergent relationship between  
B. fragilis antibody and 
abundance of Bacteroides in JIA 
and control group [34]

ERA

Divergent relationship between  
F. prausnitzii antibody and 
abundance of F. prausnitzii in JIA 
and control group [34]

ERA

ANA positivity related to 
microbial alteration (abstract) [38]

Different JIA 
categories

ERA enthesitis-related arthritis, JIA juvenile idiopathic 
arthritis
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linked to the development of JIA as well. Such 
studies have been limited to children with estab-
lished JIA; longitudinal studies following previ-
ously healthy children before the onset of JIA 
have not been conducted. Several alphaviruses 
have been linked to arthritis in adults, with less 
convincing associations reported in the pediatric 
population [95]. In addition, hepatitis B and C 
viruses, human T-lymphotropic virus, human 
immunodeficiency virus, mumps, and rubella 
have been linked to the development of chronic 
arthritis, although again not JIA [96]. One of the 
common features in the many arthrogenic viruses 
is their ability to cause long-standing infection in 
the host and to induce autoantibody production 
[97–99] and T-cell-mediated autoimmunity. Most 
studies evaluating the role of infectious agents as 
a trigger of JIA have used microbial-specific anti-
bodies to look for evidence of exposure [100–
102]. Along those lines, a British uncontrolled 
study [100] showed that 50% of JIA subjects had 
antibodies against Chlamydia pneumoniae, while 
none had antibodies against C. trachomatis, sug-
gesting possible pathogenicity of the former. A 
subsequent Turkish study [101] provided contra-
dictory data, showing no difference in C. pneu-
moniae seropositivity between JIA patients and 
controls. In a Polish study [102], IgG seropositiv-
ity toward Mycoplasma pneumoniae was more 
common in JIA than in control children. In addi-
tion, a Canadian study demonstrated a significant 
correlation of new diagnoses of JIA (other than 
ERA) with four epidemics of Mycoplasma pneu-
moniae between 1975 and 1992 in the province 
of Manitoba [103].

Two specific viruses warrant further attention: 
parvovirus B19 and the Epstein-Barr virus 
(EBV), which have been associated with clinical 
disease resembling JIA and are suspected to con-
tribute to the onset of JIA [104, 105]. Infection by 
parvovirus causes both asymptomatic and symp-
tomatic clinical diseases with wide spectrum of 
manifestations including arthritis. Typically, par-
vovirus viremia resolves in 1  week. Persistent 
parvovirus viremia together with symmetric 
arthritis has been reported in children with gener-
alized antibody deficiency or a specific inability 
to produce antibody against capsid protein [106, 
107]. A unique region in capsid protein VP1 of 

parvovirus B19 possesses phospholipase A2 
activity [108]. Interestingly, parvovirus infection 
has also been associated with the development of 
antiphospholipid antibodies [109]. Although 
such antibodies are not typically reported in JIA, 
they have been observed in children with JIA 
who have persistent infection with parvovirus 
B19 [110, 111]. Antibodies toward parvovirus 
have also been detected in ocular fluid of JIA 
patients with uveitis [112]. Several studies have 
shown increased exposure to parvovirus B19 
among children with JIA compared to controls 
[113–116], although this finding is not univer-
sally seen [117].

The role of EBV in the pathogenesis of JIA 
has been investigated only in small studies. In an 
Iranian uncontrolled study, EBV seropositivity 
was a common feature in hospitalized JIA 
patients, and the authors suggested that EBV 
infection could be linked with a refractory dis-
ease course of JIA [105]. In contrast, a Taiwanese 
study did not find differences in EBV or cyto-
megalovirus positivity in JIA patients compared 
with controls [118]. Massa et al. reported T-cell 
cytotoxic responses including increased IFN-γ 
directed against self-derived HLA epitopes in 
EBV-positive oligoarticular JIA patients but not 
with EBV-positive healthy controls [119]. In con-
trast, Kawada et al. reported a remission in three 
patients with refractory JIA after EBV infection 
associated with an increase in IFN-γ production 
[120], which the authors suggested to indicate 
that increased IFN-γ could resolve the autoim-
munity by controlling TH17-mediated immunity 
[121]. Taken together, studies on the association 
of viral infections and JIA are inconclusive but 
intriguing. Since viruses can contribute to effec-
tor T-cell homeostasis [122, 123] and effector T 
cells play a critical role in the course of JIA [124, 
125], future studies assessing the role of viral 
pathogens in JIA are warranted.

There are several mechanisms by which an 
infectious organism could predispose to arthritis. 
One is molecular mimicry. A classic example of 
molecular mimicry resulting in an autoimmune 
disease is acute rheumatic fever following infec-
tion with Streptococcus pyogenes, in which T 
cells against the streptococcal M protein cross- 
react with human cardiac myosin [126]. A 
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Norwegian study [127] compared the character-
istics of post-streptococcal reactive arthritis 
(PSRA) with other forms of juvenile arthritis. 
Healthy controls were not involved in the study. 
Recent streptococcal infection was identified in 
9% of new-onset JIA patients (3/33). Arthritis 
due to PSRA was still present 6  weeks and 
6 months after admission in 33% (7/21) and 10% 
(2/21), respectively. Another organism that has 
been linked to chronic arthritis potentially via the 
molecular mimicry route is Klebsiella pneu-
moniae, with one group showing elevated fecal 
carriage in ankylosing spondylitis [128]. 
Similarly, the Indian pediatric study showed that 
the fecal abundance of Klebsiella pneumoniae 
was higher in ERA than in healthy controls [62]. 
However, other studies in adult and pediatric SpA 
have not seen such an association [34, 45, 129]. 
K. pneumoniae is postulated to be one of the can-
didates in the pathogenesis of spondyloarthritis 
via molecular mimicry mechanism, since bacte-
rial antigens of K. pneumoniae, nitrogenase and 
pullulanase, share molecular features with self- 
antigens HLA-B27 and collagens I, III, and IV 
[130].

Alternatively, infections can have a non- 
specific bystander effect on T cells via co- 
stimulatory signals [123] and bystander 
[131–134] and polyclonal lymphocyte activation 
[135]. Finally, posttranscriptional modification 
of host peptides, such as citrullination and glyca-
tion, is linked to development of various autoim-
mune diseases via generation of remnant epitopes 
[136]. T lymphocytes with weak reactivity 
against native host peptides can develop much 
stronger reactivity following posttranslational 
modification [137]. As discussed in depth in the 
RA chapter [Chap. 15], pathogenesis of seroposi-
tive polyarticular JIA is linked with gingival 
inflammation by Porphyromonas gingivalis [138, 
139], which is able to convert arginine residues in 
proteins to citrulline, a candidate autoantigen in 
this JIA category. A recent study showed that 
children with antibodies against citrullinated 
peptides, compared to those lacking such anti-
bodies, also carried elevated titers of antibodies 
against oral microbiota associated with gingivitis 
[94]; similar findings have been reported in adults 

with RA [140]. Thus, to the extent that microbial 
agents themselves can modify host proteins, as P. 
gingivalis can do [141], they can contribute 
directly to the pathogenesis of JIA.

 Therapeutic Potential 
of the Microbial Alteration

The promise of the microbiota lies in studies 
designed to improve the disease state through 
alterations in the microbiota. The consistency of 
studies showing alterations in the microbiota 
yields hope that such efforts to treat the disease 
state through alterations in the microbiota will 
yield fruit, although optimism should be tem-
pered by the possibility that altered immunologic 
maturation, even if induced by early-life shifts in 
the microbiota, may not easily be reversible. In 
addition, the methods used to induce alterations 
in the microbiota must be carefully considered to 
ensure that the new microbiota is less likely to be 
associated with the disease state as compared to 
the current.

There are several tools that can used to alter 
the microbiota, including diet, probiotics, and 
fecal transplant (FMT). FMT will only be men-
tioned briefly, as this has not been studied in 
JIA. It may be effective in patients with IBD, per-
haps more so in young versus older subjects 
[142], so it may be worthy of consideration as a 
therapeutic tool in JIA.

There was one pediatric study of probiotics, 
which was conducted in India. In this study, 
patients with long-standing ERA with average 
disease duration of 3 years were randomized to 
placebo or probiotic therapy. The probiotic VSL3 
contained Streptococcus thermophilus, 
Bifidobacterium breve, B. longum, B. infantis, 
Lactobacillus acidophilus, L. plantarum, L. 
paracasei, and L. delbrueckii; both groups were 
also treated with nonsteroidal anti-inflammatory 
drugs for the duration of the 12-week study, but 
no patients were on immunosuppressive therapy. 
Clinical response was seen in both groups 
(p < 0.01 compared to their respective baselines), 
but no between-group differences were observed 
in disease activity at the end of the trial (p = 0.16). 
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The failure of this particular probiotic therapy, 
even with the failed trial of probiotics in ankylos-
ing spondylitis [143], should not necessarily be 
taken as evidence that probiotics in general would 
not work for children with ERA. Future probiotic 
studies should be informed by the specific defi-
ciencies that have been identified in the patient 
population under question, with the intent of 
replacing deficient bacteria. This was not the case 
herein; none of the bacteria provided in this trial 
were differentially abundant between patients 
and controls. It would be of greater interest to 
treat with Faecalibacterium prausnitzii or other 
Clostridium cluster IV members, although logis-
tically, this might be challenging due to these 
species being obligate anaerobic bacteria. 
Another potential approach might be to treat with 
butyrate, an important metabolic product of 
Faecalibacterium prausnitzii or other Clostridium 
cluster IV members [144, 145]. This has not been 
studied in humans but was successful in reducing 
disease activity in a mouse model of colitis, with 
the improvement attributed to induction of regu-
latory T cells [79, 145, 146].

Finally, exclusive enteral nutrition (EEN) is an 
established treatment option in pediatric Crohn’s 
disease, and its anti-inflammatory effect is postu-
lated to be caused by modification of the intesti-
nal microbiota [147]. Children treated with EEN 
need to be supervised closely by a nutritionist to 
ensure that they are meeting all of their daily 
requirements, and it can be challenging to main-
tain adherence with long-term use of 
EEN.  Nevertheless, this has been studied in 
JIA.  In uncontrolled studies, a group from 
Sweden has reported use of EEN in a total of 
seven patients with JIA (three ERA, three sero-
negative polyarthritis, and one oligoarthritis) 
spanning two studies [148, 149]. EEN had a sig-
nificant beneficial effect on active joint count 
(p = 0.031), the JADAS27 disease activity index 
(p = 0.016), and morning stiffness (p = 0.031). 
Additionally, in a child with seronegative polyar-
ticular JIA, EEN treatment resulted in a shift in 
the Bacteroidetes/Firmicutes ratio increased 
toward increased abundance of Firmicutes [150]. 
This may be a particularly promising result in 
light of the findings of decreased Firmicutes in 

children with polyarticular JIA [52], although it 
is not clear that the change in the microbiota was 
the reason for the clinical response to EEN. Other 
dietary approaches that might favorably alter the 
microbiota include cutting back on meat intake 
and increased consumption of vegetables, with 
both changes potentially driving down the abun-
dance of Bacteroides [151, 152], which as dis-
cussed above are elevated in children with JIA 
[34, 52, 62].

Conclusions Maturation of mucosal immunity 
to defend against microbes and tolerate different 
environmental antigens is a fundamental process 
and dependent on the early  colonization of the 
commensal microbiota [153, 154]. Environmental 
factors such as Caesarean section, bottle-feeding, 
and early exposure to antibiotics can result in 
altered microbiota, which in turn may result in 
impaired development of the immune system, 
since our microbiota play such an important role 
in immune maturation [18, 155]. Impaired matu-
ration of mucosal immunity predisposes to both 
microbial infections and aberrant immunologic 
responses toward commensal microbiota as well 
as toward self-antigens [37, 153, 154]. This may 
account for findings that children with JIA are 
more likely to have been exposed to C-section, 
bottle-feeding, hospitalization for infection, and 
courses of antibiotics [15, 16, 26–29, 31, 40, 41]. 
Additionally, they have altered humoral and cel-
lular responses to infectious organisms and 
increased production of antinuclear antibodies 
[34, 36], all of which changes can be related to 
the contents and function of the intestinal 
microbiota.

While the mucosal maturation process can be 
addressed only through preventive rather than 
therapeutic measures by the time a child has 
developed JIA, taxonomic and functional altera-
tions found in JIA [34, 38, 45, 52, 62, 69] may 
suggest potential avenues for therapeutic inter-
ventions. As studies show that JIA patients lack 
normal symbionts and metabolites, these could 
potentially be replaced directly, or their abun-
dance might be adjusted with dietary therapy. In 
addition, the microbial habitants in the oral cav-
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ity of seropositive JIA are associated with gingi-
vitis and formation of citrullinated peptides, 
which are known autoantigens of that JIA cate-
gory [94], and therapy of gingivitis appears to be 
effective at reducing disease severity in RA [72]. 
There are several new approaches to modify the 
mucosal microbiota toward one that might be less 
conducive to disease [142, 144, 145, 151, 152, 
156, 157]. These therapies may open a new para-
digm of therapy for children with JIA.

References

 1. Petty RE, Southwood TR, Manners P, Baum J, 
Glass DN, Goldenberg J, et al. International League 
of Associations for Rheumatology classification 
of juvenile idiopathic arthritis: second revision, 
Edmonton, 2001. J Rheumatol. 2004;31:390–2.

 2. Martini A, Lovell DJ.  Juvenile idiopathic arthritis: 
state of the art and future perspectives. Ann Rheum 
Dis. 2010;69:1260–3.

 3. Hinks A, Cobb J, Marion MC, Prahalad S, Sudman 
M, Bowes J, et  al. Dense genotyping of immune-
related disease regions identifies 14 new susceptibil-
ity loci for juvenile idiopathic arthritis. Nat Genet. 
2013;45:664–9.

 4. Nordal E, Zak M, Aalto K, Berntson L, Fasth A, 
Herlin T, et al. Ongoing disease activity and chang-
ing categories in a long-term nordic cohort study 
of juvenile idiopathic arthritis. Arthritis Rheum. 
2011;63:2809–18.

 5. van Rossum M, van Soesbergen R, de Kort S, ten 
Cate R, Zwinderman AH, de Jong B, et  al. Anti-
cyclic citrullinated peptide (anti-CCP) antibod-
ies in children with juvenile idiopathic arthritis. J 
Rheumatol. 2003;30:825–8.

 6. Lin YT, Wang CT, Gershwin ME, Chiang BL. The 
pathogenesis of oligoarticular/polyarticular vs sys-
temic juvenile idiopathic arthritis. Autoimmun Rev. 
2011;10:482–9.

 7. Prakken B, Albani S, Martini A. Juvenile idiopathic 
arthritis. Lancet. 2011;377:2138–49.

 8. Vatanen T, Kostic AD, d’Hennezel E, Siljander H, 
Franzosa EA, Yassour M, et al. Variation in micro-
biome LPS immunogenicity contributes to autoim-
munity in humans. Cell. 2016;165:842–53.

 9. Gosalbes MJ, Llop S, Valles Y, Moya A, Ballester 
F, Francino MP. Meconium microbiota types domi-
nated by lactic acid or enteric bacteria are dif-
ferentially associated with maternal eczema and 
respiratory problems in infants. Clin Exp Allergy. 
2013;43:198–211.

 10. Berkun Y, Lewy H, Padeh S, Laron Z. Seasonality 
of birth of patients with juvenile idiopathic arthritis. 
Clin Exp Rheumatol. 2015;33:122–6.

 11. Pritchard MH, Matthews N, Munro J.  Antibodies 
to influenza A in a cluster of children with juve-
nile chronic arthritis. Br J Rheumatol. 1988;27: 
176–80.

 12. Koenig JE, Spor A, Scalfone N, Fricker AD, 
Stombaugh J, Knight R, et al. Succession of micro-
bial consortia in the developing infant gut microbi-
ome. Proc Natl Acad Sci U S A. 2011;108(Suppl 
1):4578–85.

 13. Bates JM, Mittge E, Kuhlman J, Baden KN, 
Cheesman SE, Guillemin K.  Distinct signals from 
the microbiota promote different aspects of zebrafish 
gut differentiation. Dev Biol. 2006;297:374–86.

 14. Hooper LV, Wong MH, Thelin A, Hansson L, Falk 
PG, Gordon JI.  Molecular analysis of commen-
sal host-microbial relationships in the intestine. 
Science. 2001;291:881–4.

 15. Carlens C, Jacobsson L, Brandt L, Cnattingius S, 
Stephansson O, Askling J. Perinatal characteristics, 
early life infections and later risk of rheumatoid 
arthritis and juvenile idiopathic arthritis. Ann Rheum 
Dis. 2009;68:1159–64.

 16. Kristensen K, Henriksen L.  Cesarean section and 
disease associated with immune function. J Allergy 
Clin Immunol. 2016;137:587–90.

 17. Cho CE, Norman M. Cesarean section and develop-
ment of the immune system in the offspring. Am J 
Obstet Gynecol. 2013;208:249–54.

 18. Rautava S, Luoto R, Salminen S, Isolauri E. Microbial 
contact during pregnancy, intestinal colonization 
and human disease. Nat Rev Gastroenterol Hepatol. 
2012;9:565–76.

 19. Biasucci G, Rubini M, Riboni S, Morelli L, Bessi 
E, Retetangos C. Mode of delivery affects the bacte-
rial community in the newborn gut. Early Hum Dev. 
2010;86(Suppl 1):13–5.

 20. Jakobsson HE, Abrahamsson TR, Jenmalm MC, 
Harris K, Quince C, Jernberg C, et al. Decreased gut 
microbiota diversity, delayed Bacteroidetes coloni-
sation and reduced Th1 responses in infants deliv-
ered by caesarean section. Gut. 2014;63:559–66.

 21. Rutayisire E, Huang K, Liu Y, Tao F.  The mode 
of delivery affects the diversity and coloniza-
tion pattern of the gut microbiota during the first 
year of infants’ life: a systematic review. BMC 
Gastroenterol. 2016;16:86. https://doi.org/10.1186/
s12876,016-0498-0.

 22. Chu D, Ma J, Prince A, Antony K, Seferovic M, 
Aagaard K.  Maturation of the infant microbiome 
community structure and function across multiple 
body sites and in relation to mode of delivery. Nat 
Med. 2017;23:314–28.

 23. Huurre A, Kalliomaki M, Rautava S, Rinne M, 
Salminen S, Isolauri E. Mode of delivery – effects on 
gut microbiota and humoral immunity. Neonatology. 
2008;93:236–40.

 24. Salminen S, Gibson GR, McCartney AL, Isolauri 
E.  Influence of mode of delivery on gut micro-
biota composition in seven year old children. Gut. 
2004;53(9):1388.

M. Arvonen and M. L. Stoll

https://doi.org/10.1186/s12876,016-0498-0
https://doi.org/10.1186/s12876,016-0498-0


233

 25. Dominguez-Bello MG, Costello EK, Contreras 
M, Magris M, Hidalgo G, Fierer N, et al. Delivery 
mode shapes the acquisition and structure of the 
initial microbiota across multiple body habitats in 
newborns. Proc Natl Acad Sci U S A. 2010;107: 
11971–5.

 26. Mason T, Rabinovich CE, Fredrickson DD, Amoroso 
K, Reed AM, Stein LD, et  al. Breast feeding and 
the development of juvenile rheumatoid arthritis. J 
Rheumatol. 1995;22:1166–70.

 27. Kasapcopur O, Tasdan Y, Apelyan M, Akkus S, 
Caliskan S, Sever L, et al. Does breast feeding pre-
vent the development of juvenile rheumatoid arthri-
tis? J Rheumatol. 1998;25:2286–7.

 28. Rosenberg AM.  Evaluation of associations 
between breast feeding and subsequent develop-
ment of juvenile rheumatoid arthritis. J Rheumatol. 
1996;23:1080–2.

 29. Hyrich KL, Baildam E, Pickford H, Chieng A, 
Davidson JE, Foster H, et  al. Influence of past 
breast feeding on pattern and severity of presenta-
tion of juvenile idiopathic arthritis. Arch Dis Child. 
2016;101:348–51.

 30. Montoya J, Matta NB, Suchon P, Guzian MC, 
Lambert NC, Mattei JP, et al. Patients with ankylos-
ing spondylitis have been breast fed less often than 
healthy controls: a case-control retrospective study. 
Ann Rheum Dis. 2016;75:879–82.

 31. Kindgren E, Fredrikson M, Ludvigsson J. Early feed-
ing and risk of Juvenile idiopathic arthritis: a case 
control study in a prospective birth cohort. Pediatr 
Rheumatol Online J. 2017;15:46,017-0175-z.

 32. Harmsen HJ, Wildeboer-Veloo AC, Raangs GC, 
Wagendorp AA, Klijn N, Bindels JG, et al. Analysis 
of intestinal flora development in breast-fed and for-
mula-fed infants by using molecular identification 
and detection methods. J Pediatr Gastroenterol Nutr. 
2000;30:61–7.

 33. Perez PF, Dore J, Leclerc M, Levenez F, Benyacoub 
J, Serrant P, et  al. Bacterial imprinting of the neo-
natal immune system: lessons from maternal cells? 
Pediatrics. 2007;119:e724–32.

 34. Stoll ML, Kumar R, Morrow CD, Lefkowitz EJ, Cui 
X, Genin A, et al. Altered microbiota associated with 
abnormal humoral immune responses to commensal 
organisms in enthesitis-related arthritis. Arthritis 
Res Ther. 2014;16:486,014-0486-0.

 35. Wallis D, Asaduzzaman A, Weisman M, Haroon N, 
Anton A, McGovern D, et al. Elevated serum anti-
flagellin antibodies implicate subclinical bowel 
inflammation in ankylosing spondylitis: an observa-
tional study. Arthritis Res Ther. 2013;15:R166.

 36. Ravelli A, Felici E, Magni-Manzoni S, Pistorio A, 
Novarini C, Bozzola E, et al. Patients with antinu-
clear antibody-positive juvenile idiopathic arthritis 
constitute a homogeneous subgroup irrespective 
of the course of joint disease. Arthritis Rheum. 
2005;52:826–32.

 37. Van Praet JT, Donovan E, Vanassche I, Drennan MB, 
Windels F, Dendooven A, et al. Commensal micro-

biota influence systemic autoimmune responses. 
EMBO J. 2015;34:466–74.

 38. Van Dijkhuizen P, Del Chierico F, Malattia C, Russo 
A, Marafon DP, ter Haar NM, et al. The composition 
of the gut microbiota differs between children with 
JIA and healthy controls. 2016.

 39. Korpela K, Salonen A, Virta LJ, Kekkonen RA, de 
Vos WM. Association of early-life antibiotic use and 
protective effects of breastfeeding: role of the intes-
tinal microbiota. JAMA Pediatr. 2016;170:750–7.

 40. Horton DB, Scott FI, Haynes K, Putt ME, Rose CD, 
Lewis JD, et  al. Antibiotic exposure and juvenile 
idiopathic arthritis: a case-control study. Pediatrics. 
2015;136:e333–43.

 41. Arvonen M, Virta LJ, Pokka T, Kroger L, Vahasalo 
P. Repeated exposure to antibiotics in infancy: a pre-
disposing factor for juvenile idiopathic arthritis or a 
sign of this group’s greater susceptibility to infec-
tions? J Rheumatol. 2015;42(3):521–6.

 42. Arvonen M, Berntson L, Pokka T, Karttunen TJ, 
Vahasalo P, Stoll ML.  Gut microbiota-host inter-
actions and juvenile idiopathic arthritis. Pediatr 
Rheumatol Online J. 2016;14:44,016-0104-6.

 43. Panda S, El khader I, Casellas F, Lopez Vivancos J, 
Garcia Cors M, Santiago A, et al. Short-term effect 
of antibiotics on human gut microbiota. PLoS One. 
2014;9:e95476.

 44. Jernberg C, Lofmark S, Edlund C, Jansson JK. Long-
term ecological impacts of antibiotic administra-
tion on the human intestinal microbiota. ISME J. 
2007;1:56–66.

 45. Di Paola M, Cavalieri D, Albanese D, Sordo 
M, Pindo M, Donati C, et  al. Alteration of fecal 
microbiota profiles in juvenile idiopathic arthritis. 
Associations with HLA-B27 allele and disease sta-
tus. Front Microbiol. 2016;7:1703.

 46. Malievskiy V. Prevalence and incidence of juvenile 
idiopathic arthritis in children in the republic of 
Bashkortostan: the epidemiological study. Pediatr 
Rheumatol. 2011;9(Suppl 1):145.

 47. Berntson L, Andersson Gare B, Fasth A, Herlin T, 
Kristinsson J, Lahdenne P, et al. Incidence of juve-
nile idiopathic arthritis in the Nordic countries. 
A population based study with special reference 
to the validity of the ILAR and EULAR criteria. J 
Rheumatol. 2003;30:2275–82.

 48. Pruunsild C, Uibo K, Liivamagi H, Tarraste S, Talvik 
T, Pelkonen P.  Incidence of juvenile idiopathic 
arthritis in children in Estonia: a prospective pop-
ulation-based study. Scand J Rheumatol. 2007;36: 
7–13.

 49. Virta L, Helenius H, Klaukka T.  Incidence of 
Juvenile idiopathic arthritis is increasing in Finland 
[in Finnish]. Suom Laakaril. 2008;35:2806–9.

 50. Rautava S, Ruuskanen O, Ouwehand A, Salminen 
S, Isolauri E. The hygiene hypothesis of atopic dis-
ease – an extended version. J Pediatr Gastroenterol 
Nutr. 2004;38:378–88.

 51. Giongo A, Gano KA, Crabb DB, Mukherjee N, 
Novelo LL, Casella G, et  al. Toward defining the 

17 Juvenile Idiopathic Arthritis



234

autoimmune microbiome for type 1 diabetes. ISME 
J. 2011;5:82–91.

 52. Tejesvi MV, Arvonen M, Kangas SM, Keskitalo PL, 
Pirttila AM, Karttunen TJ, et al. Faecal microbiome 
in new-onset juvenile idiopathic arthritis. Eur J Clin 
Microbiol Infect Dis. 2016;35(3):363–70.

 53. Round JL, Lee SM, Li J, Tran G, Jabri B, Chatila TA, 
et  al. The toll-like receptor 2 pathway establishes 
colonization by a commensal of the human micro-
biota. Science. 2011;332:974–7.

 54. Arvonen M, Vahasalo P, Turunen S, Salo HM, Maki 
M, Laurila K, et al. Altered expression of intestinal 
human leucocyte antigen D-related and immune 
signalling molecules in juvenile idiopathic arthritis. 
Clin Exp Immunol. 2012;170:266–73.

 55. Zonneveld-Huijssoon E, van Wijk F, Roord S, 
Delemarre E, Meerding J, de Jager W, et al. TLR9 
agonist CpG enhances protective nasal HSP60 
peptide vaccine efficacy in experimental autoim-
mune arthritis. Ann Rheum Dis. 2012;71(10): 
1706–15.

 56. Lee J, Gonzales-Navajas JM, Raz E.  The “polar-
izing-tolerizing” mechanism of intestinal epithe-
lium: its relevance to colonic homeostasis. Semin 
Immunopathol. 2008;30:3–9.

 57. McSorley HJ, Maizels RM.  Helminth infections 
and host immune regulation. Clin Microbiol Rev. 
2012;25:585–608.

 58. Eissa MM, Mostafa DK, Ghazy AA, El Azzouni 
MZ, Boulos LM, Younis LK.  Anti-arthritic activ-
ity of Schistosoma mansoni and Trichinella spiralis 
derived-antigens in adjuvant arthritis in rats: role of 
FOXP3+ Treg cells. PLoS One. 2016;11:e0165916.

 59. Summers RW, Elliott DE, Qadir K, Urban JF Jr, 
Thompson R, Weinstock JV.  Trichuris suis seems 
to be safe and possibly effective in the treatment of 
inflammatory bowel disease. Am J Gastroenterol. 
2003;98:2034–41.

 60. Summers RW, Elliott DE, Urban JF Jr, Thompson 
RA, Weinstock JV. Trichuris suis therapy for active 
ulcerative colitis: a randomized controlled trial. 
Gastroenterology. 2005;128:825–32.

 61. Mutapi F, Imai N, Nausch N, Bourke CD, Rujeni N, 
Mitchell KM, et al. Schistosome infection intensity 
is inversely related to auto-reactive antibody levels. 
PLoS One. 2011;6:e19149.

 62. Aggarwal A, Sarangi AN, Gaur P, Shukla A, 
Aggarwal R.  Gut microbiome in children with 
enthesitis-related arthritis in a developing country, 
and the effect of probiotic administration. Clin Exp 
Immunol. 2016;187(3):480–9.

 63. Stearns JC, Lynch MD, Senadheera DB, Tenenbaum 
HC, Goldberg MB, Cvitkovitch DG, et al. Bacterial 
biogeography of the human digestive tract. Sci Rep. 
2011;1:170.

 64. Momozawa Y, Deffontaine V, Louis E, Medrano 
JF. Characterization of bacteria in biopsies of colon 
and stools by high throughput sequencing of the V2 
region of bacterial 16S rRNA gene in human. PLoS 
One. 2011;6:e16952. https://doi.org/10.1371/jour-
nal.pone.0016952.

 65. Imhann F, Bonder MJ, Vich Vila A, Fu J, Mujagic Z, 
Vork L, et al. Proton pump inhibitors affect the gut 
microbiome. Gut. 2016;65:740–8.

 66. van der Wulp MY, Derrien M, Stellaard F, Wolters H, 
Kleerebezem M, Dekker J, et al. Laxative treatment 
with polyethylene glycol decreases microbial pri-
mary bile salt dehydroxylation and lipid metabolism 
in the intestine of rats. Am J Physiol Gastrointest 
Liver Physiol. 2013;305:G474–82.

 67. Schloss PD, Gevers D, Westcott SL.  Reducing 
the effects of PCR amplification and sequencing 
artifacts on 16S rRNA-based studies. PLoS One. 
2011;6:e27310. https://doi.org/10.1371/journal.
pone.0027310.

 68. Stoll ML, Kumar R, Lefkowitz EJ, Cron RQ, 
Morrow CD, Barnes S.  Fecal metabolomics in 
pediatric spondyloarthritis implicate decreased 
metabolic diversity and altered tryptophan metabo-
lism as pathogenic factors. Genes Immun. 2016;17: 
400–5.

 69. Stoll M, Weiss P, Weiss J, Nigrovic P, Edelheit B, 
Bridges S, et al. Age and fecal microbial strain-spe-
cific differences in patients with spondyloarthritis. 
Arth Res Ther. 2018;20:14.

 70. Nayak RR, Loughlin CO, Fischbach M, Turnbaugh 
PJ.  Methotrexate is an antibacterial drug metabo-
lized by human gut bacteria. In: 2016 ACR/ARHP 
annual meeting. 2016.

 71. Swidsinski A, Loening-Baucke V, Schulz 
S, Manowsky J, Verstraelen H, Swidsinski 
S.  Functional anatomy of the colonic bioreactor: 
impact of antibiotics and Saccharomyces boulardii 
on bacterial composition in human fecal cylinders. 
Syst Appl Microbiol. 2016;39:67–75.

 72. Ortiz P, Bissada NF, Palomo L, Han YW, Al-Zahrani 
MS, Panneerselvam A, et  al. Periodontal therapy 
reduces the severity of active rheumatoid arthritis in 
patients treated with or without tumor necrosis factor 
inhibitors. J Periodontol. 2009;80:535–40.

 73. Dieleman LA, Goerres MS, Arends A, Sprengers D, 
Torrice C, Hoentjen F, et al. Lactobacillus GG pre-
vents recurrence of colitis in HLA-B27 transgenic 
rats after antibiotic treatment. Gut. 2003;52:370–6.

 74. Segain JP, Raingeard de la Bletiere D, Bourreille 
A, Leray V, Gervois N, Rosales C, et  al. Butyrate 
inhibits inflammatory responses through NFkappaB 
inhibition: implications for Crohn’s disease. Gut. 
2000;47:397–403.

 75. Sokol H, Pigneur B, Watterlot L, Lakhdari O, 
Bermudez-Humaran LG, Gratadoux JJ, et  al. 
Faecalibacterium prausnitzii is an anti-inflammatory 
commensal bacterium identified by gut microbiota 
analysis of Crohn disease patients. Proc Natl Acad 
Sci U S A. 2008;105:16731–6.

 76. Picco P, Gattorno M, Marchese N, Vignola S, 
Sormani MP, Barabino A, et  al. Increased gut per-
meability in juvenile chronic arthritides. A multivar-
iate analysis of the diagnostic parameters. Clin Exp 
Rheumatol. 2000;18:773–8.

 77. Atarashi K, Tanoue T, Oshima K, Suda W, Nagano 
Y, Nishikawa H, et al. Treg induction by a rationally 

M. Arvonen and M. L. Stoll

https://doi.org/10.1371/journal.pone.0016952
https://doi.org/10.1371/journal.pone.0016952
https://doi.org/10.1371/journal.pone.0027310
https://doi.org/10.1371/journal.pone.0027310


235

selected mixture of clostridia strains from the human 
microbiota. Nature. 2013;500:232–6.

 78. Stoll ML, Wilson L, Barnes S, Kumar R, Genin A, 
Cron RQ, et al. Multiomics study of gut microbiota 
in enthesitis-related arthritis identify diminished 
microbial diversity and altered typtophan metabo-
lism as potential factors in disease pathogenesis. 
Arthritis Rheum. 2015;67:S10.

 79. Smith PM, Howitt MR, Panikov N, Michaud M, 
Gallini CA, Bohlooly-y M, et  al. The microbial 
metabolites, short-chain fatty acids, regulate colonic 
Treg cell homeostasis. Science. 2013;341:569–73.

 80. Mielants H, Veys EM, Cuvelier C, De Vos M, 
Goemaere S, Maertens M, et  al. Gut inflammation 
in children with late onset pauciarticular juvenile 
chronic arthritis and evolution to adult spondylo-
arthropathy  – a prospective study. J Rheumatol. 
1993;20:1567–72.

 81. Lionetti P, Pupi A, Veltroni M, Fonda C, Cavicchi 
MC, Azzari C, et al. Evidence of subclinical intesti-
nal inflammation by 99m technetium leukocyte scin-
tigraphy in patients with HLA-B27 positive juvenile 
onset active spondyloarthropathy. J Rheumatol. 
2000;27:1538–41.

 82. Stoll ML, Punaro M, Patel AS.  Fecal calprotectin 
in children with the enthesitis-related arthritis sub-
type of juvenile idiopathic arthritis. J Rheumatol. 
2011;38:2274–5.

 83. Fotis L, Shaikh N, Baszis KW, Samson CM, Lev-
Tzion R, French AR, et  al. Serologic evidence of 
gut-driven systemic inflammation in juvenile idio-
pathic arthritis. J Rheumatol. 2017;44:1624–31.

 84. McGhee JR, Kunisawa J, Kiyono H. Gut lymphocyte 
migration: we are halfway ‘home’. Trends Immunol. 
2007;28:150–3.

 85. Salmi M, Andrew DP, Butcher EC, Jalkanen S. Dual 
binding capacity of mucosal immunoblasts to 
mucosal and synovial endothelium in humans: dis-
section of the molecular mechanisms. J Exp Med. 
1995;181:137–49.

 86. Fantini MC, Pallone F, Monteleone G.  Common 
immunologic mechanisms in inflammatory 
bowel disease and spondylarthropathies. World J 
Gastroenterol. 2009;15:2472–8.

 87. Black AP, Bhayani H, Ryder CA, Pugh MT, Gardner-
Medwin JM, Southwood TR.  An association 
between the acute phase response and patterns of 
antigen induced T cell proliferation in juvenile idio-
pathic arthritis. Arthritis Res Ther. 2003;5:R277–84.

 88. Elewaut D, De Keyser F, Van Den Bosch F, Lazarovits 
AI, De Vos M, Cuvelier C, et  al. Enrichment of T 
cells carrying beta7 integrins in inflamed synovial 
tissue from patients with early spondyloarthropa-
thy, compared to rheumatoid arthritis. J Rheumatol. 
1998;25:1932–7.

 89. Wilson C, Rashid T, Tiwana H, Beyan H, Hughes 
L, Bansal S, et  al. Cytotoxicity responses to pep-
tide antigens in rheumatoid arthritis and ankylosing 
spondylitis. J Rheumatol. 2003;30:972–8.

 90. Saxena N, Misra R, Aggarwal A.  Is the enthesitis-
related arthritis subtype of juvenile idiopathic 

arthritis a form of chronic reactive arthritis? 
Rheumatology. 2006;45:1129.

 91. Granfors K, Jalkanen S, von Essen R, Lahesmaa-
Rantala R, Isomaki O, Pekkola-Heino K, et al. Yersinia 
antigens in synovial-fluid cells from patients with 
reactive arthritis. N Engl J Med. 1989;320:216–21.

 92. Singh YP, Singh AK, Aggarwal A, Misra 
R. Evidence of cellular immune response to outer 
membrane protein of Salmonella typhimurium 
in patients with enthesitis-related arthritis sub-
type of juvenile idiopathic arthritis. J Rheumatol. 
2011;38:161–6.

 93. Stoll ML, Duck LW, Cron RQ, Elson 
CO. Identification of a potential commensal immu-
nologic target in enthesitis-related arthritis. Arthritis 
Rheumatol. 2016;68(Suppl 10:1):4550.

 94. Lange L, Thiele GM, McCracken C, Wang G, Ponder 
LA, Angeles-Han ST, et al. Symptoms of periodon-
titis and antibody responses to Porphyromonas 
gingivalis in juvenile idiopathic arthritis. Pediatr 
Rheumatol Online J. 2016;14:8,016-0068-6.

 95. Turunen M, Kuusisto P, Uggeldahl PE, Toivanen 
A. Pogosta disease: clinical observations during an 
outbreak in the province of North Karelia, Finland. 
Br J Rheumatol. 1998;37:1177–80.

 96. Marks M, Marks JL.  Viral arthritis. Clin Med 
(Lond). 2016;16:129–34.

 97. Page C, Francois C, Goeb V, Duverlie G.  Human 
parvovirus B19 and autoimmune diseases. Review 
of the literature and pathophysiological hypotheses. 
J Clin Virol. 2015;72:69–74.

 98. Lei Y, Hu T, Song X, Nie H, Chen M, Chen W, et al. 
Production of autoantibodies in chronic hepatitis 
B virus infection is associated with the augmented 
function of blood CXCR5+CD4+ T cells. PLoS 
One. 2016;11:e0162241.

 99. Cornillet M, Verrouil E, Cantagrel A, Serre G, 
Nogueira L. In ACPA-positive RA patients, antibod-
ies to EBNA35-58Cit, a citrullinated peptide from 
the Epstein-Barr nuclear antigen-1, strongly cross-
react with the peptide beta60-74Cit which bears 
the immunodominant epitope of citrullinated fibrin. 
Immunol Res. 2015;61:117–25.

 100. Taylor-Robinson D, Thomas B, Rooney 
M.  Association of Chlamydia pneumoniae with 
chronic juvenile arthritis. Eur J Clin Microbiol Infect 
Dis. 1998;17:211–2.

 101. Altun S, Kasapcopur O, Aslan M, Karaarslan S, 
Koksal V, Saribas S, et al. Is there any relationship 
between Chlamydophila pneumoniae infection 
and juvenile idiopathic arthritis? J Med Microbiol. 
2004;53:787–90.

 102. Postepski J, Opoka-Winiarska V, Koziol-Montewka 
M, Korobowicz A, Tuszkiewicz-Misztal E. Role of 
mycoplasma pneumoniae infection in aetiopatho-
genesis of juvenile idiopatic arthritis. Med Wieku 
Rozwoj. 2003;7:271–7.

 103. Oen K, Fast M, Postl B. Epidemiology of juvenile 
rheumatoid arthritis in Manitoba, Canada, 1975-
92: cycles in incidence. J Rheumatol. 1995;22: 
745–50.

17 Juvenile Idiopathic Arthritis



236

 104. Nocton JJ, Miller LC, Tucker LB, Schaller 
JG.  Human parvovirus B19-associated arthritis in 
children. J Pediatr. 1993;122:186–90.

 105. Aghighi Y, Gilani Sh M, Razavi M, Zamani A, 
Daneshjoo K. Juvenile rheumatoid arthritis in chil-
dren with Epstein Barr virus infection. Pak J Biol 
Sci. 2007;10:3638–43.

 106. Adams ST, Schmidt KM, Cost KM, Marshall 
GS. Common variable immunodeficiency presenting 
with persistent parvovirus B19 infection. Pediatrics. 
2012;130:e1711–5.

 107. Kurtzman GJ, Cohen BJ, Field AM, Oseas R, Blaese 
RM, Young NS. Immune response to B19 parvovirus 
and an antibody defect in persistent viral infection. J 
Clin Invest. 1989;84:1114–23.

 108. Deng X, Dong Y, Yi Q, Huang Y, Zhao D, Yang Y, 
et  al. The determinants for the enzyme activity of 
human parvovirus B19 phospholipase A2 (PLA2) 
and its influence on cultured cells. PLoS One. 
2013;8:e61440.

 109. Chen DY, Tzang BS, Chen YM, Lan JL, Tsai CC, 
Hsu TC. The association of anti-parvovirus B19-VP1 
unique region antibodies with antiphospholipid anti-
bodies in patients with antiphospholipid syndrome. 
Clin Chim Acta. 2010;411:1084–9.

 110. Von Landenberg P, Lehmann HW, Knoll A, Dorsch 
S, Modrow S. Antiphospholipid antibodies in pedi-
atric and adult patients with rheumatic disease are 
associated with parvovirus B19 infection. Arthritis 
Rheum. 2003;48:1939–47.

 111. Lehmann HW, Plentz A, von Landenberg P, Kuster 
RM, Modrow S. Different patterns of disease mani-
festations of parvovirus B19-associated reactive 
juvenile arthritis and the induction of antiphos-
pholipid-antibodies. Clin Rheumatol. 2008;27: 
333–8.

 112. de Groot-Mijnes JD, Dekkers J, de Visser L, 
Rothova A, van Loon AM, de Boer JH.  Antibody 
production against B19 virus in ocular fluid of 
JIA-associated uveitis patients. Ophthalmology. 
2015;122:1270,1272.e1.

 113. Oguz F, Akdeniz C, Unuvar E, Kucukbasmaci O, 
Sidal M. Parvovirus B19 in the acute arthropathies 
and juvenile rheumatoid arthritis. J Paediatr Child 
Health. 2002;38:358–62.

 114. Lehmann HW, Knoll A, Kuster RM, Modrow 
S.  Frequent infection with a viral pathogen, par-
vovirus B19, in rheumatic diseases of childhood. 
Arthritis Rheum. 2003;48:1631–8.

 115. Angelini F, Cancrini C, Colavita M, Panei P, 
Concato C, Romiti ML, et  al. Role of parvovirus 
B19 infection in juvenile chronic arthritis. Is more 
investigation needed? Clin Exp Rheumatol. 2003; 
21:684.

 116. Gonzalez B, Larranaga C, Leon O, Diaz P, Miranda 
M, Barria M, et al. Parvovirus B19 may have a role 
in the pathogenesis of juvenile idiopathic arthritis. J 
Rheumatol. 2007;34:1336–40.

 117. Weissbrich B, Suss-Frohlich Y, Girschick 
HJ.  Seroprevalence of parvovirus B19 IgG in 

children affected by juvenile idiopathic arthritis. 
Arthritis Res Ther. 2007;9:R82.

 118. Tsai YT, Chiang BL, Kao YF, Hsieh KH. Detection 
of Epstein-Barr virus and cytomegalovirus genome 
in white blood cells from patients with juve-
nile rheumatoid arthritis and childhood systemic 
lupus erythematosus. Int Arch Allergy Immunol. 
1995;106:235–40.

 119. Massa M, Mazzoli F, Pignatti P, De Benedetti 
F, Passalia M, Viola S, et  al. Proinflammatory 
responses to self HLA epitopes are triggered by 
molecular mimicry to Epstein-Barr virus proteins in 
oligoarticular juvenile idiopathic arthritis. Arthritis 
Rheum. 2002;46:2721–9.

 120. Kawada J, Ito Y, Torii Y, Kimura H, Iwata 
N.  Remission of juvenile idiopathic arthritis with 
primary Epstein-Barr virus infection. Rheumatology 
(Oxford). 2013;52:956–8.

 121. Damsker JM, Hansen AM, Caspi RR. Th1 and Th17 
cells: adversaries and collaborators. Ann N Y Acad 
Sci. 2010;1183:211–21.

 122. Rothe K, Quandt D, Schubert K, Rossol M, Klingner 
M, Jasinski-Bergner S, et al. Latent cytomegalovirus 
infection in rheumatoid arthritis and increased fre-
quencies of cytolytic LIR-1+CD8+ T cells. Arthritis 
Rheumatol. 2016;68:337–46.

 123. Petrelli A, van Wijk F.  CD8(+) T cells in human 
autoimmune arthritis: the unusual suspects. Nat Rev 
Rheumatol. 2016;12:421–8.

 124. Hunter PJ, Nistala K, Jina N, Eddaoudi A, Thomson 
W, Hubank M, et al. Biologic predictors of extension 
of oligoarticular juvenile idiopathic arthritis as deter-
mined from synovial fluid cellular composition and 
gene expression. Arthritis Rheum. 2010;62:896–907.

 125. Wehrens EJ, Mijnheer G, Duurland CL, Klein 
M, Meerding J, van Loosdregt J, et  al. Functional 
human regulatory T cells fail to control autoimmune 
inflammation due to PKB/c-akt hyperactivation in 
effector cells. Blood. 2011;118:3538–48.

 126. Cunningham MW.  Rheumatic fever, autoimmunity 
and molecular mimicry: the streptococcal connec-
tion. Int Rev Immunol. 2014;33:314–29.

 127. Riise OR, Lee A, Cvancarova M, Handeland KS, 
Wathne KO, Nakstad B, et  al. Recent-onset child-
hood arthritis – association with Streptococcus pyo-
genes in a population-based study. Rheumatology 
(Oxford). 2008;47:1006–11.

 128. Eastmond CJ, Calguner M, Shinebaum R, Cooke 
EM, Wright V. A sequential study of the relationship 
between faecal Klebsiella aerogenes and the com-
mon clinical manifestations of ankylosing spondy-
litis. Ann Rheum Dis. 1982;41:15–20.

 129. Hunter T, Harding GK, Kaprove RE, Schroeder 
ML.  Fecal carriage of various Klebsiella and 
Enterobacter species in patients with active ankylos-
ing spondylitis. Arthritis Rheum. 1981;24:106–8.

 130. Rashid T, Ebringer A.  Autoimmunity in rheumatic 
diseases is induced by microbial infections via cross 
reactivity or molecular mimicry. Autoimmune Dis. 
2012;2012:539282.

M. Arvonen and M. L. Stoll



237

 131. Puga Yung GL, Fidler M, Albani E, Spermon N, 
Teklenburg G, Newbury R, et al. Heat shock protein-
derived T-cell epitopes contribute to autoimmune 
inflammation in pediatric Crohn’s disease. PLoS 
One. 2009;4:e7714.

 132. Ovelgonne JH, Koninkx JF, Pusztai A, Bardocz S, 
Kok W, Ewen SW, et  al. Decreased levels of heat 
shock proteins in gut epithelial cells after exposure 
to plant lectins. Gut. 2000;46:679–87.

 133. Arvans DL, Vavricka SR, Ren H, Musch MW, 
Kang L, Rocha FG, et  al. Luminal bacterial flora 
determines physiological expression of intestinal 
epithelial cytoprotective heat shock proteins 25 
and 72. Am J Physiol Gastrointest Liver Physiol. 
2005;288:G696–704.

 134. Tao Y, Drabik KA, Waypa TS, Musch MW, 
Alverdy JC, Schneewind O, et  al. Soluble fac-
tors from Lactobacillus GG activate MAPKs and 
induce cytoprotective heat shock proteins in intes-
tinal epithelial cells. Am J Physiol Cell Physiol. 
2006;290:C1018–30.

 135. Shiobara N, Suzuki Y, Aoki H, Gotoh A, Fujii Y, 
Hamada Y, et al. Bacterial superantigens and T cell 
receptor beta-chain-bearing T cells in the immu-
nopathogenesis of ulcerative colitis. Clin Exp 
Immunol. 2007;150:13–21.

 136. Hersh AO, Prahalad S.  Immunogenetics of juve-
nile idiopathic arthritis: a comprehensive review. J 
Autoimmun. 2015;64:113–24.

 137. Opdenakker G, Proost P, Van Damme J. Microbiomic 
and posttranslational modifications as pre-
ludes to autoimmune diseases. Trends Mol Med. 
2016;22:746–57.

 138. Yeoh N, Burton JP, Suppiah P, Reid G, Stebbings 
S. The role of the microbiome in rheumatic diseases. 
Curr Rheumatol Rep. 2013;15:314,012-0314-y.

 139. Koziel J, Mydel P, Potempa J.  The link between 
periodontal disease and rheumatoid arthri-
tis: an updated review. Curr Rheumatol Rep. 
2014;16:408,014-0408-9.

 140. Hitchon CA, Chandad F, Ferucci ED, Willemze A, 
Ioan-Facsinay A, van der Woude D, et al. Antibodies 
to porphyromonas gingivalis are associated with 
anticitrullinated protein antibodies in patients with 
rheumatoid arthritis and their relatives. J Rheumatol. 
2010;37:1105–12.

 141. Wegner N, Wait R, Sroka A, Eick S, Nguyen KA, 
Lundberg K, et  al. Peptidylarginine deiminase 
from Porphyromonas gingivalis citrullinates human 
fibrinogen and alpha-enolase: implications for auto-
immunity in rheumatoid arthritis. Arthritis Rheum. 
2010;62:2662–72.

 142. Colman RJ, Rubin DT. Fecal microbiota transplan-
tation as therapy for inflammatory bowel disease: 
a systematic review and meta-analysis. J Crohns 
Colitis. 2014;8:1569–81.

 143. Jenks K, Stebbings S, Burton J, Schultz M, Herbison 
P, Highton J. Probiotic therapy for the treatment of 
spondyloarthritis: a randomized controlled trial. J 
Rheumatol. 2010;37:2118–25.

 144. Hold GL, Schwiertz A, Aminov RI, Blaut M, Flint 
HJ. Oligonucleotide probes that detect  quantitatively 
significant groups of butyrate-producing bac-
teria in human feces. Appl Environ Microbiol. 
2003;69:4320–4.

 145. Van den Abbeele P, Belzer C, Goossens M, 
Kleerebezem M, De Vos WM, Thas O, et  al. 
Butyrate-producing Clostridium cluster XIVa spe-
cies specifically colonize mucins in an in vitro gut 
model. ISME J. 2013;7:949–61.

 146. Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato 
G, Takahashi D, et al. Commensal microbe-derived 
butyrate induces the differentiation of colonic regu-
latory T cells. Nature. 2013;504:446–50.

 147. MacLellan A, Moore-Connors J, Grant S, Cahill 
L, Langille MGI, Van Limbergen J. The impact of 
exclusive enteral nutrition (EEN) on the gut micro-
biome in Crohn’s disease: a review. Nutrients. 
2017;9:0447. https://doi.org/10.3390/nu9050447.

 148. Berntson L.  Anti-inflammatory effect by exclu-
sive enteral nutrition (EEN) in a patient with juve-
nile idiopathic arthritis (JIA): brief report. Clin 
Rheumatol. 2014;33(8):1173–5.

 149. Berntson L, Hedlund-Treutiger I, Alving K.  Anti-
inflammatory effect of exclusive enteral nutrition in 
patients with juvenile idiopathic arthritis. Clin Exp 
Rheumatol. 2016;34:941–5.

 150. Berntson L, Agback P, Dicksved J. Changes in fecal 
microbiota and metabolomics in a child with juve-
nile idiopathic arthritis (JIA) responding to two 
treatment periods with exclusive enteral nutrition 
(EEN). Clin Rheumatol. 2016;35(6):1501.

 151. Wu GD, Chen J, Hoffmann C, Bittinger K, Chen 
YY, Keilbaugh SA, et al. Linking long-term dietary 
patterns with gut microbial enterotypes. Science. 
2011;334:105–8.

 152. Salonen A, de Vos WM.  Impact of diet on human 
intestinal microbiota and health. Annu Rev Food Sci 
Technol. 2014;5:239–62.

 153. Johansson ME, Gustafsson JK, Holmen-Larsson J, 
Jabbar KS, Xia L, Xu H, et al. Bacteria penetrate the 
normally impenetrable inner colon mucus layer in 
both murine colitis models and patients with ulcer-
ative colitis. Gut. 2014;63:281–91.

 154. Brandtzaeg P.  Homeostatic impact of indigenous 
microbiota and secretory immunity. Benef Microbes. 
2010;1:211–27.

 155. Collado MC, Rautava S, Isolauri E, Salminen S. Gut 
microbiota: a source of novel tools to reduce the risk 
of human disease? Pediatr Res. 2015;77:182–8.

 156. Ruemmele FM, Veres G, Kolho KL, Griffiths A, 
Levine A, Escher JC, et  al. Consensus guidelines 
of ECCO/ESPGHAN on the medical manage-
ment of pediatric Crohn’s disease. J Crohns Colitis. 
2014;8(10):1179–207.

 157. Scher JU, Bretz WA, Abramson SB.  Periodontal 
disease and subgingival microbiota as contribu-
tors for rheumatoid arthritis pathogenesis: modifi-
able risk factors? Curr Opin Rheumatol. 2014;26: 
424–9.

17 Juvenile Idiopathic Arthritis

https://doi.org/10.3390/nu9050447


239© Springer International Publishing AG, part of Springer Nature 2018 
G. Ragab et al. (eds.), The Microbiome in Rheumatic Diseases and Infection, 
https://doi.org/10.1007/978-3-319-79026-8_18

Psoriasis and Psoriatic Arthritis

Madhura Castelino, Steve Eyre, and Anne Barton

Abbreviations

AMP Antimicrobial peptide
AS Ankylosing spondylitis
EA Enteropathic arthritis
hBD Human beta-defensin
HIV Human immunodeficiency virus
HLA Human leukocyte antigen
IBD Inflammatory bowel disease
IL Interleukin
PsA Psoriatic arthritis
PsV Psoriasis vulgaris
RA Rheumatoid arthritis
ReA Reactive arthritis
SpA Spondyloarthritis
TLR Toll-like receptor
uSpA Undifferentiated spondyloarthritis

 Psoriatic Arthritis (PsA)

The very first description of modern-day “psoria-
sis” in 1809 by Willan had connotations of an 
infective aetiology, as evidenced by the use of the 
term “lepra vulgaris”; differentiation of a sepa-
rate entity was made by Hebra in 1841, who 
coined the term “psoriasis” [1]. During the same 
period, the association of psoriasis with arthritis 
was also reported by Baron Jean Luis Alibert 
(1818) [2]. In 1961, PsA was distinguished from 
rheumatoid arthritis (RA) based upon clinical, 
demographic, radiologic, and serologic findings 
[3]. In the early 1970s, PsA was classified [4] 
among the spondyloarthritides.

PsA has been defined as a chronic seronega-
tive inflammatory arthritis usually negative for 
rheumatoid factor and occurring in the presence 
of psoriasis [4]. The so-named Classification 
Criteria for Psoriatic Arthritis (CASPAR) permit 
the diagnosis of PsA even in the absence of frank 
psoriasis [5]. As with any complex inflammatory 
condition, treatment and management of PsA 
require knowledge of the aetiology and patho-
genesis of the condition. Pioneering work on the 
human genome has revolutionised the under-
standing of the influence of genetics in human 
health and disease [6, 7]. For complex diseases, 
even though the genetic make-up of an individual 
may increase the susceptibility of that individual 
to developing a condition, it does not necessarily 
result in  disease. The development of complex 
diseases is multifactorial with environmental risk 
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factors contributing in addition to the host genetic 
susceptibility. Here we explore the evidence from 
genetic and epidemiological data that an interest-
ing environmental factor, namely, the human 
microbiota, may play a role in the aetiopathogen-
esis of PsA.

 Clinical Evidence for a Role 
of the Microbiota in Psoriatic 
Arthritis

PsA is included in the family of immune- mediated 
inflammatory disorders belonging to the spondy-
loarthritis (SpA) group, which also includes anky-
losing spondylitis (AS), enteropathic arthritis 
(EA), reactive arthritis (ReA) and undifferentiated 
spondyloarthritis (uSpA). PsA shares several clin-
ical manifestations with SpA including the pat-
tern of articular manifestations, namely, the 
asymmetric polyarthritis, “ray” distribution of 
joint involvement, involvement of the axial skel-
eton and radiological changes such as periostitis, 
ankyloses and presence of “chunky” syndesmo-
phytes [8, 9]. The synovium of PsA is also histo-
logically similar to the synovium of SpA in 
general, characterised by increased vascularity 
and neutrophilic infiltration [10] which parallels 
the histologic findings in the skin of psoriatic 
lesion, where histologically increased vascularity 
and leukocyte infiltration have been noted in addi-
tion to the characteristic epidermal hyperplasia 
[11, 12]. In addition, increased vascularity 
observed in the synovial membrane of affected 
joints in PsA [10] is a feature that is also described 
in the synovial membrane of ReA patients [13] 
where an infective trigger has been established.

In the asymmetrical peripheral pauciarticular 
and axial subgroup of individuals within the heter-
ogenic phenotype of PsA, both articular (large joint 
involvement) and extra-articular (enthesitis, dacty-
litis, iritis) clinical features are similar to the clini-
cal features of enteropathic arthritis in patients with 
inflammatory bowel disease [14] where the gut is 
the primary site of inflammation. Furthermore, 
subclinical gastrointestinal inflammation has been 
reported [15, 16] in PsA. In addition, these features 
overlap those seen in ReA where there is a known 
microbial trigger and the portal of entry can be 

from the gastrointestinal, respiratory or genitouri-
nary systems [17]. All this suggests that these 
microbial elements could be important environ-
mental candidate susceptibility factors for PsA.

 Infections Associated with Psoriasis 
and Psoriatic Arthritis

Skin psoriasis is a clinical feature of PsA, and in a 
subtype of psoriasis—guttate psoriasis—flares of 
skin lesions have a strong association with strepto-
coccal infection, illustrating the potential of the 
microbiota to trigger skin disease [18]. Though 
studies exploring single organisms such as viruses 
[19–21] and bacteria [22–24] as causative risk fac-
tors for PsV and PsA have resulted in conflicting 
conclusions, the onset of the human immunodefi-
ciency virus (HIV) epidemic in Africa was noted to 
be associated with increased incidence of PsV and 
PsA cases in HIV-positive individuals [25] and 
renewed interest in an infectious trigger for these 
conditions. The hypothesis of an infectious trigger 
was further strengthened by an observational study 
of incident cases of PsA which demonstrated that 
infections (skin, soft tissue and/or respiratory and 
urinary tract infections resulting in hospitalisation) 
requiring antibiotic treatment were correlated with 
a polyarticular pattern of PsA (OR 1.7, 95% CI 
1.00–2.77) [26]. In addition, the same study noted 
a correlation with a history of infectious diarrhoea 
in the new-onset PsA group, although the associa-
tion did not reach statistical significance. By con-
trast, a previous study exploring the precipitating 
events prior to the onset of PsA found no associa-
tion with infectious diarrhoea; the authors specu-
lated that true PsA incident cases may have been 
misclassified as reactive arthritis if diarrhoea was 
reported at presentation [27].

 Evidence from Human Genetics 
to Support a Microbial Trigger

The genetic evidence to support the hypothesis 
that aberrant immune responses to antigenic pep-
tides is important in the aetiology of PsA is pro-
vided by the association of several alleles in the 
human leukocyte antigen (HLA) Class 1 region 
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of the major histocompatibility complex, includ-
ing HLA-B27, HLA-B08, HLA-B38 and HLA- 
B39 [28–32], which have been reported to be 
associated with increased risk of PsA. The amino 
acid polymorphisms that these alleles encode for 
are similar to those implicated in susceptibility to 
SpA [33] and are hypothesised to recognise simi-
lar arthritogenic peptides at the binding groove 
(B pocket) of the HLA-B molecules resulting in 
an aberrant immune response through activation 
of memory T (CD8+) cells. The antigenic pep-
tides, endogenous or exogenous, have not been 
identified for most cases of PsV or PsA; however, 
in the case of streptococcal-induced flares of gut-
tate psoriasis, it is thought that homology of the 
M-protein of human keratin [34] drives the 
immune dysregulation. Other components of the 
streptococcus including streptococcal peptido-
glycan (a component of Gram-positive bacterial 
cell walls) [35] and streptococcal CpG DNA [36] 
may also play the role of exogenous antigens in 
the pathogenesis of the psoriatic lesion through 
binding and activation of CD4+ and CD8+ T 
cells [37].

However, there may be several other mecha-
nisms that drive the dysregulation by microbial 
triggers. For example, in HIV infection, enhanced 
secretion of type 1 cytokines by activated CD8+ 
T cells [38, 39]; structural homologies between 
HIV-1 env products and molecules involved in 
self-tolerance in the HLA and T-cell receptor 
chains [40]; superantigenic properties of HIV nef 
protein [41]; and the superimposed infections 
exacerbated by the viral-mediated destruction or 
the impairment of T helper 17 cells which are 
essential in host antimicrobial defences [42] have 
all been proposed as possible mechanisms that 
mediate the development of PsV and PsA in HIV- 
infected individuals.

There is histological evidence [43, 44] for the 
role of CD8+ T cells in the pathogenesis of PsA, 
which is in keeping with the hypothesis that pso-
riasis is a T-cell-mediated condition [37]. The 
role of CD8+ T cells is also supported by the 
association of non-HLA loci reported in genome- 
wide association studies of both PsV and PsA 
[45, 46] that map to loci containing genes affect-
ing T helper 1 and T helper 17 cells including 
polymorphisms in the interleukin 1 (IL1), inter-

leukin 21 (IL21) and interleukin 12B (IL12B) 
genes. Furthermore, variants associated with PsA 
but not PsV are enriched in enhancers in CD8 T 
cells [28]. The F-box and leucine-rich repeat pro-
tein 19 (FBXL19) gene associated with the 
nuclear factor kappa-light-chain-enhancer of 
activated B-cells (NF-кB) pathway activation has 
also been reported to be associated with PsA 
[47]; the canonical pathway can be triggered by 
microbial products [48] and provides further sup-
port for the potential of microbial components to 
trigger inflammation in PsV and PsA.

 Breach in the Barrier: Skin and Gut

The presence of microbes at all interfaces on the 
human host has led to various hypotheses about 
the effect that these elements have on immune 
homeostasis and development of immunological 
tolerance [49]. A disruption of this balance either 
due to a shift in the community composition of 
the microbiota [50] or the loss of integrity of the 
host/microbiota barrier [51, 52] has been postu-
lated as the probable underlying mechanism of 
immunological disequilibrium.

In the context of PsV and PsA, there is evi-
dence to support alteration of the barrier at sites of 
skin lesions. Psoriatic plaques demonstrate epi-
dermal keratinocyte proliferation, leukocyte infil-
tration predominantly into the dermis and 
increased vascularity on histological examination 
[11]. It has been observed that even in normal skin 
the microbiota is not limited to the external sur-
face or the epidermis of the skin and bacterial 
products including DNA containing 16S rRNA 
genes, bacteria-specific antigens and bacterial 
rRNA are ubiquitously detected throughout the 
subcutaneous regions of normal skin [53]. The 
histological abnormalities detected in psoriatic 
lesions may contribute to increased permeability 
of the skin barrier to commensals. In addition, 
there is genetic evidence implicating disruption of 
skin barrier integrity in disease aetiology as asso-
ciation of a deletion of two late cornified envelope 
genes (LCE3C_LCE3B-del) has been reported 
with PsA [54] and PsV [45]. It has been proposed 
that an altered repair response to physiological 
trauma causing barrier disruption may result in a 
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leakier epidermal barrier that may allow for easier 
penetration by exogenous agents (such as aller-
gens and/or micro-organisms) [55]. This barrier 
breach has been hypothesised to be due to stress 
to the keratinocytes through exposure to different 
environmental stimuli such as stress, local infec-
tion, drugs, trauma or ultraviolet skin damage. 
These triggers could further compromise the skin 
barrier integrity and initiate local pathological 
changes. In addition, an altered response to bacte-
rial antigens such as lipopolysaccharides as a 
result of polymorphisms at the Toll-like receptor 
(TLR) 4 gene in chronic plaque psoriasis and PsA 
could drive the immune dysregulation [56]. In 
moderate-to-severe plaque psoriasis, LL-37-
cathelicidin, an antimicrobial peptide (AMP), was 
demonstrated to be a T-cell autoantigen, and other 
AMPs such as human beta-defensin-2 (hBD2), 
hBD-3 (hBD3) and lysozyme have been reported 
to activate plasmacytoid dendritic cells [57], 
implicating cationic AMPs in innate immune acti-
vation in psoriatic plaques that may be linked to 
exposure to microbial elements.

Although the lesions in the skin are evident to 
the naked eye, there is epidemiological [58] and 
histological data [15, 16, 59] that suggest that 
there is also disruption to the gastrointestinal bar-
rier both in PsV and PsA. A recent Danish cohort 
study [60] exploring the association between PsV 
and IBD observed a psoriasis-associated 
increased risk of Crohn disease (CD) and ulcer-
ative colitis (UC), which was higher in severe 
psoriasis. This adds to the evidence from previ-
ous epidemiological studies [61–63] of an 
increased association of PsV and 
CD. Interestingly, an earlier study [64] from the 
USA also reported an increased risk of incident 
CD in women with PsV and PsA.

Both the skin and gastrointestinal tracts act as 
secondary lymphoid organs where immune sur-
veillance occurs due to the presence of skin- 
associated lymphoid tissue [65] and 
gut-associated lymphoid tissue and provide, 
therefore, a portal for host-microbe interaction 
and immune activation. It has been demonstrated 
that commensals play an important role in the 

generation and maturation of lymphoid tissue as 
a part of the development of intestinal immune 
homeostasis [66] and specific gut commensals 
enhance the local gut mucosal immunity [67]. 
Similarly, skin commensals were found to have 
an autonomous role in cutaneous immune homeo-
stasis [68]. Interestingly, a recent study has 
shown that intestinal microbiota promotes 
psoriasis- like skin inflammation because germ- 
free and antibiotic-treated mice had milder skin 
inflammation than conventional mice regardless 
of the genetic background of the animal [69]. In 
addition, using the K/BxN autoimmune arthritis 
mouse model, a regulatory role of the gut com-
mensal- segmented filamentous bacteria, in the 
systemic manifestation of arthritis through the 
activation of the T follicular helper cells in the 
Peyer’s patches has recently been demonstrated 
[70]. These studies suggest that in addition to the 
influence microbiota may have on the local 
immune components of the host at the site of 
interaction, communication between organs such 
as the skin and gut or gut and joint may also exist. 
Similarly, a skin-gut-joint axis is hypothesised 
but requires further exploration.

In summary, it is highly likely that breaches to 
the barriers through either physical measure (such 
as trauma, exposure to chemical or radiation stress) 
or local infections result in an altered repair mecha-
nism that then allows for increased opportunistic 
interaction between the human host and the patho-
bionts/microbial elements that can trigger or drive 
a dysregulated immune system resulting in the 
development of inflammatory disease pathology.

 Current Knowledge 
of the Microbiota in Psoriasis 
and PsA

Given the lessons learned in animal models and 
from genetic studies of disease in humans, atten-
tion has turned to investigating the microbiota in 
patients with PsV and PsA directly. With the advent 
of the next-generation sequencing techniques, the 
exploration of the microbial diversity and taxo-
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nomic identification in human health and disease 
can be conducted using a culture- independent, 
hypothesis-free method.

 Dysbiosis in Psoriasis

Several culture-independent studies have 
explored the correlation between the skin micro-
biota and skin psoriasis, summarised in 
Table 18.1. A limitation of several of these stud-
ies is that patients and controls were not consis-
tently sampled at the same locations, potentially 
introducing bias due to substantial differences in 
the microbiota in sebaceous, moist and dry areas 
of the skin [71].

Among the studies listed in Table 18.1, those 
exploring the bacterial microbiota have uni-
formly demonstrated a dysbiosis in psoriatic 
lesions when compared to normal skin. The larg-
est such study [75] demonstrated decreased taxo-
nomic diversity in the bacterial microbiota in 
psoriatic lesions when compared to unaffected 
skin. The dominant phyla observed in the skin 
were Proteobacteria, Firmicutes and 
Actinobacteria. Two distinct clusters were 
observed and labelled as cutaneotypes depending 
on the predominant phyla observed: cutaneotype 
1 was predominantly Proteobacteria-associated, 
and cutaneotype 2 was Firmicutes-
/Actinobacteria-associated. Of the two, the 
Firmicutes-/Actinobacteria-associated cluster 
was dominant in psoriatic plaques. These find-
ings are consistent with two earlier studies. For 
example, at the phylum level, Gao et  al. [73] 
reported the predominance of the Firmicutes 
phylum in both abundance and diversity in psori-
atic lesions. However, the other two phyla, 
Actinobacteria and Proteobacteria, were found 
to be significantly lower in abundance in PsV 
skin compared to normal unaffected skin in that 
study. In a study by Fahlen et al. [74], skin micro-
biota from biopsies of psoriatic lesions also dem-
onstrated an increase in Firmicutes and a 
significantly lower abundance of Actinobacteria 
when compared to normal skin. At the genus 

level too, the three studies report consistent find-
ings: the major genera associated with the skin 
were Corynebacterium, Staphylococcus, 
Streptococcus and Anaerococcus. Both Gao et al. 
[73] and Fahlen et al. [74] reported an increased 
ratio of Streptococcus/Propionibacteria in PsV 
lesions, which was due to a relative reduction in 
abundance of the Propionibacterium species in 
psoriatic plaques.

Drago [77] investigated the bacterial skin 
microbiota in three conditions (psoriasis, 
atopic dermatitis and healthy individuals) 
using three related individuals (cousins) where 
lifestyle, gender and environmental factors 
were controlled. The reported differences in 
the taxonomic abundances at the level of the 
family were for the Propionibacteriaceae 
(increased in healthy and atopic dermatitis 
skin), Streptococcaceae (increased in psoriatic 
subject) and Staphylococcaceae (higher in 
atopic dermatitis subject and healthy control); 
however, the significance of these findings is 
limited due to the sample size.

The most recent study [78] explored community- 
wide, whole-genome metagenomics to characterise 
the microbiome in plaque psoriasis both taxonomi-
cally and functionally using whole-genome shotgun 
sequencing. They observed differences in microbial 
diversity with lower diversity in the plaques of the 
sebaceous (ear) sites compared with those from dry 
(elbow) microenvironment. The most abundant 
bacterial phyla belonged to the Actinobacteria and 
Firmicutes groups, and the most abundant bacterial 
species were noted to be Staphylococcus epidermi-
dis, Propionibacterium acnes, Staphylococcus cap-
rae/capitis and Micrococcus luteus. This was in 
addition to the fungus belonging to the Malassezia 
genus that has been observed in other studies 
exploring the fungal microbiota in psoriasis. There 
were two interesting observations reported, which 
are in keeping with current knowledge: first, the 
microbial composition is driven by individuality, 
i.e. the microbial signature is significantly more 
similar for an individual than for comparative 
sites between individuals. Second, the top five 
discriminatory features at the level of the genus 
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Table 18.1 Studies in psoriasis exploring the skin microbiota using culture-independent molecular techniques

Author/year
Aims/objectives of the 
study

Number of 
subjects Site of sampling

Specimen 
collection Platform used

Paulino et al. 
[72]

Identify the fungal 
species present in 
human skin, compare 
healthy with psoriatic 
lesions, understand 
specificity by host and 
time

N = 3 
psoriasis; 5 
healthy 
controls

At least three 
samples including 
unaffected skin from 
psoriasis individuals; 
forearms sampled 
from healthy 
controls

Skin swab ABI3730

Gao et al. 
[73]

Compare bacterial 
populations in psoriatic 
lesions, from unaffected 
skin in subjects with 
psoriasis and from skin 
from healthy persons

n = 12; 6 
healthy and 
6 subjects 
with 
psoriasis

Psoriatic plaques 
and normal skin 
from forearm

Skin swab Sanger 
sequencing

Fahlen et al. 
[74]

Comparison in 
microbiota between 
psoriatic and normal 
skin

n = 10 
psoriatic 
patients and 
12 control 
subjects

Unmatched skin 
sites (trunk and 
limbs)

Skin biopsy Roche 454

Alekseyenko 
et al. [75]

Comparison of skin 
microbiota of psoriatic 
lesions, unaffected 
contralateral skin from 
psoriatic patients and 
similar skin loci in 
matched healthy 
controls

n = 54 
psoriasis 
individuals

Matched skin sites 
for psoriatic plaques 
from psoriasis 
individuals with 
healthy controls and 
contralateral 
uninvolved skin 
from psoriasis 
individuals

Skin swabs Roche 454

n = 37 
healthy 
controls
Final 
analysis on 
set of 51 
triplets

Takemoto 
et al. [76]

Characterisation of the 
skin fungal microbiome 
in subjects with 
psoriasis

N = 12 
psoriatic 
patients and 
12 healthy 
controls

Psoriatic scales and 
normal skin from the 
trunk

Psoriatic scales 
collected using 
tweezers and 
healthy skin 
sampled using 
OpSite 
transparent 
dressing

Roche 454

Drago et al. 
[77]

Comparison of skin 
microbiota between 
psoriasis, atopic 
dermatitis and healthy 
skin

Three male 
subjects 
(first 
cousins)

2 cm2 retroauricular 
lesional skin and 
non-lesional skin 
(two samples each) 
of the left ear

Curette Ion Torrent 
PGM

n = 1 atopic 
dermatitis
n = 1 
psoriasis
n = 1 healthy 
control
Age, 
lifestyle, 
diet, clothing 
controlled

Tett et al. 
[78]

Shotgun metagenomic 
assessment of the skin 
microbiome in plaque 
psoriasis

n = 28 
plaque 
psoriasis

Skin over the 
olecranon and 
retroauricular crease 
bilaterally with at 
least one unaffected 
site

Skin 
swab—
premoistened

Illumina 
HiSeq 2000
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between unaffected and psoriatic skin of the ear 
(sebaceous skin microenvironment) were S. caprae/
capitis, P. acnes, S. epidermidis, S. aureus and M. 
luteus. The main difference between this observa-
tion when compared to the previous large psoriasis 
cohort study [75] is that P. acnes is found to be a 
significant differentiating feature between psoriatic 
and unaffected skin. This however may be due to the 
fact that the site that was evaluated for the dis-
criminatory feature was limited to sebaceous skin 
microenvironment in the latest [78] study, whereas 
in the previous work [75], the samples were largely 
from the dry skin microenvironment.

Two studies [72, 76] explored the fungal 
microbiota in psoriatic lesions, and both reported 
the genus Malassezia to be the most abundant 
fungal organisms both in normal and psoriatic 
skin. Interestingly, Takemoto [76] reported a 
more diverse fungal microbiota in scales from 
psoriatic lesions and found discrete clustering of 
the fungal microbiota from psoriatic lesions 
when compared to healthy controls.

In addition to the skin microbiota, recently 
Eppinga et  al. [79] explored the faecal abun-
dances of F. prausnitzii and E. coli, organisms 
that have been noted to be altered in IBD patients. 
The stool samples of 29 psoriasis individuals, 13 
individuals with IBD and psoriasis, 31 IBD sub-
jects and 33 healthy controls were studied using 
quantitative PCR.  A decrease in F. prausnitzii 
along with a concomitant increase in E. coli was 
reported in PsV; findings were consistent with 
those reported in IBD (Chap. 19).

 Dysbiosis in PsA

As of this writing, there has only been one pub-
lished study of the gut microbiota in PsA. Scher 
et al. [80] investigated the gut microbiota in treat-
ment-naïve individuals with recent-onset PsA 
using faecal sampling and found a dysbiosis sim-
ilar to that found in patients with IBD.  Lower 
microbial diversity was found in the intestinal 
microbiota of individuals with PsA and PsC 
(individuals with cutaneous psoriasis without any 
clinical evidence of inflammatory arthritis) when 
compared to healthy controls. There was a rela-

tive decrease in the abundance of Coprococcus in 
both PsA and PsC cohorts when compared with 
healthy controls. However, a decrease in abun-
dance of Akkermansia, Ruminococcus and 
Pseudobutyrivibrio was only observed in faecal 
samples from PsA patients. The study also 
reported a reduction in medium-chain fatty acids, 
hexanoate and heptanoate, similar to that in CD; 
interestingly hexanoate and heptanoate display 
antibacterial properties and have the ability to 
ameliorate colitis in animal models through the 
activation of peroxisome proliferator-activated 
receptor γ [81].

 Implications of the Microbiota 
Studies in Psoriasis and PsA

In all the available studies, the Firmicutes- 
and Actinobacteria-associated phyla of bac-
teria appear to play a dominant role in the 
skin of psoriatic plaques of individuals with 
cutaneous psoriasis. Among these are well-
known Gram-positive commensal bacteria 
such as Propionibacterium, Corynebacterium, 
Staphylococcus and Streptococcus that have been 
targeted to assess their discriminatory potential 
with mixed results. Interestingly, these bacte-
ria have been described as mutualists, and their 
putative beneficial effects on host immunity have 
been extensively reviewed [82]: they are thought 
to influence host immunity through the secre-
tion of toxins (such as bacteriocins); priming of 
adaptive and innate host immunity; prevention of 
oxidative damage to epidermal tissue; promotion 
of wound healing by stimulation of keratinocyte 
migration (in the case of Streptococci through the 
secretion of sublytic concentrations of streptoly-
sin O) and enhancing the host cellular response 
(AMP induction) to pathogens. It is not clear 
why these predominantly beneficial skin bacte-
ria are relatively increased in psoriatic plaques. 
It remains to be explored if the beneficial effects 
observed on the normal host still hold in the 
context of the psoriatic lesions (affected skin) in 
PsV and PsA. This may reflect a compensatory 
increase as a result of a pre-existing inflammatory 
process. Alternatively, the beneficial properties 
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of these organisms may be attenuated by other 
factors that are not yet defined, or there may be 
species- or strain-level differences that have not 
been well-captured by existing studies.

While the changes in the skin demonstrate 
increased abundance of generally beneficial 
organisms, the findings in the gut have demon-
strated the opposite. Specifically, studies [79] in 
PsV and PsA [80] have found a decreased abun-
dance of the bacterial genera with anti- 
inflammatory effects, such as butyrate-producing 
Faecalibacterium prausnitzii and Coprococcus 
and Akkermansia muciniphila. This provides a 
basis for further hypothesis-driven studies in PsV 
and PsA to explore the link between the microbi-
ome (microbial composition, host and bacterial—
metabolomics, proteomics and transcriptomics) 
in its entirety and downstream anti/pro-inflamma-
tory effects through the multitude of interactions 
with both the host and the external environment 
that drives or sustains disease states.

 Summary

Clinical and epidemiological evidence support a 
role for the microbiota in both PsV and PsA sus-
ceptibility where, in a permissive environment 
of genetic susceptibility, an alteration in the 
microbial profile may provide the necessary 

trigger or provide the driving antigen for the 
development of inflammation (Fig.  18.1). The 
multifactorial risk factors associated with com-
plex diseases such as PsV and PsA include 
genetics and non- genetic factors. Among the 
non-genetic factors, the human microbiota is a 
potentially modifiable risk factor and a future 
therapeutic target for prevention and control of 
PsV and PsA.  Dissection of the underlying 
mechanism and exploration of the communica-
tion between organ systems such as gut-joint, 
gut-skin and possibly skin-gut-joint axes may 
provide a unique understanding of the disease 
pathogenesis and aid stratification based on the 
host-microbe interaction on the background of a 
susceptible genetic trait. This may also provide 
mechanistic insights into the aetiology and 
pathogenesis of the conditions which will aid 
development of treatment options. Currently the 
human studies into the microbiota in PsV and 
PsA have been cross-sectional; thus, it is diffi-
cult to ascertain the cause-effect relationship of 
the changes observed. Well-powered longitudi-
nal studies are required that will help dissect the 
contribution and the effect of the microbiota in 
disease pathogenesis in these complex condi-
tions. Such studies may pave the way for thera-
peutic trials involving modification of the 
cutaneous or intestinal microbiota as treatment 
for PsV or PsA.
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 Microbiota and the Immune System 
in Intestinal Inflammation

IBD impacts approximately 200 per 100,000 indi-
viduals [1], depending on geographic location [2]. 
There are two major subtypes: Crohn Disease (CD) 
and ulcerative colitis (UC) (Table 19.1). IBD likely 
results from the combination of multiple factors. 
On the one hand, the increase in IBD prevalence in 
Western countries points to a role for environmen-
tal factors, and the microbiota is likely one of them 
[3, 4]. On the other hand, the genetic component of 
susceptibility to IBD includes numerous immune-
related genes, underlining the role of genetically 
programmed immune factors in IBD pathogenesis 
[5]. Our understanding of the interactions between 
the intestinal immune system and the microbiota 
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has greatly expanded over the last decade, aided by 
the mainstream adoption of new molecular tools 
allowing the molecular characterization of micro-
bial communities. Early reports about gene muta-
tions altering the microbiota in mouse models have 
to be assessed with caution, though, since the use 
of non-stringent controls in the early days intro-
duced  considerable errors into the system [6]. Still, 
the use of mice with genetic mutations has demon-
strated that changes in the immune system suffice 
to alter the intestinal microbiota. Interestingly, the 
altered microbiota can then change the way the 
immune system responds to challenges. The path-
ways mediating the cross talk between the immune 
system and the microbiota are only beginning to be 
understood, and only a few specific mechanistic 
interactions have been demonstrated in patients or 
in preclinical models.

 Immune Cells

Studies in recent years have highlighted the inter-
play between the microbiota, metabolism, and 

immune cells in intestinal inflammation. IBD is 
considered to arise from an imbalance between the 
inflammatory and the regulatory arms of the 
immune response. T cells and innate lymphoid 
cells (ILC) are some of the inflammatory cell types 
implicated in IBD, whereas FOXP3+ regulatory T 
cells (Treg) dampen immune inflammation. Tregs 
could also affect intestinal immune responses by 
modulating IgA secretion into the intestine [7], 
since IgA has been shown to regulate the composi-
tion of the gut microbiota [8]. T cells and ILC do 
not act directly on the microbiota but appear to con-
trol it indirectly through intestinal epithelial cells 
and other mechanisms [9, 10]. Lymphocytes in the 
mucosa produce cytokines, such as IL-17 and 
IL-22, that act on epithelial cells enhancing their 
secretion of Reg3g and other antimicrobial pep-
tides and thus altering the composition of the 
microbial community [11]. Intestinal myeloid 
immune cells, such as macrophages and dendritic 
cells, directly sense the microbiota but also react to 
changes in epithelial cells, such as increased cell 
death [10, 12]. They can instruct lymphocyte activ-
ity through antigen presentation and production of 
cytokines such as IL-23, a key player in intestinal 
inflammation in mice and humans, which enhances 
production of IL-17 and IL-22 by Th17 and ILC3 
cells [13]. IL-23 mediates intestinal inflammation 
in animal models, and variants in IL23R, the gene 
coding the specific subunit of the IL-23 receptor, 
are associated with IBD susceptibility in patients 
[14]. Alterations in all these pathways can change 
the composition of the microbiota.

 Intestinal Epithelial Cells

The intestinal epithelium also plays an active role 
in defense against pathogens and the interactions 
with the microbiota. It is a protective barrier as 
little as a single cell thick, which has a crucial role 
for excluding exogenous pathogens and antigens, 
but at the same time allowing water and nutrients 
to pass. Intestinal epithelial cells shape the micro-
bial community by a variety of mechanisms 
including the secretion of antimicrobial peptides. 
It has been shown that several genes with variants 
associated with IBD susceptibility, including 

Table 19.1 Comparison of features of CD and UC

Feature Crohn disease
Ulcerative 
colitis

Location Entire GI tract Colon 
primarily

Continuity of 
inflammation

Skip lesions Continuous

Depth of 
inflammation

Deep; can become 
transmural

Superficial

Pathology Granulomas 
possible

Mucosal 
inflammation

Extraintestinal 
manifestations
  Arthritis + +
  Cutaneous + +
  Sclerosing 

cholangitis
+/− +

  Uveitis + +
Risk of colon 
cancer

Increased Increased

Common 
symptoms

Diarrhea, weight 
loss, 
malabsorption, 
abdominal pain, 
growth failure

Bloody 
diarrhea, 
abdominal 
pain

Adapted from [162]
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NOD2, affect the secretion of antimicrobial pep-
tides by epithelial cells [15]. Intestinal epithelial 
cells can sense the microbiota and respond to it, as 
seen in germ-free rats, which have reduced epi-
thelial cell proliferation compared to convention-
ally raised rats [16]. Important regulators of 
bacteria and epithelial cell interactions are the 
toll-like receptors (TLRs), which recognize bacte-
rial molecular motifs such as cell wall compo-
nents and flagellin. These receptors are found on 
both immune and nonimmune cells, such as epi-
thelial cells. Therefore, TLR signaling is a likely 
mechanism regulating bacteria-induced increases 
in cell proliferation. However, in the absence of 
intestinal injury, epithelial cell proliferation in 
mice deficient in either myeloid differentiation 
primary response 88 (MyD88, a transducer neces-
sary for signaling by many TLRs) or TLR4-is 
similar to that in wild-type mice, suggesting the 
involvement of other bacterial signals [17].

In contrast, dextran sulfate sodium (DSS)-
induced intestinal injury leads to decreased gut epi-
thelial cell proliferation, acute inflammation, and 
increased mortality in MyD88-, TLR4-, or TLR2-
deficient mice [18, 19]. This increased susceptibil-
ity to DSS-induced injury can be reproduced in 
wild-type mice by treating them with broad-spec-
trum antibiotics or antibodies  targeting TLR2 or 
TLR4 [18, 19]. Administration of DSS to wild-type 
germ-free mice also produces greater colonic 
injury compared to mice that have a conventional 
microbiota [20, 21]. Initially, these results appear 
counterintuitive, as one might predict that mice that 
are unable to mount a TLR-dependent response 
against the microbiota would be less affected by 
DSS. However, these studies show that TLR sig-
naling in epithelial cells is dispensable for intesti-
nal epithelial cell proliferation under normal 
conditions, while in the presence of injury, both the 
intestinal microbiota and their interactions with 
TLRs are required for tissue repair.

 Effects of the Microbiota 
on the Immune System

No longer viewed as merely passengers, the gut 
microbiota is widely thought to play a critical 

role in the development and progression of 
IBD. Experiments in mice show that mutations 
in genes associated with susceptibility to IBD, 
such as Nod2, can cause an imbalance in the 
microbial community (dysbiosis) that exacer-
bates colitis [22]. However, despite extensive 
investigation, no single microbial agent has 
been proven to cause IBD. Nevertheless, some 
broad patterns can be discerned across many 
studies. These include a loss of community 
diversity, increased representation of some 
Gammaproteobacteria, and decreased relative 
abundance of several taxa within the Firmicutes 
phylum [23]; see below.

Other groups of bacteria may protect against 
IBD through suppression or modulation of inflam-
matory responses. Bacteroides thetaiotaomicron 
has been shown to attenuate intestinal epithelial 
cell inflammation, suppress NF-κB activation 
[24], increase Gata3 and FoxP3 gene expression, 
and stimulate maturation of Treg [25], effects that 
could be common to humans and mice.

Bacteria in close proximity to epithelial cells 
may play an important role in gut immune 
responses. In mice, segmented filamentous bacteria 
(SFB), which are commensals in many different 
animal facilities, provide a striking example of the 
ability of the microbiota to alter the gut immune 
response. About a decade ago, it was shown that 
the presence of this commensal drastically 
increases the frequency of intestinal Th17 cells [26, 
27]. SFB tightly adhere to intestinal epithelial cells, 
and this adhesion appears to be a strong inducer of 
Th17 responses across species [28]. Moreover, 
SFB also induce IgA production in the gut. 
Although SFB have been detected in human ileos-
tomy samples [29], whether they play an equiva-
lent role in humans is still subject of investigation.

Microbiota can also trigger systemic immune 
responses. Patients with CD have elevated levels 
of antibodies against flagellin antigens [30], 
which when present are associated with a more 
complicated disease course [31]. It is currently 
not known if these antibodies arise before the dis-
ease or after inflammation has exposed the intes-
tinal contents directly to the immune system. 
Although these findings do not necessarily impli-
cate the antibodies as being pathogenic, the T 
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cells driving their production may be. Although 
microbiota-reactive CD4+ T cells are present in 
the gut of healthy individuals as well as IBD 
patients [32], adoptive transfer of flagellin- 
reactive T cells into T cell receptor-deficient mice 
results in colitis, particularly if the T cells have a 
Th17 phenotype [33].

Other bacteria, such as Faecalibacterium 
prausnitzii, Bifidobacterium, and Lactobacillus 
spp., protect the host through a variety of mecha-
nisms, including modulation of cytokine produc-
tion [34, 35] and strengthening of the gut barrier 
function [36]. The evidence for the efficacy of 
probiotic strains like Bifidobacterium and 
Lactobacillus in reducing the symptoms of CD in 
humans remains unclear, although some benefi-
cial effects have been shown in patients with UC 
[37]. Additionally, the gut microbiota may pro-
tect the host by outcompeting pathogenic bacte-
ria that drive gastrointestinal inflammation by 
preventing these pathogens from occupying 
niches [38].

 Bacterial-Derived Metabolites

Aside from physical interactions between the 
microbiota and the host, the products of bacte-
rial metabolism are important regulators of 
intestinal immunity. The most important metab-
olites are short-chain fatty acids (SCFA), includ-
ing butyrate, which are primarily the products of 
nondigestible carbohydrate fermentation. In 
addition, bile acid metabolism and products of 
tryptophan metabolism also have a role.

Activation of the inflammasome can occur via 
microbiota-accessible carbohydrate (MAC) mod-
ulation of the gut microbiota as well as SCFA 
administration, which promotes IL-18-mediated 
epithelial repair following DSS-induced GI 
inflammation [39]. Butyrate produced by the gut 
microbiota, most prominently by members of the 
Clostridia class, has also been shown to induce 
the expansion of Tregs in mice, ameliorating 
intestinal inflammation in an adoptive T cell 
transfer model of colitis [40]. Several mecha-
nisms have been suggested to explain the anti- 

inflammatory effect of SCFA. First, some SCFA 
such as butyrate and propionate alter the epigen-
etic status of the cells by inhibiting histone 
deacetylase activity [41]; the resulting changes 
could induce a regulatory state in both Tregs and 
innate cells [40, 42, 43]. Additionally, specific 
receptors on immune cells can recognize SCFA. 
Dendritic cells and macrophages acquire regula-
tory activity after recognition of butyrate through 
Gpr109a [44].

Bacteria can also affect the host by metabo-
lizing bile acids. Bile acids are secreted into the 
small intestine to aid digestion, and they are 
toxic to bacteria and eukaryotic cells, modulat-
ing the composition of the microbiota. Many 
bacteria can deconjugate bile acids through 
removal of taurine or glycine, leading to sec-
ondary bile acids [45]. This microbial activity 
not only influences the rate of bile acid reab-
sorption through the intestine and subsequent 
recycling through the enterohepatic cycle, but it 
can also modulate lipid metabolism [46] and 
intestinal immunity [47]. Bile acids interact 
with the intracellular farnesoid X receptor 
(FXR) and transmembrane receptor Takeda 
G-protein-coupled receptor 5, which are spe-
cific bile acid receptors present in different cell 
types, including innate immune cells [48]. 
Inactivation of FXR increases the severity of 
trinitrobenzenesulfonic acid or DSS-induced 
colitis in mice, while expression of FXR mRNA 
was reported to be reduced in colon biopsies 
from areas of macroscopically inflamed mucosa 
in CD disease patients [47]. Activation of FXR 
regulates mechanisms that affect liver and intes-
tinal homeostasis, including reducing the 
expression of key inflammatory cytokines such 
as IL-1β, TNF-α, and IFN-γ [47, 49].

Tryptophan metabolites derived from 
Lactobacilli and other microbes are recognized 
by the aryl hydrocarbon (Ahr) transcription fac-
tor and promote IL-22 production by T cells and 
ILC in preclinical mouse models [50]. IL-22 
enhances secretion of antimicrobial peptides, 
epithelial cell regeneration, and barrier func-
tion, and the IL-22-mediated response increases 
resistance to colonization by the fungus Candida 
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albicans in a mouse model and protects the mice 
from intestinal inflammation. It has also been 
shown that tryptophan deficiency, resulting 
either from the diet or from intestinal malab-
sorption, leads to dysbiosis and enhanced sus-
ceptibility to colitis [51]. Tryptophan deficiency 
is associated with decreased secretion of IL-22 
and IL-17 by mucosal lymphocytes and lower 
production of intestinal antimicrobial peptides 
[51]. When these antimicrobial peptides are 
reduced, the composition of the microbiota is 
changed to a community that favors intestinal 
inflammation. More recently, activation of Ahr 
by kynurenine, a tryptophan metabolite that can 
be produced by both the microbiota and the 
host, was shown to increase expression of the 
IL10 receptor on intestinal epithelial cells [52]. 
Additionally, recent data have suggested that the 
IBD-associated polymorphism in caspase 
recruitment domain family member 9 (CARD9) 
functions by altering the microbiota and trypto-
phan metabolism [53]. CARD9-deficient mice 
harbor an altered microbiota with decreased 
capacity to produce Ahr ligands from trypto-
phan. This dysbiotic microbiota enhances intes-
tinal inflammation in mice, an effect that can be 
counteracted by tryptophan- metabolizing 
Lactobacillus strains. Importantly, analysis of 
feces from IBD patients in remission and 
healthy patients showed that patients with IBD-
associated polymorphisms in CARD9 also have 
lower levels of Ahr ligands in their feces [53]. 
More recently, indolepropionic acid (IPA) and 
related compounds produced by microbial 
metabolism of tryptophan, tyrosine, and phenyl-
alanine were shown to influence the innate and 
adaptive immune system in mice. Disruption of 
the microbial IPA pathway led to increased 
intestinal permeability and higher frequencies 
of circulating neutrophils, monocytes, and 
effector/memory T cells [54]. These data under-
line the interdependence in the immune/micro-
biota dynamics. Changes in the immune system, 
like CARD9 dysfunction, may alter the compo-
sition of the microbiota. This altered microbiota 
affects then the immune response, increasing 
the severity of colitis.

 The Contents of the Microbiota 
in IBD

From 2010 to the time of this writing, 44 studies 
using next-generation sequencing methods eval-
uating the microbiota or metagenome in IBD 
have been published (Table 19.2). The majority 
of the studies evaluated the bacterial populations 
through 16S amplicon sequencing, with a 
smaller number looking at the fungome or the 
full metagenome. There is substantial heteroge-
neity in the study designs, with respect to the 
disease under study (CD, UC, or both), subject 
age (pediatrics or adult), disease status 
(treatment- naïve, long-standing disease, remis-
sion), and sample sites (fecal or mucosal). 
Despite this heterogeneity in study design, sev-
eral bacteria and one fungus emerged as being 
consistently negatively or positively associated 
with IBD, by appearing either over- or underrep-
resented in patients.

 Differences in the Structure 
of the Microbiota

Structural differences are generally assessed 
through measures of alpha (within sample) or 
beta (between samples) diversity. Patients with 
CD are typically found to have diminished alpha 
diversity, that is, their microbiota is less diverse, 
as assessed by either the richness or evenness of 
the samples [55–71]; this is a less consistent find-
ing in UC (e.g., [56]), although has been reported 
as well [72]. As discussed previously, the loss of 
fecal community diversity is often manifested as 
a decreased abundance of some members of the 
Firmicutes phylum, including F. prausnitzii, a 
prominent member of the healthy microbiota 
with significant anti-inflammatory effects [34]. 
Other species that appear to decrease in relative 
abundance in IBD include Bacteroides fragilis, 
B. vulgatus, Ruminococcus albus, Ruminococcus 
callidus, and Ruminococcus bromii [73].

While the focus of most studies has been on 
changes in taxonomic diversity and composition, 
more recent metagenomic studies indicate that 
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the overall quantity of bacteria is also reduced in 
IBD. In patients with IBD, the fecal metagenome 
has been shown to possess up to 25% fewer 
microbial genes, suggesting a lower functional 
diversity [74]. Metagenomic changes include a 
loss of genes encoding amino acid and carbohy-
drate metabolism in IBD compared to healthy 
controls, while genes involved in transport, secre-
tion, and virulence factors were increased [23]. 
This raises the possibility that the key factor in 
IBD is a loss of metabolic pathways, rather than 
differences in actual taxonomic abundances [23]. 
Indeed, diminished diversity of fecal metabolo-
mics has also been observed in IBD [75]. A fea-
ture of a healthy, diverse microbiome is a high 
degree of functional redundancy [76]. It is con-
ceivable that a loss of functional redundancy 
could render the microbiome less able to adapt to 
adverse perturbations and/or allow potentially 
pathogenic bacteria to take over previously occu-
pied niches. The concept of protection through 
niche occupation has been demonstrated in 
mouse studies in which disruption of the micro-
biota using oral antibiotics enabled the expansion 
of pathogenic Salmonella enterica serovar 
Typhimurium and Clostridium difficile, which are 
able to utilize host-derived sugars that were pre-
viously monopolized by commensal bacteria 
[38]. In line with this experimental result, infec-
tion with opportunistic pathogens such as C. dif-
ficile is a significant cause of morbidity in IBD 
patients [77], indicating that they may present an 
unoccupied niche in their intestinal environment. 
The Enterobacteriaceae, members of the 
Proteobacteria phylum, have a remarkably 
diverse pan-genome, and, therefore, they may be 
well placed to take advantage of any newly 
vacated niches [76].

 Faecalibacterium prausnitzii (Depleted 
in CD)
Of the 38 studies in CD that included assess-
ments of the bacterial populations, 15 of them 
reported depletion of F. prausnitzii [57–61, 63–
65, 70, 71, 78–82], with only two showing the 
opposite result [56, 83]. This has been observed 
in both fecal and biopsy specimens, in recent- 
onset and long-standing disease. Abundance of F. 

prausnitzii also appears to be higher in CD 
patients in remission versus those with active dis-
ease [84], and low abundance of F. prausnitzii is 
predictive of future flares among CD patients 
undergoing surgical resection [85]. This deple-
tion of F. prausnitzii is thus among the most con-
sistent findings of any bacterial species in any 
disease state. F. prausnitzii may have direct regu-
latory properties; when added to cultures of 
human peripheral blood mononuclear cells, it 
upregulated the generation of Tregs and interleu-
kin (IL)-10 [34, 86, 87].

Another mechanism by which F. prausnitzii 
may protect against gut inflammation is through 
generation of SCFA, including but not limited to 
butyrate. Indeed, another five studies that did not 
report depletion of F. prausnitzii in IBD patients 
did identify depletion of other butyrate- 
producing organisms, such as Roseburia and 
Blautia [23, 68, 88–90]. Notably, some of these 
organisms were also depleted in UC [23, 89, 90]. 
As reviewed [91], the generation of SCFAs 
occurs through the metabolism of so-called non-
digestible carbohydrates. Branched-chain carbo-
hydrates, which constitute nondigestible fiber, 
can in fact be metabolized by certain bacteria, 
constituting their energy source. The breakdown 
product is the SCFA, which act as proton sinks 
for the regeneration of NAD+ from NADH dur-
ing glycolysis [92]. Because bacteria lack mito-
chondria, they are largely unable to metabolize 
SCFA any further, thus leaving them to the 
human host. However, it is important to note that 
while certain SCFAs may be the metabolic end-
point for some bacteria, SCFAs can act as a sub-
strate for others. For example, acetate and lactate 
produced by lactic acid bacteria, such as 
Bifidobacterium and Lactobacillus spp., can be 
used as a carbon and energy source by bacteria 
such as Eubacterium rectale, Roseburia faecis, 
and Faecalibacterium prausnitzii, which in turn 
produce butyrate as their metabolic by-product 
[93–95]. Beneficial properties of SCFAs include 
inhibition of enteropathogens, increased intesti-
nal epithelial cell health, increased mucin pro-
duction, and induction of regulatory T cells [96, 
97]. It is thus not surprising that fecal metabolo-
mics studies have also shown diminished pro-
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duction of SCFAs in patients compared to 
controls [98, 99]. Additionally, two studies look-
ing at the IBD metagenome showed decreased 
genetic potential for butyrate or other SCFA pro-
duction [74, 82], although another study reported 
the reverse [100].

 Bacteroides (Depleted in CD, UC)
Several studies have demonstrated that the 
Bacteroides genus is depleted in both CD and UC 
[66, 79, 89, 101, 102]. This conclusion was also 
reached by a review article that, despite being 
published in 2016, was limited to studies using 
older technologies such as culture and restriction- 
length fragment polymorphism and thus has no 
overlapping studies with the present chapter 
[103]. A limitation of some of the widely used 
sequencing technologies is the inability to iden-
tify organisms at the species level. However, it is 
plausible that the depleted organism is B. fragilis. 
This organism prevents intestinal inflammation 
in mouse models of colitis, mostly through its 
component polysaccharide A (PSA) [104]. PSA 
has been reported to induce Foxp3+ Tregs that 
suppress Th17-mediated intestinal inflammation 
[105, 106]. In humans, PSA also enhances 
in vitro Treg induction [107]. A beneficial effect 
of Bacteroides may not be limited to IBD; dimin-
ished fecal abundance of Bacteroides has also 
been observed in rheumatoid arthritis [108, 109] 
and spondyloarthritis (SpA) [110].

A protective effect of Bacteroides may be lim-
ited to adults. While virtually all studies in adults 
with IBD that reported differential abundance of 
Bacteroides found it to be protective ([103] and 
Table 19.2), the pediatrics data are mixed. Of the 
two studies in pediatric CD that reported differ-
ential abundance, one found it to be depleted 
[79], and the other elevated [80]. Consistent with 
this observation is that a study that was limited to 
specific bacteria, including Bacteroides, reported 
decreased abundance in older as compared to 
younger subjects with CD [111]. Interestingly, 
studies in juvenile idiopathic arthritis have also 
shown elevated abundance of fecal Bacteroides 
[112–114], and an increase in B. ovatus may pre-
cede the onset of type I diabetes in high-risk chil-
dren [115]. The implications of these findings are 

not clear. However, an explanation may have 
been provided by Vatanen et al., who compared 
the ability of B. dorei and Escherichia coli to 
induce endotoxin tolerance, which refers to 
diminished immunologic response to endotoxin 
following initial exposure. The authors showed 
that B. dorei had diminished ability to induce 
endotoxin tolerance, and showed as well that 
injection of this organism, as compared to injec-
tion of E. coli, failed to delay the onset of diabe-
tes in a mouse model of the disease [116]. Thus, 
Bacteroides in children may be a two-edged 
sword, both providing benefit through the PSA 
tail of B. fragilis but also providing increased risk 
of autoimmunity through altered immunologic 
maturation.

 Akkermansia muciniphila (Depleted 
in CD, UC)
The third and final organism consistently depleted 
in IBD is A. muciniphila, which was found to be 
depleted in four studies [69, 72, 117, 118]. This 
organism was isolated in 2004 and given its name 
based upon its ability to thrive on intestinal mucins 
[119]. Most of the literature on this organism 
focuses on a potentially beneficial role in obesity 
and metabolic syndrome (e.g., [120]); there is very 
little literature on its role in inflammatory disease. 
Asquith et al. demonstrated that in the HLA-B27+ 
rat model of SpA and IBD, A. muciniphila emerges 
at onset of clinical disease [121], and Stoll et al. 
reported increased abundance of A. muciniphila in 
a subset of pediatric SpA patients [112]. As 
patients with SpA and IBD have altered intestinal 
permeability [122, 123], it is possible that by 
increasing intestinal permeability, A. muciniphila 
results in increased bacterial invasiveness, which 
in turn promotes intestinal inflammation. These 
authors speculate that the decreased abundance of 
A. muciniphila in patients with IBD may be an epi-
phenomenon reflecting loss of substrate, as previ-
ously suggested [90]. That is, as the inflammatory 
process progresses, the mucin content is lost as has 
been reported [124], resulting in depletion of A. 
muciniphila.

Other mucus-associated bacteria that may have 
a role in IBD are sulfate-reducing bacteria such 
as Desulfovibrio piger [125]. Sulfate-reducing 
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bacteria compete with acetogens and methano-
gens for hydrogen to produce energy by reducing 
sulfated mucus glycans, leaving H2S as a by-prod-
uct [126]. H2S has genotoxic properties and can 
disrupt the mucus structure, as sulfides are potent 
reducers of disulfide bonds [127].

 Enterobacteriaceae, Especially E. 
coli/Shigella (Increased in CD, UC)
Thirteen studies have reported increased abun-
dance of the Enterobacteriaceae family or spe-
cifically of E. coli/Shigella (which often cannot be 
distinguished by 16S sequencing), in patients 
with CD or UC [23, 55, 58, 60, 61, 64, 69, 70, 79, 
82, 117, 118, 128]; none have revealed depletion 
of this organism. The increased Enterobacteriaceae 
abundance may stem from their capacity to use 
sialic acid and fucose liberated from mucus [38]. 
Among this family, adherent- invasive E. coli 
(AIEC) has gained particular interest [118]. 
Pathogenic bacteria such as AIEC may have viru-
lence factors allowing them to interact with M 
cells, specialized epithelial cells on the surface of 
Peyer’s patches. AIEC could use this interaction 
to translocate across the epithelial cell barrier into 
the mucosa [129]. In support of the hypothesis 
that AIEC contributes to disease by translocating 
through the intestinal wall barrier, Knoll et  al. 
reported that abundance of E. coli correlated with 
genes implicated in bacterial adhesion to the 
intestinal mucosa [70]. Additionally, AIEC con-
tains virulence factors such as α-hemolysins that 
can contribute to impairment of the intestinal wall 
barrier function, in essence by punching holes in 
the wall [130]; colonization of colitis-prone IL-10 
deficient mice with E. coli containing α-hemolysin 
induced active disease, significantly less so if the 
bacteria lacked this virulence factor [130]. As 
reviewed [118], other mechanisms by which 
AIEC has been linked to IBD include impairment 
of autophagy as well as of the ubiquitin protea-
some activity, the latter resulting in increased acti-
vation of NF-κB.  Importantly, it has also been 
proposed that the inflammatory process itself pro-
motes the growth of Enterobacteriaceae and thus 
that the increased abundance of this family may 
be the consequence not the cause of the underly-
ing disease process [131].

 Bifidobacteriaceae (Increased in CD, UC)
Four studies reported increased abundance of the 
Bifidobacteriaceae family in IBD [66, 78, 102, 
118], with two reporting it to be depleted [79, 82]. 
This finding of increased abundance of the 
Bifidobacteriaceae family in IBD, particularly in 
UC, appears to be a counterintuitive finding, as 
several species of Bifidobacterium are widely 
incorporated into probiotics, including VSL # 3, 
which is widely used as therapy for UC (see treat-
ment, below). Indeed, the possibility that these 
findings reflected prior use of probiotics cannot be 
entirely excluded. However, in some model sys-
tems, Bifidobacterium can demonstrate pro-
inflammatory effects in vitro, with variation at the 
species or even the strain level. Specifically, He 
et al. noted variations among Bifidobacteria spe-
cies to induce IL-12 and tumor necrosis factor 
(TNF) production from a cell line [132], while 
Medina et  al. demonstrated differences among 
strains within the Bifidobacterium longum species 
in their ability to induce production of TNF by 
human peripheral blood mononuclear cells [133]. 
Conversely, a protective role for Bifidobacterium 
longum in murine colitis has been demonstrated 
[134]. In light of this contradictory information, 
there are insufficient data upon which to draw 
firm conclusions regarding the role of the 
Bifidobacteriaceae family in IBD.

 Candida (Increased in CD, UC)
As shown in Table  19.2, most of the studies 
focused on bacteria. However, just as bacteria can 
be amplified through sequencing of the 16S ribo-
somal DNA, so can fungi through their counter-
part, the 18S ribosomal DNA. Of the eight studies 
that evaluated the fungome in patients with IBD, 
only one consistent result has been reported: 
increased abundance of Candida in patients with 
CD and to a lesser extent UC; this has been 
reported in four studies [64–66, 135]. In addition 
to demonstrating increased fecal abundance of 
Candida, Hoarau et al., also reported an associa-
tion between abundance of C. tropicalis and pres-
ence of anti-Saccharomyces cerevisiae antibodies 
(ASCA), which they stated could be triggered by 
Candida as well as by Saccharomyces cerevisiae. 
Despite this finding, the role of fungal organisms 

19 Inflammatory Bowel Disease



266

in the pathogenesis of IBD is yet unknown. It is 
possible that they reflect fungal overgrowth sec-
ondary to antibiotics, although findings that ASCA 
appear prior to development of symptoms suggest 
that the fungal dysbiosis may be upstream of clini-
cal disease [136]. In addition, mice deficient in 
dectin-1, a pattern recognition receptor specific for 
fungi, developed a more severe form of chemical 
colitis, and polymorphisms in the dectin-1 gene 
were likewise associated with increased severity 
of UC in humans [137], suggesting an important 
role for fungi in the pathogenesis of IBD.

In summary, numerous studies have identified 
abnormalities in the contents of the human intesti-
nal microbiota in patients with IBD. That the same 
microbiota are consistently identified as being 
present in abnormal quantities, either high or low, 
and are often observed at disease onset, gives cre-
dence to the possibility that some of these abnor-
malities may contribute to the pathogenesis of the 
disease. Even within the disease, the extent of the 
microbiota-based abnormalities often correlates 
with disease severity [84] and can be used to pre-
dict response to therapy [85], underscoring a 
potential pathogenic role. The potential for micro-
biota-based therapy will be discussed below.

 Therapeutic Manipulation 
of the Microbiota

In practice, there are four ways that the microbi-
ota can be therapeutically altered: diet, antibiot-
ics, probiotics, and fecal microbial transplant. 
Each of those modalities has been reviewed in 
depth elsewhere [138–141] and will be summa-
rized briefly below and in Table 19.3.

 Diet

One dietary intervention that has a clearly estab-
lished place in the treatment of IBD is exclusive 
enteral nutrition (EEN), which consists of a com-
plete replacement of typical solid foods with liq-
uid nutritional supplements for a period of 
4–12 weeks, either orally or via nasogastric tube 
[142]. EEN appears to be more effective in CD as 
compared to UC and possibly more effective in 
children than adults [143]. In children with CD, 
EEN is as effective as are corticosteroids at 
inducing remission [144], is thus standard of care 
for induction therapy in Europe [145], and is 
increasingly being offered or recommended to 
patients in the United States in lieu of corticoste-
roids. The mechanism by which EEN is effective 
is unclear. While it has striking effects on the 
microbiota, the net effect is seemingly to make 
the microbiota even more dysbiotic than its base-
line state, with lower alpha diversity and even 
lower abundance of F. prausnitzii [146].

Other dietary approaches have been consid-
ered, although most were not necessarily 
designed with a specific intent of altering the 
microbiota, so will not be discussed herein. One 
exception is a diet high in nonabsorbable carbo-
hydrates, such as fructo-oligosaccharides. The 
rationale behind such a diet is that it may result in 
increased abundance of butyrate-producing 
organisms, such as F. prausnitzii, which are capa-
ble of digesting fiber. In practice, however, stud-
ies have not supported this approach [147].

 Antibiotics

Antibiotics are a double-edged sword in 
IBD.  Epidemiologic data indicate that early- 
childhood exposure to antibiotics is associated 
with an increased risk of acquiring the disease 
[148], and antibiotics are a risk factor for devel-
opment of Clostridium difficile infection, an 
important cause of morbidity in patients with 
IBD [149]. However, there is also an important 
role for antibiotics as induction and maintenance 
therapy, particularly in CD, where several studies 
have demonstrated an important role as induction 

Table 19.3 Microbial interventions in IBD

Intervention
Crohn disease

Ulcerative 
colitis

Pediatric Adult Pediatric Adult
Antibiotics + + +/− +/−
Probiotics, e.g., 
VSL # 3

− − + +

EEN + +/− − −
FMT + + + +

Adapted from [153]
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therapy as well as postoperative management 
[150]. They are also used to treat pouchitis, which 
consists of an inflammatory process of the ileal 
pouch that occurs with colectomy followed by 
ileal pouch-anal anastomosis [150]. In UC, anti-
biotics are less effective, although they may have 
benefit as add-on therapy to standard treatments 
[151]. In addition to their therapeutic role, antibi-
otics are often required to treat infectious compli-
cations, including but not limited to abscess 
development in CD and C. difficile infections.

 Probiotics

Probiotics are defined as live organisms that are 
administered in order to have a therapeutic effect 
on a disease state. In addition to altering the con-
tents of the microbiota, they are postulated to 
have beneficial effects on gut barrier wall func-
tion, immunity, and production of antimicrobial 
metabolites, among others [152, 153]. A widely 
used probiotic in patients with UC is VSL # 3, 
which is a mixture of eight bacterial strains 
including four species within the Lactobacillus 
genus, three within the Bifidobacterium genus, 
and Streptococcus thermophilus. As reviewed 
[152], randomized and open-label studies in both 
children and adults with UC have generally found 
that addition of VSL # 3 to standard treatment 
reduces disease activity. These findings are not 
generalizable to all probiotics, as the same review 
reported that E. coli Nissle 1917 was generally 
ineffective [152]. In addition, while probiotics 
may be beneficial in the management of pouchi-
tis, they are not otherwise considered to be ben-
eficial in the treatment of CD [153]. While 
generally considered safe, serious infectious 
events associated with probiotic strains have been 
reported [154].

 Fecal Microbial Transplantation (FMT)

Although it has been reported that the idea behind 
FMT dates to nearly two millennia ago [155], 
this is a relatively recent development in IBD. The 
initial purpose behind FMT was as a therapeutic 

alternative to subjects with recurrent C. difficile 
infections [156], although improvements were 
subsequently noted in the underlying bowel dis-
ease of subjects who had both IBD and C. diffi-
cile [157]. Thus, subsequent studies were geared 
toward using FMT as a therapy for IBD itself. 
After some positive case reports [158, 159], ran-
domized trials were conducted, with mixed 
results [160]. However, studies that used multiple 
donors and also that involved pretreatment with 
antibiotics, presumably to clear out the existing 
microbiota to allow the normal microbiota to take 
root, appeared to have shown particular benefit 
[141, 160]. In the United States, the Food and 
Drug Administration has deemed FMT to be 
experimental for any purpose other than treat-
ment of recurrent C. difficile infection, so this 
procedure is only available in the context of a 
clinical trial. Multiple parameters, including 
whether the transplants should consist of donor 
samples or defined consortium of microbiota, and 
whether they should be administered via upper 
(e.g., by gavage) or lower (endoscopy) delivery, 
have yet to be definitively established. In addi-
tion, as with probiotic therapy, this treatment car-
ries with it a rare but non-zero risk of serious 
infections caused by the introduced bacteria 
[161]. Thus, the precise role of FMT in the man-
agement of CD and UC has yet to be fully defined.

 Conclusions
In this chapter, we have presented compel-
ling evidence that the microbiota is altered in 
patients with IBD, particularly CD. It is likely 
that at least some of these changes, such as 
increased abundance of pathogenic bacteria 
including adherent- invasive E. coli and deple-
tion of butyrate-producing organisms such as 
F. prausnitzii, contribute to the disease. The 
microbiota has a profound impact on intesti-
nal immune responses, which drive intestinal 
inflammation. In turn, the immune system can 
impact the microbiota and cause dysbiosis. 
This resulting dysbiosis could lead to exac-
erbation of inflammation in IBD. Therapeutic 
manipulation of the microbiota through EEN, 
antibiotics, and probiotics is a routine part of 
clinical care for both CD and UC. We hope that 
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the future holds in store more targeted means 
of altering the microbiota that can safely and 
effectively restore a more normal state.
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Reactive Arthritis

Thomas Bardin

Abbreviations

ARA American Rheumatism Association
DNA Deoxyribonucleic acid
EB Elementary body
HIV Human immunodeficiency virus
HLA Human leucocyte antigen
IL Interleukin
INF-γ Interferon gamma
RB Reticular body
ReA Reactive arthritis
RNA Ribonucleic acid
SpA Spondyloarthropathy
STI Sextually transmitted infection
STReA Sexually transmitted reactive arthritis
TH T helper cell
TNF Tumor necrosis factor

 Definition

Reactive arthritis (ReA) is a form of spondylo-
arthropathy (SpA) which associates with the 
HLA-B27 antigen and can be defined as a sterile 
inflammatory arthritis triggered by an infection 
generally due to a limited number of strict or 

facultative intracellular pathogens. In 1976, 
Dumonde attempted to clarify the spectrum of 
infection-related joint diseases and characterized 
reactive arthritis by the lack of microorganism 
component in the affected joint(s), in opposition 
with post-infectious arthritis in which joints con-
tained microorganism components (antigens at 
the time) but no viable microorganism by stan-
dard bacteriological techniques and to septic 
arthritis in which pathogens could be identified 
by microscopy examination or culture of joint 
materials [1]. Despite the later findings of anti-
gens and nucleic acids in the synovial fluid and/
or membrane of affected joints, the term reactive 
arthritis has been kept for HLA-B27-associated 
post-infectious arthritis. Reactive arthritis has also 
been called Reiter’s syndrome to acknowledge the 
description by this German physician of an epi-
demics of post-Shigella arthritis during World War 
I, even though the condition was simultaneously 
recognized by the French physicians Fiessinger 
and Leroy on the French side. Following the dis-
covery of the role that Reiter played in Nazi medi-
cine, and of previous disease description, this 
eponym has now been abandoned [2].

 Pathogens

ReA can be triggered by a limited number of 
pathogens, with distinct portals of entry, the main 
ones being venereal and digestive (Table 20.1). 
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Succeeding triggering infections by distinct 
pathogens have been observed to cause reactive 
joint inflammation in the same patient, highlight-
ing the interplay of infectious triggers and genetic 
predisposition [3].

 ReA and HLA-B27

Reactive arthritis is associated with the HLA-
B27 gene, and this is one of the reasons to include 
ReA in the SpA spectrum. Overall, 40–60% of 
affected patients are HLA-B27 positive [4]. 
HLA-B27 seems to be associated with disease 
severity, and the proportion of B-27 carriers is 
increased in hospitalized patient series.

 Microbiota and Reactive Arthritis

Only three studies have performed an evalu-
ation of the fecal microbiota in ReA patients; 
Gupta et  al. [5] used fecal culture to evalu-
ate the microbiota of 30 rheumatoid arthritis 
patients, 34 healthy controls, and 60 subjects 
with either ReA or undifferentiated SpA. None 
of them grew pathogens typically associ-
ated with ReA.  Thirty to forty percent of all 
groups grew Klebsiella, without any differences 
between the three groups, although higher car-
riage rates were noted in the SpA patients with 
active versus inactive disease. The authors 
concluded that Klebsiella may be a triggering 
agent. Likewise, Smith et  al. [6] did not iden-
tify any differences between ReA patients or 

SpA patients as a whole compared to healthy 
controls, but they also used culture- rather than 
DNA-based methods. Recently, Manasson et al. 
[7] compared 32 adults with recent diagnoses 
of ReA with 32 healthy controls. Their study, 
although clouded by use of antibiotics to treat 
the ReA in 20 subjects in addition to three oth-
ers who were treated with sulfasalazine, showed 
increased carriage of enteropathogens such as 
Pseudomonas and decreased carriage of butyr-
ate-producing organisms such as Roseburia 
and Blautia, thus mimicing findings reported 
in patients with inflammatory bowel disease 
(Chap. 16). Therefore, the question as to whether 
the microbiota as a whole is altered in patients 
with ReA remains an understudied question.

 Risk Factors

The main risk factors are infections with patho-
gens able to trigger ReA and genetic predisposi-
tion. Family studies have shown that ReA 
aggregated within families [8, 9]. HIV infection is 
an important risk factor, in particular in sub-Saha-
ran Africa where ReA usually affects HLA-B27-
negative patients infected by the virus [10].

 Diagnosis

Preliminary classification criteria for ReA, then 
called Reiter’s syndrome, were issued in 1981 by 
the American Rheumatism Association (now 
American College of Rheumatology). According 
to these, an episode of peripheral arthritis lasting 
more than 4 weeks occurring in association with 
urethritis or cervicitis could be classified as ReA 
[11]. The criteria most commonly used to diag-
nose ReA are those of the 1995 Berlin Third 
International Workshop: (1) the presence of a 
predominantly lower limb asymmetrical oligoar-
thritis and (2) clinical laboratory evidence of a 
preceding infection [12]. However, these are far 
from satisfactory as joint distribution is fre-
quently atypical in enteric infection-related ReA, 
and the triggering infection is often difficult to 
demonstrate.

Table 20.1 ReA-triggering infections

Sexually transmittable infections
Ureaplasma urealytica
Chlamydia trachomatis
Intestinal infections
Shigella flexneri and S. sonnei
Salmonella (non-typhoidal)
Y. enterocolitica and Y. pseudotuberculosis
Campylobacter jejuni and C. coli
Clostridium difficile
Other portals of entry
C. pneumoniae
Bacillus of Calmette and Guérin
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 Sexually Transmitted Reactive 
Arthritis

Sexually transmitted reactive arthritis (STReA) is 
held as the most common form of ReA and fol-
lows a nongonococcal (or sometimes mixed) 
 sextually transmitted infection (STI) mainly 
caused by C. trachomatis. Reported incidence 
after STI has varied from 3% to 8% and remains 
uncertain [13]. It appears to vary according to the 
genetic background and to the STI antibiotic 
treatment. In a 3-year study, we were able to com-
pare the rates of arthritis in Greenland, after STIs 
which had or had not been treated by antibiotics 
active against C. trachomatis, in 103 patients with 
a previously established diagnostic of STReA, 
who therefore presumably carried the full genetic 
predisposition (including the B27 gene, which 
was present in all typed patients), and in 397 pre-
viously non-affected first-degree relatives. In the 
4 weeks following STIs not treated or treated by 
penicillin only, the incidences of recurrences 
meeting the preliminary ARA criteria for ReA 
[11] were 37% in the patients with the full genetic 
predisposition and 4% in first-degree relatives. 
When STIs were treated by erythromycin or tetra-
cycline, the rates of arthritis fell to 10% in STReA 
patients and 1% in family members, suggesting a 
preventive effect of anti-Chlamydia treatment of 
STIs [14]. These data also suggested that several 
genes and not solely HLA-B27 intervened in the 
predisposition to STReA.

The arthritis most frequently affects young 
men, a few weeks after the triggering infection 
[14, 15]. It is typically an asymmetrical inflam-
matory oligoarthritis involving the large joints of 
the lower limbs. Joint effusions are usually abun-
dant and contain an inflammatory synovial fluid, 
with a high number of leucocytes and negative 
standard bacteriology. Enthesitis, including talal-
gias; axial involvement, responsible for sacroiliac 
and/or spine pain; and dactylitis can be observed. 
CRP and ESR are usually very elevated. Extra- 
articular features include conjunctivitis and ure-
thritis and, less commonly, involvement of the 
heart (auriculoventricular block or aortitis) or 
skin (keratoderma blennorrhagica, circinate bala-
nitis). Skin features can be indistinguishable 

from pustular psoriasis. The classical triad of 
arthritis, conjunctivitis, and urethritis is highly 
suggestive of the diagnosis but may be observed 
in ReA of other etiologies: it has been initially 
described in post-Shigella arthritis. Moreover, 
this triad is frequently incomplete. Conjunctivitis 
may be missing, and nongonococcal venereal 
infection is frequently asymptomatic, especially 
in women. A number of studies have shown that 
Chlamydia arthritis accounted for 15–30% of oli-
goarthritis of undetermined origin [15].

The course of STReA is severe in many 
patients, especially those tested HLA-B27 posi-
tive. Joint inflammation had to last for more than 
4 weeks to meet the ARA preliminary criteria [11] 
and indeed has usually a prolonged course. Our 
Greenlandic cohort counted 153 nonselected 
patients seen through an epidemiological 
approach; 76 out of 79 tested patients were HLA-
B27 positive. The mean duration of articular 
attacks was 11.4  weeks; arthritis was strikingly 
recurrent over the 15  years of mean follow-up, 
with the recurrence rate averaging 0.139 per 
patient year. Eighty percent of patients followed 
for at least 5  years experienced at least one 
arthritic recurrence. Of note, arthritis developed 
in the month following a diagnosis of urethritis or 
cervicitis in 62.6% of articular recurrences, 
whereas 37.4% of recurrences were not associ-
ated with a new symptomatic STI. The percentage 
of patients meeting the New  York criteria for 
ankylosing spondylitis increased with follow- up 
to reach 40% after 15 years. Two patients were 
diagnosed with amyloid nephropathy following 
long-lasting inflammation. Recurrent uveitis 
flares frequently occurred during the course of the 
disease with no apparent temporal relationship 
with arthritis flares or STIs [14].

 Role of Chlamydia trachomatis

The role of C. trachomatis in the development of 
STReA has been first supported by the frequent 
observation of genital chlamydial infection in the 
few weeks preceding articular features and by the 
epidemiological association of STReA with non-
gonococcal STI, of which C. trachomatis is a 
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major agent. C. trachomatis is indeed the leading 
cause of bacterial STIs worldwide. Within the 
USA, 1,441,789 chlamydial infections were 
reported to CDC in 2014, most of which were 
either asymptomatic or minimally symptomatic 
and diagnosed after screening or because a contact 
was symptomatic [16]. Its implication in STReA 
has now been widely confirmed by a number of 
reports in which the presence of Chlamydia com-
ponents within affected joints was characterized 
by transmission electron microscopy, immunoflu-
orescence, and molecular biology techniques [15]. 
The latter techniques evidenced not only DNA but 
also short-lived RNA in synovial fluid and/or 
membrane, thus pleading in favor of viable 
Chlamydiae in affected joints.

C. trachomatis is a strict intracellular patho-
gen with a biphasic life cycle. Upon attachment, 
infectious elementary bodies (EBs) stimulate 
endocytosis by cells where they differentiate into 
vegetative reticulate bodies (RBs) to grow and 
divide within a membrane-bound vacuole called 
an inclusion. After 8–12 divisions, RBs differen-
tiate into EBs, and the cell releases the contents 
of the inclusion to attach to adjacent cells and 
reinitiate the cycle. When appropriate factors are 
applied in vitro such as low-dose IFN-γ exposure, 
or improper antibiotic treatment, Chlamydia 
enters a non-replicative and uncultivable, yet via-
ble, persistent state, a situation very similar to the 
one observed in STReA joints, where cultures are 
negative and nucleic acids are detected [15, 17]. 
The persistent state is characterized by a unique 
protein expression profile with, interestingly, 
increased expression of the pro- inflammatory 
lipopolysaccharide and heat-shock protein [15].

Even though underdiagnosis of chlamydial 
arthritis appears as highly probable, Chlamydia 
arthritis is likely to affect only a minority of 
infected patients. Factors intervening in the devel-
opment of arthritis may be related to the virulence 
of the pathogen, and surprisingly one study has 
identified ocular strains in the joints of patients 
affected by STReA [18]. Host factors, presum-
ably genetically determined, are also likely to 
play a role. The best described host factor, as indi-
cated above, is HLA-B27. Potential mechanisms 
linking this molecule and SpA are discussed else-
where in the textbook (Chap. 16). Additionally, 

type 1 cytokines, especially interferon-γ and 
TNFα, appear to play an important role in the 
defense against intracellular infections [19]. 
Studies of ReA patients performed in the 1980s 
have shown that they developed a predominantly 
TH2 cytokine pattern, which may favor intra-artic-
ular persistent infection. More recently one study 
found that Chlamydia arthritis patients frequently 
had a particular variant of the CCR5 chemokine 
receptor which could reduce the defense against 
Chlamydiae [20]. The way by which persistently 
infected cells end up in the joints is still unknown. 
Infected macrophages are likely to be responsible 
for the transportation of Chlamydiae to the joints, 
leading to the hypothesis that some macrophage 
defect may play a role, but the mechanism of their 
joint homing is still poorly understood.

 Role of Other Sexually Transmitted 
Pathogens

Gonococci have been suspected to be involved in 
STReA. A more probable hypothesis is that they 
have been identified in ReA patients with mixed 
infections (both chlamydial and gonococcal), in 
which C. trachomatis and not Gonococcus was 
the ReA trigger. This conclusion was suggested 
by our findings that penicillin did not prevent 
post-urethritis articular flares, whereas antibiot-
ics active against C. trachomatis did [21].

Mycoplasma have also been implicated fol-
lowing positive urethral cultures [22] and identifi-
cation of DNA in the synovial fluid [23]. They are 
sensitive to the same antibiotics as Chlamydiae.

 Reactive Arthritis Following 
Gastrointestinal Infections

The initial description of ReA has been made in 
the context of Shigella epidemics in a war context. 
Since then, ReA has been repeatedly described 
following small epidemics of Yersinia, Salmonella, 
and Campylobacter infections, with no sex pre-
dominance. The number of enteropathic patho-
gens associated with ReA is  increasing. As for 
STReA, enteric infection-related ReA appears as 
a cause of undifferentiated arthritis [24].
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 Shigella

Shigella ReA is historically important as the first 
cases of the disease, later to be called ReA, were 
simultaneously reported in 1916 by French and 
German physicians during an epidemic of bacil-
lary dysenteria during the World War I Somme 
battle [25, 26]. Since then, the occurrence of ReA 
after epidemics of Shigella dysenteria has been 
well documented, in particular by Paronen who 
reported 344 cases of ReA during an epidemic of 
Shigella flexneri dysentery affecting 150,000 
people on the Karelian Isthmus in Finland during 
World War II, in 1944 [27, 28]. Disease had an 
incidence of 0.24% and affected mainly men 
(90%) but also some women (10%). As in 
STReA, arthritis involved primarily the lower 
limbs. It usually lasted for 2–4  months. Extra- 
articular features were common but more tran-
sient. The classical triad (arthritis, conjunctivitis, 
and sterile urethritis) was observed in 70% of 
affected people; 100 of these patients were seen 
20  years after [28]. Only 20% were entirely 
asymptomatic after the first episode. The others 
had some disability of some degree; 32% had 
ankylosing spondylitis. Of 50 patients tested, 39 
tested HLA-B27 positive. In 1966, Noer reported 
nine similar cases of ReA after an epidemic of 
Shigella dysentery developed in 602 crew mem-
bers of a US navy ship, an incidence of 1.5% 
[29]. A 5-year follow-up study confirmed the 
chronicity of the disease [30].

In the civilian world, Shigella-reactive arthritis 
has also been reported, most often, in Western 
countries following imported infections. The inci-
dence in Sweden after a documented Shigella 
stool infection has been estimated at 7% [31]. This 
nationwide study also showed that besides S. flex-
neri, S. sonnei and S. dysenteriae can also trigger 
ReA [31]. A more recent literature review gave a 
lower incidence estimate of 12 reactive arthritis 
cases per 1000 cases of Shigella infection [32].

 Salmonella

Salmonella is one of the most frequent gas-
trointestinal infections and a well-established 
cause of ReA, which is mainly triggered by 

non-typhoidal Salmonella infections,  including 
S.  Typhimurium and Enteritidis, as estab-
lished by several outbreak surveys [33, 34] or 
by population- based studies of patients with 
culture- confirmed infections [35, 36]. The inci-
dence has been variously estimated. A recent 
study reported an incidence of 12 ReA cases 
per 1000 cases of Salmonella infection, very 
similar to the one after Shigella infection [32], 
but incidence varied according to clinical fea-
tures taken into account. Clinical presentation 
is indeed very diverse ranging from arthralgias 
without joint swelling, low-back or heel pain, to 
true arthritis with joint swelling, which has been 
much less frequently observed than isolated 
arthralgias. Joint involvement most commonly 
does not follow the typical pattern of Shigella-
induced ReA or Shigella arthritis. Arthritis does 
not predominate to large joints of the lower 
limbs, but frequently include small joints, par-
ticularly of the hands. Conjunctivitis and ster-
ile urethritis can also be observed and are not 
always associated with arthritis [37]. Frequency 
of HLA-B27, which has been clearly associated 
with disease severity [37], varied widely across 
studies. Arthritis severity has also been shown 
to correlate with intestine infection severity and 
duration [33, 34]. Duration of arthritis symp-
toms frequently exceeds 3  months. Long-term 
follow-up shows that recurrences, uveitis, and 
axial symptoms including ankylosing spon-
dylitis may develop in HLA-B27 patients [4]. 
However, the frequency of recurrences seems 
less than in post-STI ReA probably because 
 re-infestations are less common.

 Yersinia

Porcine animals are the main carriers of Y. entero-
colitica. Human infection follows consumption 
of raw minced pork [38] or contaminated vegeta-
ble, e.g., iceberg lettuce or grated carrots [39]. As 
Yersinia is relatively cold-resistant, food contam-
ination may occur in the refrigerator. ReA may 
follow infections by Y. enterocolitica or Y. pseu-
dotuberculosis, which are fairly prevalent in 
Northern Europe and Germany. Infected patients 
may develop ReA or erythema nodosum in the 
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weeks following diarrhea. ReA develops more 
commonly in adults and is associated with HLA-
B27, whereas erythema nodosum is not associ-
ated with HLA-B27 and occurs mainly in children 
[39]. Initial symptoms of gastroenteritis such as 
diarrhea or abdominal pain are often mild but 
may also simulate acute appendicitis. Arthritis 
has been reported to develop in 12–21% of 
infected patients and to usually involve one or 
several joints, most commonly large joints of the 
lower limbs. Urethritis, conjunctivitis, atrioven-
tricular block, and aortitis may be associated. 
Arthritis duration frequently exceeds 6  months 
[40]. In one study with a 10-year follow-up, 
recurrent or chronic arthritis appeared as rare, but 
bilateral sacroiliitis developed in one third of 
patients, all of whom tested positive for HLA-
B27 [41].

 Campylobacter jejuni and C. coli

Campylobacter jejuni accounts for 5–14% of all 
diarrheal disease worldwide and is the most 
common cause of human bacterial enteritis [42]. 
C. jejuni is the most common Campylobacter 
serotype, which accounts for 90–95% of positive 
stools. C. coli accounts for 5–10% of cases. ReA 
can develop after infection by both serotypes. 
The prevalence of ReA after Campylobacter 
infection has been estimated between 1% and 
7% [43]. Symptoms include arthralgias to overt 
arthritis of small and large joints of the limbs 
and/or low-back pain. Sterile urethritis is rare. 
Patients with longer episodes of diarrhea seem 
particularly prone to develop ReA [44, 45]. 
Arthritis did not associate with the B-27 antigen 
in community-based series, in which the arthritis 
appeared mild, but frequency of the antigen has 
been found increased, up to 70%, in more severe 
hospitalized patients. Two to three percent of 
affected patients might develop a chronic arthri-
tis course, but this point has been very little stud-
ied [46]. Antibiotic treatment of the initial 
gastrointestinal infection had no clear effect on 
the ReA incident rate; some studies even report-
ing that antibiotics may have favored ReA devel-
opment [47].

 Clostridium difficile

Clostridium difficile infection frequently com-
plicates antibiotic treatment that allows unre-
strained growth of the organism by disrupting 
the intestinal microbiota. It is responsible for 
10–25% of antibiotic-associated diarrhea cases 
and may result in pseudomembranous colitis 
[48]. Most adult cases have delayed onset of 
symptoms that appear after the antibiotics have 
been discontinued and before the normal colonic 
microbiota has recovered. It is a rare cause of 
enteric infection- related ReA [49]. Affected 
patients are usually older than the other ReA 
patients and three quarters were tested HLA-B27 
positive. There is no sex predominance. Fever is 
frequent; asymmetrical polyarthritis affecting 
the knees and ankles is the most frequent presen-
tation and usually remits in a few weeks either 
spontaneously or after C. difficile infection treat-
ment. Arthritis recurrences have been observed 
following reinfection. The disease has also been 
observed in children [50].

 Pathophysiology of Enteric Infection- 
Related ReA

As for STReA, components of the culprit patho-
gens have been identified inside affected joints, 
particularly Yersinia and Salmonella antigens [51, 
52]. Yersinia RNA has been identified in one 
patient [53], and, because of the short life of RNA, 
this finding suggested that living Yersinia could 
enter the joint. However, the finding of Yersinia 
nucleic acid in the joint appears as very rare [54], 
and Yersinia cannot be cultivated from ReA joint 
material suggesting the pathogen would rapidly 
die inside the joint in contrast to well-documented 
cases of Yersinia septic arthritis. Persistent infec-
tion by enteropathic pathogens is believed to play 
a key role in the development of ReA arthritis as 
suggested by the persistence of anti- Yersinia anti-
bodies [55], and it is generally accepted that the 
microorganisms involved in enteric infection-
related ReA persist either in the epithelium [56] 
or within associated lymphoid tissues. From these 
reservoirs, macrophages could bring pathogen 
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components to joints where they would trigger 
inflammation. Yersinia lipopolysaccharide and 
heat shock protein have been detected in circulat-
ing phagocytes several years after the triggering 
infection [57]. As for STReA, patients with 
enteric infection- related ReA have been reported 
to develop an impaired Th1 response, favoring 
persistence of the infection through low levels of 
TNFα and interferon-γ secretion [58]. In addition, 
HLA-B27 has been implicated in the modulation 
of enteric pathogens and intestinal cell interaction 
[59, 60].

 Reactive Arthritis Following Other 
Infections

C. pneumoniae is a common respiratory patho-
gen in humans, particularly in children. Several 
cases of arthritis following pulmonary infection 
by C. pneumoniae have been published, and 
nucleic acids of this pathogen have been identi-
fied in joint material of affected patients [61], so 
that C. pneumoniae has been included in the list 
of pathogens susceptible to trigger ReA, even if it 
seems to be involved less frequently than C. 
trachomatis.

Other pathogens, such as Cryptosporidium 
enteritis [62], Giardia lamblia [63], E. coli [64], 
and Streptococcus [65], have been reported in 
scattered case reports, but their involvement is 
not consensually accepted. ReA is an accepted, 
but rare, complication of intravesical instillation 
of Bacillus Calmette–Guérin vaccine to treat 
bladder cancer [66]. Aseptic reactive arthritis 
(Poncet’s disease) has also been described during 
tuberculosis [67].

 Management of Reactive Arthritis

 Antibiotics

Treatment of the triggering infection is rarely 
needed in enteric infection-related ReA, as 
patients usually no longer have intestinal symp-
toms at the stage of arthritis. In STReA, manage-
ment of the urethral chlamydia and/or 

Mycoplasma infection is important together with 
screening and management of other sexually 
transmitted diseases that can be associated (e.g., 
gonorrhea, syphilis, hepatitis C, HIV infection). 
Patient’s partner(s) should also be screened and 
treated. Doxycycline should be given for 10 days 
or azithromycin as a single dose [16].

The effect of antibiotics on established ReA 
arthritis has been explored by several studies, as 
joint inflammation appears to be associated with 
persistent infection [68]. The course of 
Chlamydia arthritis does not seem to be influ-
enced by antibiotic monotherapy, including 
long-term azithromycin [69]. However, one 
study concluded that a 9-month course of two 
antibiotics (rifampicin + doxycycline or azithro-
mycin) was more effective than placebo on C. 
trachomatis or C. pneumoniae arthritis [70], so 
that these antibiotic regimens can be considered 
as therapy for Chlamydia arthritis patients. No 
effect of antibiotics has been demonstrated on 
the course of enteric infection-related ReA, and 
available data do not support the long-term use 
of antibiotics in these patients, even though a 
3-month course of ciprofloxacin has been shown 
to eliminate Yersinia from sigmoid biopsies [71].

 Other Drugs

NSAIDs and joint steroid injections are largely 
used as symptomatic treatments of ReA. Chronic 
arthritis can be treated by various disease- 
modifying antirheumatic drugs, including azathi-
oprine [72], sulfasalazine [73], and methotrexate 
[74]. Despite the fear that they could worsen the 
causative infection, TNFα blockers appear as very 
efficient in refractory ReA [75, 76]. Tocilizumab 
has also been successfully used [77].

 Preventive Measures

Patients with ReA should be educated to avoid 
new infestations, as these can trigger arthritis 
flares. Urethritis should be promptly treated with 
antibiotics active against C. trachomatis as this 
has been shown to significantly lower the risk of 
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post-urethritis articular recurrence [21], whereas 
antibiotic treatment of intestinal infections does 
not seem to protect from ReA.
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 Introduction

Systemic lupus erythematosus (SLE) is the epit-
ome of autoimmune diseases. The pathogenesis, 
clinical manifestations, and management of SLE 
involve various aspects of microorganisms, either 
as potential triggers and perpetuators of disease, as 
infectious episodes, as complications from under-
lying immune dysregulation, or as adverse events 
from chronic immunosuppression. Despite signifi-
cant progress that has been made in understanding 
the contributions of microorganisms to SLE, there 
are many questions that need to be answered.

Besides environmental factors, genetic risk 
factors have long been established to be impor-
tant in the pathogenesis of autoimmune diseases 
including SLE.  Several clinical case studies 
uncovered a family history of patients with either 
the same or closely related autoimmune diseases, 
which supports the possibility that a common 
genetic predisposition is at the core of autoim-
mune diseases [1]. Multiple genetic and genome- 
wide association studies have firmly established 
that HLA class II polymorphisms are a major 
genetic risk factor in many autoimmune diseases, 
as shown in detail for instance in rheumatoid 
arthritis (RA) [2, 3]. However, a genetically pre-
disposed individual usually requires environmen-
tal exposures to initiate overt autoimmunity. With 
regard to potential triggers, infectious agents have 
long been implicated and are discussed herein.

 The Role of Microorganisms 
in the Pathogenesis of SLE

 The Microbiome

Chronic inflammatory disorders such as type 1 dia-
betes, Crohn’s disease, or rheumatoid arthritis 
(RA) have been linked to gut microbial dysbiosis 
together with immune dysregulation. In addition, 
recent research suggests that early-life events and 
environmental factors play a significant role in the 
development of the adult immune system. In par-
ticular, diet and early-life exposures, e.g., infec-
tious episodes or antibiotic exposures, influence 
immune cell numbers and functions. These factors 

are also influenced by the microbiota supporting an 
intricate interaction between environmental fac-
tors, the microbiota, and the host [4]. Additionally, 
the gut microbial communities change with 
increasing age, so another factor that contributes to 
dysbiosis is early-life perturbations [5]. Notably, 
several studies have shown that depletion of the gut 
microbiota in murine autoimmune models can 
affect autoantibody production as well as mortality 
[6]. Exact mechanisms through which the micro-
biota influences chronic immune-mediated dis-
eases such as lupus remain to be established, but a 
multitude of effects on innate and adaptive immune 
cell functions are likely. In this chapter, we will 
focus on the effect of the microbiota on adaptive 
immune responses with implications for organ-
specific and systemic autoimmunity and allude to 
potential roles in SLE.

Several groups have demonstrated in murine 
autoimmune models for multiple sclerosis or rheu-
matoid arthritis that Th17 cells, a subpopulation of 
CD4 T cells, are crucial in disease pathogenesis 
[7]. This subpopulation is characterized by expres-
sion of the chemokine receptor CCR6 as well as 
production of the inflammatory cytokine IL-17 
[8, 9]. Th17 cells are, however, not the only cell 
type secreting IL-17. Voo et al. [10] have shown 
that there are a significant number of human CD4+ 
FOXP3+ regulatory T cells (Tregs) that have the 
capability to produce IL-17 upon activation, a sub-
set that could not be found in the thymus. These are 
thought to be important in antimicrobial defense 
besides their regulatory function in autoimmu-
nity and inflammation [10]. The differentiation of 
Tregs into an effector subset that is able to produce 
IL-17 may be mediated by epigenetic modifica-
tions [11]. This phenomenon may have evolved 
as a potent mechanism of the immune system to 
adapt to the vast variety of immune responses at 
different locations of the human body and at dif-
ferent stages of an immune response [12]. Th17 
and Treg cells are the best- known counterparts in 
balancing the body’s propensity to autoimmunity 
versus health and homeostasis.

Interestingly, both of the above CD4 helper 
subsets (Th17 and Tregs) are profoundly influ-
enced by the microbiota. Induction of Tregs by 
certain microbiota has been reviewed in Chap. 5. 
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Herein, we summarize the role of gut commen-
sals in the induction of Th17 cells. In mice, 
 segmented filamentous bacteria (SFB), Candi
datus Arthromitus or Candidatus Savagella are 
known as unique commensal bacteria that are 
able to stimulate maturation of the lymphoid cell 
compartments and to specifically induce Th17 
cells in the small intestine [13]. Recently, a group 
in France succeeded for the first time in culturing 
SFB in vitro by mimicking their replicative niche, 
making it possible to study in detail its host inter-
actions [13]. Importantly, SFB are capable of 
promoting pathogenic Th17 responses in mouse 
models of RA and multiple sclerosis. Thus, a 
possible influence of SFB on the pathogenesis of 
SLE seemed plausible, but studies using a lupus- 
prone mouse model suggest that SFB coloniza-
tion might neither induce Th17 responses nor 
increase the incidence of disease [14].

Another important aspect of SFB biology is 
that these bacteria induce high levels of mucosal 
IgA and are highly IgA-coated. IgA is crucial for 
the homeostasis of the gut microbiota. Different 
levels of IgA coating of the microbiota have been 
exploited to identify pathogenic members of the 
human microbiota in inflammatory bowel disease 
[15]. It remains to be seen if extreme levels of 
IgA coating exist in non-gut diseases. An 
increased level of secretory IgA has been associ-
ated with intestinal dysbiosis in inflammatory 
bowel disease as well as psoriatic arthritis 
although the significance of this finding is unclear 
in the latter case [15, 16].

Production of high-affinity IgA is supported 
by a special subset of helper T cells, the T follicu-
lar helper (Tfh) cells, that have emerged as 
key  players in the differentiation of memory B 
cells at several stages [17]. Interestingly, it has 
been suggested that Th17 cells act as progenitors 
for a subset of Tfh cells to promote the produc-
tion of high-affinity IgA against commensal 
microbes [18]. This process is thought to occur 
via MyD88 signaling as loss of this pathway is 
accompanied by an inefficient IgA response as 
well as an altered commensal composition favor-
ing a more inflammatory environment [19]. 
Several studies using lupus-prone animal models 
in addition to samples from human subjects 

 demonstrated that these cells are involved in the 
production of pathogenic autoantibodies. A 
recent study showed increased Tfh-like cells 
(CXCR5+ICOS+PD-1+) in SLE patient blood 
compared to healthy controls, which did not cor-
relate with disease activity [20]. Thus, these cells 
may be considered as a marker of germinal center 
B-cell dysregulation. As detailed above, since 
Tfh cells are influenced by the gut microbiota, it 
is plausible to assume that the microbiota plays a 
role in the pathogenesis of human SLE. Over the 
last few years, exploratory studies on the contents 
of the microbiota in SLE have been published. A 
summary of four recent studies related to the 
human microbiota in SLE are listed in Table 21.1.

Various mechanisms have been ascribed to 
microbially triggered autoimmunity including 
molecular mimicry. As detailed also in Chap. 6, 
several studies in murine models of autoimmu-
nity have established a role for commensal bacte-
ria as potential chronic triggers, although the 
exact mechanisms remain unclear [25]. As the 
human gut microbiota provides an enormous 
source of persistent antigenic variation, it is plau-
sible that molecular mimicry via cross-reactive 
antigen within the microbiome could be a chronic 
trigger of autoreactive lymphocytes, in particular 
those that are recognizing the earliest autoantigen 
in most lupus patients, the Ro60 protein, a con-
served regulatory RNA-binding protein. 
Interestingly, certain human gut commensals 
encode Ro60 orthologs, which suggests that 
patients that are colonized with Ro60 ortholog- 
containing bacteria could develop cross-reactive 
responses to human Ro60 protein that eventually 
lead to pathogenic responses based on their HLA 
class II-related genetic predisposition. Indeed, 
experimental support for such a scenario is 
accumPulating [26].

In summary, many facets of the microbiota 
could influence the pathogenesis of SLE. Besides 
various innate immune interactions with the 
microbiota, adaptive immune responses described 
here—Treg/Th17 balances, Tfh, and IgA levels—
are influenced by the microbiota and potentially 
dysregulated in lupus. It is important to note that 
there are likely even more host- microbiota inter-
actions impinging on innate immunity that are 
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equally important in SLE pathogenesis, including 
activation of the  inflammasome in lupus nephritis 
(LN) [27] or overstimulation of TLR signaling 
leading to an increased production of inflamma-

tory cytokines and type I interferon (IFN) [28]. 
More research is needed to understand the multi-
faceted roles the microbiota may play in the 
pathogenesis of SLE.

Table 21.1 Studies on the human microbiome in SLE patients

Source Key findings Comments
Intestinal dysbiosis 
associated with SLE [21]

16S rDNA sequencing of fecal samples from 20 SLE 
patients vs healthy donors revealed:
(a) Comparable diversity between groups based on 
Shannon diversity index; significantly lower Firmicutes/
Bacteroidetes ratio in SLE vs healthy as characterized in 
other autoimmune diseases
(b) Decrease of some families within the Firmicutes, 
increase of Bacteroidetes opposite to obesity microbiota 
studies
(c) In silico overrepresentation of oxidative 
phosphorylation and glycan utilization in SLE patient 
microbiota
(d) Most abundant family in both subject groups was 
Lachnospiraceae

(a) Study examined only 
SLE patients in 
remission
  (1) Patients with more 

active disease are 
missing

  (2) Drug therapy prior 
to the study could 
have altered the 
microbiota

(b) All patients were 
Caucasian

Ranking the impact of 
human health disorders on 
gut metabolism:
Systemic lupus 
erythematosus and obesity 
as study cases [22]

(a) Statistically significant differences between patients 
and controls in composition of fecal metabolome
(b) Mass spectroscopy (MS) signals were highly similar 
in all SLE patients regardless of age, BMI, disease 
duration, dietary intake, lifestyle, or medical history, 
while the MS signals of healthy subjects differed 
according to BMI status. SLE samples: decreased levels 
of components necessary for peptidoglycan cell wall 
synthesis; decreased molecules needed for heme synthesis
(c) Conclusion: immune status of SLE is a dominant 
factor in the fecal metabolome, while in healthy subject 
BMI becomes driving factor determining microbial 
metabolism

– Healthy subjects but 
not SLE patients were 
selected based on BMI 
ranges, thereby possibly 
affecting the conclusions 
of this study

Th17 responses and 
natural IgM antibodies are 
related to gut microbiota 
composition in systemic 
lupus erythematosus 
patients [23]

(a) SLE fecal samples promoted lymphocyte activation 
and Th17 differentiation to a greater extent than healthy 
control microbiota
(b) Enrichment of SLE microbiota with Treg-inducing 
bacteria reduced the Th17/Th1 balance; Bifidobacterium 
bifidum supplementation prevented CD4+ lymphocyte 
overactivation (probiotics)
(c) Ex vivo: increased Th17 and Foxp3+ IL-17+ populations
(d) Negative correlation between IL-17+ populations and 
Firmicutes in healthy controls
(e) In SLE: proportion of Firmicutes correlated directly 
with serum levels of IFN-γ
(f) Firmicutes/Bacteroidetes ratio reduced in SLE patients 
if anti-dsDNA titers increased; strong negative correlation 
with IL-6 serum levels; positive correlation with 
protective natural IgM antibodies against 
phosphorylcholine

– Significance of 
correlative findings 
unclear without in vitro 
or vivo studies to 
corroborate these 
findings

Association between 
Staphylococcus aureus 
nasal carriage and disease 
phenotype in patients 
affected by systemic lupus 
erythematosus [24]

(a) S. aureus colonization is frequent in patients with SLE 
and healthy subjects (21.4% vs 28.6%)
(b) Presence of colonization associated with certain SLE 
phenotypes (renal involvement, autoantibody positivity) 
suggests that changes in the skin microbiota might be 
linked with SLE severity

(a) Study mainly based 
on questionnaires
(b) No microbiome 
analyses performed
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 The Pathogenic Microorganisms

Several studies on experimental animal models 
demonstrated that infectious agents are capable 
of breaking immunological tolerance to self- 
antigen inducing autoimmunity [29]. The list of 
microorganisms associated with human SLE 
includes parvovirus B19 [30], CMV [31, 32], ret-
roviruses [31, 33], dengue virus [34], HPV vac-
cination or infection [35], Toxocara canis [36], 
and Mycobacterium tuberculosis [31], but the 
most compelling evidence supports a role for 
Epstein-Barr virus (EBV). Many SLE patients 
negative for anti-dsDNA antibodies showed 
abnormal antibody responses to EBV: they pro-
duced IgG antibodies to EBV antigens to which 
healthy controls did not respond and failed to 
make antibodies to EBV antigens seen in healthy 
controls [37].

It was reported that the positive rate of EBV- 
encoded latent membrane protein 1 (LMP1) in 
the renal tissues was significantly higher in young 
patients with LN compared to controls [38]. The 
positive rate was similar between patients of ini-
tial onset and relapse, and there was no detectable 
difference between the patients with and without 
infection. The findings support the hypothesis 
that EBV reactivation is associated with SLE 
induction with a potential role of EBV-encoded 
LMP1 in this process.

Rasmussen et al. [39] studied 57 SLE patients 
and 29 healthy controls using plasma galectin- 3- 
binding protein as a surrogate marker of type I 
IFN activity. They showed that the marker’s con-
centrations were significantly higher in SLE 
patients and associated positively with EBV early 
antigen diffuse (EBV EA/D)-directed antibodies 
and the presence of antibodies against extractable 
nuclear antigens [39].

In addition, Draborg et al. [40] demonstrated 
that there was an impaired regulation of the 
immune response against latent and lytic cycle 
EBV infection in SLE, even in the absence of 
lymphopenia, which further supported the pro-
posed general dysfunction of leukocytes and their 
cytokine regulation in SLE patients. Reviewing 
the numerous experimental studies on EBV 
establishing an association with SLE, Draborg 

et al. [40] theorized that the interplay between an 
impaired immune system and the cumulative 
effects of EBV and other viruses results in fre-
quent reactivation of EBV and enhanced cell 
death, leading to autoreactivity and development 
of SLE.

Type I INF family comprises 12 IFN-α sub-
types and IFN-β, IFN-ε, IFN-κ, and IFN-ω. 
Normally, IFN-α and IFN-β production is strictly 
controlled but starts rapidly when viral or bacte-
rial nucleic acids are sensed by pattern recogni-
tion receptors (PRRs) [41]. Two cell types 
capable of secreting large amounts of IFN-α and 
IFN-β are plasmacytoid dendritic cells (PDC) 
and monocytes. Monocytes respond mainly to 
dsRNA, certain RNA viruses such as Sendai and 
influenza virus, whereas PDCs can be triggered 
to secrete type I IFN by almost all viruses and 
some bacteria [42].

As microbial RNA and DNA can be recog-
nized by multiple nucleic acid sensors and 
thereby induce production of type I IFNs,  this 
may be the mechanism by which several micro-
organisms can contribute to the development and 
relapse of SLE [43]. An increase in the expres-
sion of long interspersed nuclear element 1 
(LINE-1) was reported in kidney biopsies from 
patients with LN and transcript expression cor-
related with the tissue expression of type I IFN 
[44]. This connection may suggest that endoge-
nous retroviruses may play a role in the initiation 
or amplification of the autoimmune process [43].

A recent study implicated one additional spe-
cific organism, Enterococcus gallinarum, as an 
etiologic agent of lupus. Manfredo Vieira et al. 
[45] studied the (NZW × BXSB)F1 lupus model, 
demonstrating a role for the microbiota as evi-
denced by diminished disease following antibi-
otic therapy. Antibiotics also strengthened the gut 
wall barrier, preventing translocation of bacteria 
into the mesenteric lymph nodes, mesenteric 
veins, and liver. E. gallinarum specifically was 
able to weaken the barrier defense and induce 
pro-inflammatory intestinal changes in mice, and 
its translocation specifically upregulated lupus-
associated autoantibody production, and vaccina-
tion against E. gallinarum was protective against 
the diseaes in mice. Finally, in humans, this 
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organism was present in the livers of 3/3 lupus 
patients who underwent biopsy, compared to 0/6 
healthy liver transplant donors.

 The Protective Role of Infectious 
Agents and Parasites

Contrary to this, there are other studies that sup-
port the notion of a protective role of other organ-
isms. Experimental animal studies showed that 
hepatitis B virus plays a protective role against 
SLE [46]. Gamma-irradiated Plasmodium cha
baudi infection of lupus-prone BWF1 mice ame-
liorated the histopathological changes attributed 
to renal involvement in lupus [47]. Another study 
showed that infection of female BWF1 lupus 
mice with malaria parasites attenuated B-cell 
autoreactivity [48]. Chen et al. demonstrated that 
Toxoplasma gondii infection may prevent the 
progression of SLE-related nephritis in New 
Zealand Black/New Zealand White F1 mice and 
was associated with downregulated intracellular 
expression of IFN-γ and IL-10 [49]. Fischer et al. 
evaluated the seroprevalence of anti-T. gondii 
antibodies in European patients with rheumatoid 
arthritis (RA) and SLE.  They found a higher 
prevalence of anti-T. gondii antibodies in those 
with RA than in SLE patients (63% vs 36%, 
respectively) and that the rates of seropositivity 
of IgG against other infectious agents were com-
parable between the two groups [50].

Sowalha and his group investigated the preva-
lence of Helicobacter pylori seropositivity in a 
cohort of 466 patients with SLE, finding a low 
rate of specific H. pylori antibodies suggesting 
that H. pylori might exert a protective role on the 
risk of developing SLE [51]. Furthermore, it has 
been reported that in filarial endemic areas in 
India, patients with SLE do not suffer from con-
comitant filariasis. Filarial infestation was found 
to be associated with a low plasma level of 
IL-17A, which may contribute to protection from 
the development of autoimmune disorders like 
SLE [52].

Many pathogens have developed efficient 
methods to overcome adaptive immune mecha-
nisms, and there is growing evidence that they are 

capable of insinuating their own anti-immune 
strategies into a susceptible host. They can block 
antigen presentation interference with Toll-like 
receptor signaling and alter the cytokine milieu, 
which is crucial for an effective immune response. 
They may also cause antigenic competition, the 
tendency of strong antigens, particularly from 
infectious agents, to impair antibody responses to 
weaker ones, which would dampen immune 
responses against self-antigens [53, 54].

 Risk Factors for Infection in SLE

SLE patients have an increased frequency of severe 
bacterial and viral infections, possibly due to inher-
ited genetic and immunological defects as well as 
due to chronic immunosuppressive therapies [55].

Doaty et al. [31] in their review of literature 
cited innate immunity disturbance in SLE 
patients that included:

 (a) Breakdown of epithelial barriers in SLE 
patients caused by rashes, ulcers, and wounds 
allowing entry of infectious agents in the body.

 (b) Accumulation of gamma delta T cells in skin 
of SLE patients as compared to healthy sub-
jects [56]. These cells are implicated in epi-
thelial breakdown, further increasing the risk 
of infection [57].

 (c) Impaired production of IL-8 and IL-12 by 
PMNs with disruption of the links between 
the innate and adaptive systems mediated by 
IL-12 [58].

 (d) Deficiencies of the early components of the 
classical pathway of the complement system 
(C1q, C4, and C2). A higher prevalence of 
these genetic defects has been established in 
SLE, but acquired complement deficiency 
because of consumption due to immune 
complex disease may also play a role in pre-
disposing SLE patients to infection by encap-
sulated organisms [59–61]. Furthermore, 
single nucleotide polymorphisms have been 
reported associated with mannose-binding 
lectin deficiency in SLE patients, further 
increasing their susceptibility to infection 
[62, 63].
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 (e) Decreased levels of complement receptors 
CR1 and CR2 on B cells, PMNs, and RBCs 
in SLE patents [64].

 (f) Suppressed natural killer (NK)-cell cytotox-
icity with fewer NK cells [65] and weaker 
NK response to IL-2 stimulation [66].

Inappropriate or dysfunctional antigen presenta-
tion by DCs might promote the breakdown of 
T-cell and B-cell tolerance in SLE and other 
 autoimmune diseases. Patients with SLE show 
multiple DC abnormalities, including a reduced 
number of circulating conventional DCs but 
increased numbers of PDCs [67].

Neutrophils show several facets of dysregula-
tion in SLE.  Impaired phagocytosis by neutro-
phils in SLE has been described in multiple 
reports and might contribute to the increased sus-
ceptibility to infection associated with this dis-
ease [68]. In one study, neutrophils from patients 
with SLE showed reduced production of reactive 
oxygen species (ROS), which correlated with 
disease severity and end-organ damage [69]. 
Patients with chronic granulomatous disease, in 
which ROS production is defective, have a high 
incidence of SLE [70, 71]. Patients with SLE 
have an abnormal subset of neutrophils (termed 
low-density granulocytes) with an increased pro-
pensity for NETosis [72]. NETosis is a mecha-
nism of cell death that occurs in response to 
various stimuli, including infectious organisms 
and oxidative stress. NETosis involves the extru-
sion of chromatin and other nuclear, cytoplasmic, 
and granular material from the cell. This extruded 
material, called neutrophil extracellular traps 
(NETs), contains proinflammatory cytokines, 
antimicrobial peptides, enzymes such as myelo-
peroxidase, and potentially antigenic citrulli-
nated histones and dsDNA [73].

Other workers reported that leukopenia, in 
particular lymphopenia, was a common finding 
in SLE. In their work, however, it was not persis-
tent [74]. SLE patients can also develop granulo-
cytopenia due to anti-granulocyte antibodies or 
complications from chronic immunosuppression. 
If neutropenia is severe enough, the impaired 
function of PMNs in SLE predisposes to severe 
bacterial infections. It was reported [68] that 

regardless of infection status, medication, or dis-
ease activity, pediatric-onset SLE patients have 
impaired phagocytic ability against Salmonella- 
specific lipopolysaccharides (LPS) which is not 
influenced by the use of immunosuppressants. 
The same study [68] did not find deficiency of 
peroxidase production and chemotaxis activity in 
SLE patients; however, serum complement levels 
were not reported.

In the earlier review by Doaty et al. [31], they 
also reported adaptive immunity disturbances 
such as:

 (a) Impaired production of IFN-γ, IL-1, IL-2, 
and TNF-α contributing to T-cell dysfunction 
[75]

 (b) Reduced numbers and dysfunction of all 
B-cell lines: naïve, memory, and plasma cells

Hypogammaglobulinemia has been attributed to 
immunosuppressive therapy in SLE patients even 
in the absence of therapy with B-cell-depleting 
agents. Isolated IgM [76] and IgA [77] were 
reported in SLE patients; however their contribu-
tion to an increased risk of infection was not 
shown. Therefore, it has been recommended in 
one report to measure immunoglobulin levels 
during the course of SLE treatment [78].

More than 80 genetic loci are reported to show 
robust genetic associations with SLE [79–82]. 
More than half of these loci are connected to the 
type I IFN system [83]. Genome-wide association 
studies have revealed single nucleotide polymor-
phisms in the STAT4 gene, which codes for a pro-
tein involved in type I interferon receptor signal 
transduction, that are associated with enhanced 
protein production [84]. The NCF1 gene encodes 
the p47phox/Ncf1 protein of the NADPH oxidase 
(NOX2) complex, which is critical for the induc-
tion of ROS. The NCF1 gene is highly complex 
and has excluded SNPs in NCF1 in genome-wide 
association studies. It has been recently reported 
that an amino acid replacement in NCF1, leading 
to a lower capacity of inducing oxidative burst, is 
strongly associated with SLE [85, 86]. This obser-
vation aligns with the previously reported associ-
ation of an ROS- reducing SNP in the NCF2 gene 
with SLE [87]. Also, some rare monogenic SLE 

21 Systemic Lupus Erythematosus



292

diseases are now categorized as type I interfer-
onopathies because of the prominent type I IFN 
signature [43].

In a study by Danza and Ruiz-Irastorza [88], 
risk factors for infection in SLE included disease 
activity, prednisone doses over 7.5–10  mg/day, 
high doses of methylprednisolone, as well as use 
of chemotherapeutic agents such as 
 cyclophosphamide and multiple courses of ritux-
imab treatment. It is difficult, however, to tease 
apart the therapeutics from the underlying dis-
ease severity that prompted use of these medica-
tions. Indeed, lupus patients present with multiple 
features that pose an increased infection risk, 
including hypocomplementemia, lymphopenia, 
and hyposplenism, and data from the 1970s prior 
to the introduction and widespread use of newer 
therapies indicated a high risk of mortality from 
infections early in the disease course, attesting 
again to the infectious risk associated with active 
SLE [89].

 Lupus Nephritis

Renal involvement occurs in up to 60% of SLE 
patients [90] and remains a major determinant for 
morbidity and mortality among these patients 
[90, 91]. We will focus on this particular organ as 
a notorious example of the interplay between the 
disease and infection.

Feldman et al. [92] studied serious infections 
among adult Medicaid beneficiaries with SLE 
and LN over the years 2000–2010. They identi-
fied 33,565 patients with SLE, of whom 7113 had 
LN. There were 9078 serious infections reported 
in 7078 SLE patients, whereas in 1825 LN 
patients, there were 3494 reports. Infection inci-
dence rate per 100 person-year was 10.8  in the 
SLE cohort and 23.9 in the LN sub-cohort.

Therapeutic modalities used in LN manage-
ment, either as induction therapy or for mainte-
nance treatment, influence the prognosis of 
LN. An Egyptian study retrospectively analyzed 
records of 928 SLE patients with biopsy- 
confirmed LN seen between 2006 and 2012 at 
Cairo University hospitals [93]. The reported 
complications included pneumonia requiring hos-

pitalization in 93/575 (16.1%) patients who 
received intravenous cyclophosphamide as induc-
tion therapy, compared to 22 of 321 (6.9%) 
patients in the group that received mycopheno-
late. However, the difference between these two 
groups was not statistically significant (p = 0.270). 
Herpes zoster infection (HZI) was reported in 12 
(1.3%) patients. The 5-year mortality was 7.4%. 
Sepsis was responsible for death in 68.1%, which 
was higher than the percentages reported in 
Europe (25%) [94] and China (60%) [95].

In India, Srivastava et al. [96] studied the out-
come of LN in childhood-onset SLE (cSLE) ret-
rospectively from 1989 to 2013. Among 205 
children with cSLE, 134 had evidence of 
LN. During the follow-up period, 11 (8.2%) chil-
dren died, and infections were the leading cause 
of death.

Lin et al. [97] conducted a nationwide cohort 
study of 7326 patients with newly diagnosed SLE 
and no history of end-stage renal disease (ESRD). 
They derived their data from Taiwan’s National 
Health Insurance claims database from 2000 to 
2011. Among all SLE patients, 316 (43%) devel-
oped ESRD. Multivariate Cox regression analy-
sis indicated that the risk of ESRD increased with 
the number of infection-related hospitalizations. 
For patients with three or more infection-related 
admissions, the hazard ratio (HR) for ESRD was 
5.08 (99% CI: 3.74–6.90) relative to those with 
no infection-related admissions. Analysis by type 
of infection indicated that bacteremia patients 
had the greatest risk for ESRD with a HR of 4.82 
(95% CI: 3.40–6.85) highlighting the impact of 
infection on LN outcome.

In South China [98], a group of investigators 
studied hospital-acquired infections (HAI) in 
SLE patients. In a multivariate analysis, they 
found that a history of LN or a higher SLE dis-
ease activity index SLEDAI score correlated with 
HAI [OR: 3.7 (p < 0.001) and 1.1 (p < 0.001), 
respectively]. Moreover, treatment with high 
doses of glucocorticoids or cyclophosphamide 
was the main risk factor for HAI [OR: 2.7 
(p < 0.001) and 2.9 (p < 0.001), respectively].

Murray et  al. [99] studied hospitalization 
trends for SLE from 2000 to 2011. They identi-
fied 361,337 hospitalizations for SLE that were 
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derived from the United States (US) Healthcare 
Cost and Utilization Project National Inpatient 
Sample (NIS). A diagnosis of SLE was associ-
ated with increased severe and opportunistic 
infections, including bacteremia, pneumonia, 
opportunistic fungal infections, herpes zoster 
(HZ), CMV, and Pneumocystis jirovecii 
 pneumonia (PJP). They also found that among 
SLE hospitalization, rates of all these infections 
significantly rose between 2000 and 2011, with 
the exception of PJP which significantly declined. 
HZ was the only infection that disproportionally 
increased over time among SLE hospitalizations 
when compared with non-SLE hospitalizations. 
They attributed this to the increasingly wide-
spread use of mycophenolate mofetil for induc-
tion and maintenance of LN and for severe 
non-renal lupus. It has been demonstrated that 
medications used to treat SLE, including predni-
sone, azathioprine, and cyclophosphamide, 
increase the risk of HZ [100–104]. In a prospec-
tive cohort study of 1485 patients with SLE, the 
hazard ratio for an incident diagnosis of HZ was 
greatest in SLE patients treated with mycopheno-
late mofetil (HR 5.00, 95% CI 1.40–17.60) fol-
lowed by prednisone [100].

Murray et al. [99] attributed the reduction of 
PJP in their study to the declining use of cyclo-
phosphamide and increasing use of mycophe-
nolate. Even among patients receiving 
cyclophosphamide as induction therapy, cumu-
lative doses may be declining over time. The 
Euro- Lupus Nephritis trial demonstrated 
equivalent efficacy and a favorable side effect 
profile for low-dose intravenous cyclophospha-
mide compared with a previously standard 
high-dose regime [105, 106]. Also, the 
American College of Rheumatology recom-
mended mycophenolate or cyclophosphamide 
for induction of LN with lower cumulative 
doses of cyclophosphamide (“Euro-Lupus” 
dosing schedule), followed by mycophenolate 
or azathioprine for maintenance therapy [107]. 
Interestingly, animal studies and data from 
renal transplant trials suggest that mycopheno-
late may have antimicrobial properties against 
P. jirovecii, although data specific to lupus 
patients are lacking [108, 109].

Based on the Medicaid Analytic Extract data-
base (2000–2010); Feldman et al. [92] found no 
difference in the rates of serious infection and 
mortality among new users of mycophenolate, 
azathioprine, or cyclophosphamide when exam-
ining the 29 most populated US states. Strikingly, 
antimalarial treatment of SLE patients was asso-
ciated with an additional benefit in protection 
against serious infection [110]. In summary, 
patients with severe lupus, as evidenced by LN, 
have a high risk of serious infections, including 
death. It remains unclear the extent to which this 
higher risk is mediated by the underlying disease 
severity, versus its therapy. One favorable trend 
in recent years has been a lower incidence of PJP, 
potentially attributable to lower cumulative doses 
of cyclophosphamide and/or more widespread 
usage of mycophenolate.

 The Heavy Burden of Infection 
on Morbidity and Mortality in SLE

It is well established that infection contributes 
significantly to the morbidity and mortality of 
SLE patients. In a South African study [111], 
the authors reviewed the records of hospitalized 
SLE patients admitted over a 79-month period. 
They found that infections accounted for 35.2% 
of admissions. Among those, pneumonia, cuta-
neous sepsis, urinary tract infections, and septi-
cemia were the most common types of 
infection. Organisms commonly isolated were 
Staphylococcus aureus, Escherichia coli, and 
Klebsiella species, as well as Mycobacterium 
tuberculosis. The incidence rate ratio for infec-
tion in SLE was 1.49 compared to matched con-
trols emphasizing its burden as a comorbidity in 
the disease [112]. It was found that infection- 
related hospitalizations are associated with an 
increased risk of end-stage renal disease in SLE, 
especially the juvenile-onset type [97]. Souza 
et  al. reported that renal failure and infectious 
diseases were the most frequent causes of death 
in Brazilian SLE patients [113]. A Chinese 
study reported that over time (1986–2012) 
infections have increased gradually and have 
become the most frequent cause of death in SLE 
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[114]. Richie et al. extensively reviewed the lit-
erature and reported a total of 17 maternal 
deaths in women with LN within 6 weeks post-
partum. In all cases where mortality was attrib-
uted to SLE and nephritis, the patients had 
active disease, and infection was responsible for 
41.2% of deaths [115]. In a meta-analysis that 
included 26,101 SLE patients with 4640 deaths, 
the cause-specific standardized mortality ratios 
(SMRs) were assessed in SLE patients. The 
SMR for infection was reported as 4980 with a 
highly significant p-value [116]. In a multi-
center Southern Chinese study that included 
3815 hospitalized patients, infection was the 
leading cause of death. Features of infection in 
this group included early disease onset, higher 
percentage of respiratory tract involvement, and 
predominance of Gram- negative bacteria with 
emergence of multidrug- resistant strains and a 
variety of pathogens [117].

 The Clinical Presentations 
of Infections in SLE

Serious infections are defined as those that lead 
to hospitalization or death or require intravenous 
antibiotic treatment [118].

Shen et al. [119] studied the temporal trends 
among SLE patients in the intensive care unit 
(ICU) as part of a national population-based 
study in Taiwan between 1999 and 2008. The 
incidence of infection rose from 39.1% to 47.2%. 
The study reported three poor prognostic factors 
(i.e., older age, infection, and organ dysfunction) 
that were thought to potentially lessen the tempo-
ral improvement of short-term survival in ICU 
patients with SLE.  The authors suggested that 
improved treatment of SLE reduces and post-
pones the occurrence of acute critical illness. 
Their study showed that the median time for SLE 
diagnosis to ICU admission had increased by 
4 years during the 10-year study period. However, 
the improved survival was achieved at the costs 
of immune-suppression and accrual of organ 
damage.

Han et al. [120] studied the clinical presenta-
tions and outcomes of SLE patients with infec-

tion admitted to the ICU. They demonstrated that 
SLE patients with infections in the ICU have a 
higher mortality rate, and a higher APACHE II 
score compared to SLE patients without infec-
tions. SLE with infections also had a higher max-
imum temperature, higher minimum and 
maximum systolic blood pressure compared to 
SLE patients with noninfectious causes of 
admission.

 Musculoskeletal System

Odd presentations of musculoskeletal infec-
tions at unusual anatomical sites like the sac-
roiliac joint [121] and uncommon organisms 
like Candida albicans involving the joints 
[122] are frequently reported in SLE patients. 
One rare and frequently misdiagnosed infec-
tion in SLE is tropical pyomyositis, primary 
muscle abscesses most frequently due to 
Staphylococcus aureus and frequently follow-
ing trauma [123]. Also, hematogenous salmo-
nella osteomyelitis can be encountered in 
immunocompromised SLE patients, a finding 
that can be complicated by septic arthritis if 
not managed promptly [124]. Infection should 
also be considered when dealing with cases of 
osteonecrosis [124, 125].

 Mucocutaneous and Genital 
Manifestations

In a retrospective multicenter cohort study 
involving ten pediatric rheumatology services in 
São Paulo, Brazil, that included 852 childhood- 
onset SLE patients, the researchers reported a 
frequency of 14% of herpes zoster infection 
(HZI). Hospitalization took place in 61% of these 
cases, and secondary bacterial infection was 
reported in 13%. Postherpetic neuralgia occurred 
in 5%. Lymphopenia and immunosuppressive 
therapy seemed to be the major factors underly-
ing this complication [126].

There is a special interest concerning human 
papillomavirus (HPV) in SLE patients. In a 
meta- analysis, the authors found that cutane-
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ous warts (CW) were present in a higher fre-
quency in SLE patients compared to healthy 
controls. It is of interest that most of the arti-
cles they cited showed that the presence of CW 
did not correlate with the use of immunosup-
pressive drugs [127].

SLE female patients have also been shown to 
have a higher prevalence of genital HPV infec-
tion (80.7%) compared to healthy women (35%). 
The odds ratio (OR) for genital HPV infection in 
women with SLE was 7.2 [128]. There was no 
evidence that the use of immunosuppressive 
drugs was associated with a higher prevalence of 
HPV infection. This finding together with the 
study of Silva et al. [127] suggests that the high 
prevalence of HPV may be due to defects in 
immune mechanisms that are independent of 
immunosuppressive drugs. Another study found 
that in a subset of women diagnosed with SLE in 
the eastern Brazilian Amazon, 75% of them were 
HPV positive in the 1–5  years preceding the 
study [129].

 The Urinary Tract

Lupus patients are likely to have urinary tract 
infections (UTI), with a prevalence of 36%. They 
usually manifest in the lower tract. They are com-
munity acquired, and the most frequently isolated 
uropathogen is E.coli [130].

In an Egyptian cohort of 200 SLE patients 
who were followed up for one year, the urinary 
tract was the most common site of infection 
(31.8%) with 74/230 infectious episodes. E.coli 
was the most common isolated bacterial organ-
ism (26/230), followed by Klebsiella species 
(11/230) and Proteus mirabilis (8/230), whereas 
nine cases had mixed infections [131].

 Hematological Involvement

Lupus patients with episodes of bacteremia suf-
fer from poor long-term outcome. E. coli and S. 
aureus are the leading pathogens reported in this 
setting. Community-acquired bacteremia and 
C-reactive protein levels lower than 8 mg/dl dur-

ing bacteremic episodes are associated with 
lower long-term mortality [132]. A Danish study 
involving 5102 patient-years of follow-up [133] 
reported an increased incidence of arterial and 
venous thrombosis within 1 year after infection 
(2.18% and 2.56%, respectively) compared to 
patients who never had either a hospitalized 
infection or herpes simplex virus. Infections can 
also trigger catastrophic antiphospholipid syn-
drome [134] (see Chap. 22).

 The Respiratory System

Respiratory tract infection is a common prob-
lem in SLE.  Luijten et  al. [135] reported the 
incidence of invasive pneumococcal infections 
to be 13 times higher in SLE patients than in the 
general Dutch population. The prevalence of 
latent tuberculosis infection was reported to be 
26.5% in SLE patients [136]. The authors of the 
study cautioned that higher SLE disease activ-
ity index (SLEDAI) and increased glucocorti-
coid dose were associated with indeterminate 
results in interferon-gamma release assays. 
Fungal infections including aspergillosis can 
occur and may be associated with cavitary 
lesions that can lead to pneumothorax [137] 
(Fig. 21.1).

Studying the incidence of diffuse alveolar 
hemorrhage (DAH) in SLE patients [138], 
researchers reported 57 episodes of DAH of 50 
patients including seven recurrences. They 
detected infection in 22 episodes (38.6%): 8 
invasive fungal infections and 16 bacterial 
infections, including two patients with both 
types. These infections were associated with 
treatment for SLE, requirement for mechanical 
ventilation, hypocomplementemia, and high 
CRP levels.

 The Gastrointestinal System

In a large prospective cohort study of 2258 SLE 
patients from the Hopkins Lupus Cohort, 
Fangtham et al. [139] reported 53,548 cohort vis-
its. Oral candidiasis was diagnosed at 675 visits 
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(1.25%), in 325/2258 (14%) of SLE patients. The 
authors recommended inspection of the oral cav-
ity for signs of oral candidiasis, especially in 
patients with active disease, proteinuria, high 
white blood cell count, and intake of prednisone, 
immunosuppressive drugs, or antibiotics.

Fawzy et  al. [140] reported an increase of 
Giardia lamblia infection in SLE patients: 30% 
in SLE patients compared to 3.3% in healthy, 
age- and sex-matched controls from the same 
geographic area. This number was even higher in 
those who had GI symptoms (52.9%). In acute 
pancreatitis, the presence of concomitant 
 infections was associated with a poor prognosis 
in SLE patients [141].

Opportunistic CMV colitis can lead to colonic 
perforation with life-threatening consequences 
[142, 143]. In case of significant gastrointestinal 
symptoms, CMV infection should be considered 
in SLE patients who are immunosuppressed. 
SLE was also found to be significantly associated 
with chronic hepatitis C infection [144].

 The Nervous System

Infectious brain lesions (IBLs) are rare presenta-
tions in SLE patients. They can, however, be life- 
threatening in this context. Xu et  al. [145] 
described 15 patients with IBLs. They reported 
the following characteristics: fever in 80% of 
cases, headache and focal neurological signs 
(73.3%), associated pulmonary infection (66.7%), 

and associated meningitis (40%). There were 
ring-enhancing lesions in enhanced magnetic res-
onance imaging in all patients (100%) (Fig. 21.2).

Progressive multifocal leukoencephalopathy 
(PML) has been reported in SLE patients treated 
with various immunosuppressive therapies includ-
ing biological drugs (e.g., rituximab or belim-
umab). It was suggested that severe lymphopenia 
may be responsible for John Cunningham virus 
(JCV) reactivation, the causative agent of 
PML. Early infection screening, antiviral therapy, 
and effective management of lymphopenia are 
important in this setting [146]. Diagnosis of PML 
is generally made by identification of the virus in 
CSF by PCR along with consistent imaging and 
clinical features [147]. CSF lactate is a good single 
indicator and a better marker, compared to other 
conventional markers, to distinguish bacterial 
meningitis from aseptic meningitis [148, 149].

Cryptococcal meningitis [150] and meningo-
encephalitis [151] can be fatal in SLE patients. 
Epidural infection, an uncommon condition, can 
be caused by Salmonella enteritidis, which was 
also reported in SLE [152]. An early diagnosis 
and prompt treatment is essential to prevent 
mortality.

 Invasive and Disseminated Infections

Miliary TB with fatal consequences has been 
reported in juvenile SLE patients in Brazil. The 
authors stressed the importance of routine 

Fig. 21.1 High- 
resolution chest CT scan 
with contrast showing a 
case of SLE with 
multiple pulmonary 
fungal cavitary lesions. 
Arrow: intracavitary 
mycosis. 
Microbiological studies 
diagnosed the case as 
aspergillosis. SLE 
systemic lupus 
erythematosus. Courtesy 
of Dr. Hala El-Guendy, 
Professor of Internal 
Medicine, Cairo 
University
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screening for TB in this patient population [153]. 
Also, the prevalence of disseminated CMV 
infection is rising as a complication of active 
treatment of SLE [154].

Invasive fungal infections (IFI) describe a 
group of diseases caused by cryptococcus, histo-
plasma, aspergillus, and candida [155]. Their fre-
quency was 4.8% in hospitalized SLE patients in 
Argentina [155] and 3.9% in juvenile SLE in 
Brazil [156]. A Mexican study [157] found the 
risk of IFI in SLE to be associated with high CRP 
levels, high disease activity, mechanical ventila-
tion, antibiotic treatment, hemodialysis, high 
dose of glucocorticoids, and treatment with 
mycophenolate mofetil. The mortality was four 
times higher in patients with IFI than in those 
without. Cryptococcus neoformans is the most 
frequent agent in Argentina and East Asia [155, 
158], while Candida spp. are more common in 
North America [155].

IFI should be suspected in hospitalized SLE 
patients undergoing immunosuppressive therapy. 
We suggest that clinicians have a high index of 
suspicion for IFI in hospitalized SLE patients 
who have unexplained organ-specific symptoms 

and imaging abnormalities (e.g., neurologic, pul-
monary, dermatologic, musculoskeletal, and ele-
vated CRP with or without elevated WBC or 
fever). Additionally, hospitalized SLE patients 
who do not improve rapidly with antibiotics 
should undergo thorough diagnostic procedures 
(e.g., CSF sampling, bone marrow/tissue biop-
sies and/or bronchoalveolar lavage with culture, 
histopathology, serum antigen and antibody lev-
els, and PCR testing) and consideration for 
prompt empiric antifungal treatment.

 Differentiating Flare from Infection 
in SLE Patients

SLE follows a chronic course with intermitting 
flares [159]. Symptoms such as fever, fatigue, 
and rash may be seen in an SLE flare or as a result 
of infection [160]. The differentiation of SLE 
activity and infection in febrile or otherwise 
acutely ill SLE patients is extremely difficult, and 
several biomarkers have been recognized as 
potential tools to differentiate between these two 
conditions [161].

Fig. 21.2 Cranial MRI with IV contrast, T2 weighted, 
showing an SLE patient whose condition was complicated 
with subacute bacterial endocarditis (SBE) and multiple 

infected emboli of the brain. Arrow heads: ring-enhancing 
lesions. Courtesy of Dr. Hala El-Guendy, Professor of 
Internal Medicine, Cairo University
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Serum procalcitonin (PCT) and CRP are 
markers with strong supportive evidence. Song 
et  al. [162] performed a meta-analysis of pub-
lished studies and found that procalcitonin is 
more specific and has better diagnostic accuracy 
than PCR for bacterial infection in systemic 
rheumatic diseases. Bador et al. [163] conducted 
a study to determine predictive values of PCT 
and CRP for bacterial infections in SLE patients. 
Bacterial infection was defined as positive cul-
ture results. PCT and CRP were measured by 
automated immunoassays. The areas under the 
receiver operating characteristic curves for PCT 
and CRP were not significantly different (0.797 
(CCI 0.614–0.979) vs 0.755 (CI 0.600–0.910)). 
They found that PCT but not CRP was higher in 
flaring lupus patients with infection (p = 0.019 vs 
0.195), as compared to flaring SLE patients with-
out infection. A PCT of <0.17  ng/ml ruled out 
infection with a negative predictive value (NPV) 
of 94%. In patients in remission, CRP but not 
PCT was elevated during infection (p = 0.036 vs 
0.103); a CRP <0.57 ng/dl had a NPV of 96%. 
They concluded that PCT may be a better marker 
to rule out bacterial infection in lupus flares but 
not in remission or general screening. Serio et al. 
[164] conducted a systematic review on this topic 
and concluded that PCT levels detected during 
disease flares were lower than those observed 
during bacterial infection and that elevated PCT 
levels ≥0.5 μg/l strongly suggest bacterial infec-
tion. SLE patients, including patients in remis-
sion, tend to have higher CRP baseline levels 
when compared with controls. CRP response 
during flares seems to be incomplete and did not 
always correlate with disease activity. Values 
greater than 1.0 mg/dl can indicate severe flare if 
neither serositis nor arthritis is associated, while 
higher CRP levels above 5–6 mg/dl may be asso-
ciated with infection [165].

Other potential biomarkers have been identi-
fied but have limited usage to date. One is the 
delta neutrophil index, an index which reflects 
the fraction of circulating immature granulocytes 
associated with infection [166]. The activity of 
adenosine triphosphate produced by CD4+ T cells 
was also found to be lower in patients with LN 
with infection compared to non-infected LN 

patients [167]. The ratio of erythrocyte-bound 
C4d to complement receptor 1 (C4d/CR1) was 
also studied. Febrile patients with disease flares 
had higher ratios and lower CRP levels than those 
with infection [168]. Ospina et  al. [161] sug-
gested that new scores, which include different 
biomarkers, might represent a better solution for 
differentiating infections from flares.

 Prevention of Infections in SLE

Various strategies can be applied to reduce the 
risk of infections in SLE patients. These include 
vaccinations, antibacterial or antiviral prophy-
laxis, and intravenous immunoglobulins [169] 
(see also Chaps. 32 and 33).

Most non-live vaccines are immunogenic 
and safe in SLE patients, although antibody 
titers are frequently lower than those of 
healthy controls [170]. HPV vaccines can be 
given safely to SLE patients to avoid the 
increased incidence of anogenital warts and 
cervical epithelial dysplasia or carcinoma 
associated with high-risk viral genotypes 
[170]. Several experts [171] have recom-
mended annual examinations of the cervical 
cytology in immunosuppressed patients.

Influenza vaccination is well tolerated and 
conveys a moderate protection against influenza 
infection in SLE. Considering that influenza runs 
a more severe course in SLE patients with a 
higher risk of disease exacerbation, influenza 
vaccination is recommended in patients with a 
low-to-moderate SLEDAI score or in those with 
stable disease. However, there were limited data 
and concern of the vaccine triggering a flare in 
severe disease [172]. Pneumococcal vaccination, 
however, is recommended for patients at any 
stage of their disease [171].

Live attenuated vaccines should generally be 
avoided in immunosuppressed patients. Recent 
studies, however, suggest that they can be consid-
ered in mildly immunosuppressed patients [171]. 
Serological screening for hepatitis B virus infec-
tion before starting immunosuppressive therapy 
is recommended for SLE patients to avoid viral 
reactivation [173].
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Conclusion In summary, microbial agents are 
involved in various aspects of lupus including 
the pathogenesis, treatment complications, and 
long- term sequelae. Further studies are needed 
to fully delineate the role of commensal micro-
biota in the pathogenesis of SLE and the entire 
spectrum of acute and chronic infections (bacte-
rial, viral, parasitic) during the lifespan of lupus 
patients, particularly those on chronic immuno-
suppressive therapies.
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Abbreviations

aCL Anticardiolipin
Anti-β2 GP1 Anti-beta 2-glycoprotein-1
APCs Antigen-presenting cells
APS Antiphospholipid syndrome
aPTT  Activated partial thromboplastin 

time
CAPS  Catastrophic antiphospholipid 

syndrome
CRP C-reactive protein
CYP Cytochrome P
dRVVT Dilute Russell viper venom time
DVT Deep vein thrombosis
ELISA  Enzyme-linked immunosorbent 

assay
EpC Epithelial cells

HELLP
syndrome  Hemolysis, elevated liver 

enzymes, and low platelet count
HIT Heparin-induced thrombocytopenia
IFN Interferon
Ig G Immunoglobulin G
Ig M Immunoglobulin M
LA lupus anticoagulant
LAK lymphokine-activated killer
LMWH Low molecular weight heparin
MAMPs  Microbe-associated molecular 

patterns
MI Myocardial infarction
NOD Nonobese diabetic
PRRs Pattern recognition receptors
PSA Polysaccharide
SCFAs Short-chain fatty acids
SFB Segmented filamentous bacteria
SLE Systemic lupus erythematosus
Tfh T follicular helper cells
Th17 T helper 17 cells
TLR Toll-like receptors
TMAO Trimethylamine N-oxide
TMP/SMX Trimethoprim/sulfamethoxazole
VTE Venous thromboembolism

 Introduction

Antiphospholipid syndrome (APS) is an autoim-
mune multisystem disorder characterized by arte-
rial, venous, or small vessel thromboembolism and/
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or pregnancy morbidity in the presence of persistent 
antiphospholipid antibodies (aPLs) [1]. aPLs are a 
heterogeneous group of autoantibodies which are 
directed against phospholipid- binding proteins.

APS occurs as a primary condition or in the 
setting of an underlying systemic autoimmune 
disease, particularly systemic lupus erythemato-
sus (SLE). Several reports suggest the possible 
evolution of APS into SLE with variable rates 
ranging between 0 to 23% in 5–9 years [2–5].

 Background

Three major aPL tests recognized by international 
classification criteria for APS are as follows:

• Anticardiolipin antibodies (aCL) immuno-
globulin G (IgG) and/or M (IgM)

• Anti-beta2-glycoprotein I (anti-β2GPI) anti-
bodies IgG and/or IgM

• Lupus anticoagulant (LA) test

The diagnosis of APS is made in the presence 
of one or more of the above aPL detected in the 
setting of thrombosis, recurrent fetal loss, or 
intrauterine growth retardation. The mere pres-
ence of such antibodies is associated with an 
increased thrombotic risk [1].

 Epidemiology

In a large retrospective analysis including patients 
without known autoimmune diseases, aPLs were 
present in approximately 9% of patients with preg-
nancy losses, 14% with stroke, 11% with myocar-
dial infarction (MI), and 10% with deep vein 
thrombosis (DVT) [2]. Estimates in the United 
States suggest that aPLs are associated with approx-
imately 50,000 pregnancy losses, 110,000 strokes, 
100,000 MIs, and 30,000 DVTs annually [3–9].

 Pathogenesis

aPLs affect coagulation through procoagulant 
action on protein C, platelets, proteases, toll-like 
receptors, and alteration of fibrinolysis [10–15]. 

They also increase vascular tone, thereby increas-
ing the susceptibility to atherosclerosis, fetal 
loss, and neurological damage [16]. Further, 
aPLs can interact with other antibodies through 
complex interactions as patients with aPLs often 
co-express antibodies against platelet receptors, 
coagulation factors, or fibrinolytic elements [17–
26]. Genetic risk related to APS predisposition is 
also emerging, but most studies are relatively 
underpowered compared to studies in other auto-
immune diseases [27–36].

In addition to APS-specific genetic risks, 
patients with increased inherited risks of throm-
bosis are also more likely to present with throm-
botic events in the context of aPLs. In different 
studies, factor V Leiden, the prothrombin 
G20210A gene mutation, and activated protein C 
resistance were associated with an increased risk 
of venous thromboembolism (VTE) [37, 38]. 
Additionally, overexpression of tissue factor, the 
trigger for the initiation of activation of coagula-
tion, is noted on the surface of monocytes of APS 
patients [39]. The most commonly accepted 
explanation for the development of aPLs is that 
they occur in genetically susceptible individuals 
following incidental exposure to infectious 
agents or in the background of rheumatic dis-
eases such as SLE.  It is widely accepted that 
aPLs alone are insufficient for the complete man-
ifestation of APS and that a “second hit” is 
required for the syndrome to develop completely 
[40]. Potential candidates for the delivery of such 
a “second hit” are multiple; they include a long 
list of exposing factors to thrombosis often 
described in risk assessment models, e.g., smok-
ing, prolonged immobilization, pregnancy and 
puerperium, hormone therapy, and malignancy 
[41]. In addition, infectious agents, commensal 
microbiota, and microparticles are implicated as 
additional pathogenic factors and are discussed 
in detail below.

aPLs interact with platelets, resulting in their 
activation and binding to the endothelium. 
Microparticles are fragments of cell membranes 
of apoptotic, activated, or damaged cells. They 
play important roles in regulating health and dis-
ease and can act as a nidus for the activation of 
coagulation [42, 43]. The plasma concentration 
of platelet and endothelial-derived microparticles 
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is increased among patients with APS when com-
pared to people with aPL without thrombotic 
events and to healthy controls [44–46].

The complement pathway is also involved in 
the pathogenesis of APS. Depending on the iso-
type, antigen-antibody interactions can lead to 
complement consumption. APS patients can have 
lower levels of CH50, C3, and C4 with increased 
levels of complement activation by-products 
[47]. The presence of increased complement 
deposition in the placentae of patients with APS 
and pregnancy-related diseases highlights its 
importance [48, 49]. Complement contributes 
also to the progression of APS into catastrophic 
APS (CAPS) that is characterized by micro- and 
macrothrombotic events in multiple organs 
within a short period of time [42, 43].

Besides microbial triggers, aPLs can occur in 
the setting of certain medications and in malig-
nancy. A large number of medications known to 
alter immune system function including phenytoin, 
hydralazine, procainamide, and quinine, as well as 
oral contraceptive pills and hormonal replacement 
therapy that are known to increase the risk for 
thrombosis, have been associated with transient 
aPLs, often of the IgM isotype; these are rarely 
associated with thrombosis without additional pre-
disposition for thrombophilia [50, 51]. aPLs have 
also been reported in patients with a variety of 
malignancies including cancers of the lung, colon, 
cervix, prostate, kidney, ovary, and breast as well as 
premalignant and malignant hematologic diseases 
including lymphoproliferative, myeloproliferative, 
and myeloid disorders [50–52].

In summary, the pathogenesis of APS is complex 
and multifactorial. After generation of aPLs, 
patients develop thrombotic events after various 
“second hits” that promote thrombogenesis. We 
next review in more depth the role of viral, bacterial, 
and commensal microbial agents in the initiating 
and propagating steps in the pathogenesis of APS.

 Innate and Viral Sensors

The “interferon-α (IFN-α) signature” in patients 
with several systemic rheumatic diseases, in par-
ticular lupus, is well described and correlates 
with disease flares [53]. Since the IFN pathway is 

central to antiviral immune responses, this signa-
ture in autoimmune patients suggests that the 
virome could theoretically be involved in the 
pathogenesis of these diseases. In addition to 
infecting human host cells, viruses, specifically 
bacteriophages, live also within microbial cells 
such as the gut commensal bacteria that colonize 
the gut of human hosts. Thus, viruses both within 
the host and commensal bacteria could be a 
potential source for the production of interferon-α 
via nucleic acid sensors such as TLR7, a receptor 
implicated in systemic autoimmunity [54].

Type I interferons, e.g., IFN-α or INF-β, bind 
to a shared receptor formed by two transmem-
brane proteins IFNAR-1 and IFNAR-2. These 
form a ternary complex that initiates signaling 
leading to the production of secondary IFN-γ 
(mediating antiviral activity) and the production 
of IL-2, IL-6, IL-4, and IL-10 with a paradoxical 
proliferative response [55, 56]. Thus, the immu-
nomodulatory effect of interferon-α depends on 
its ability to stimulate the production of endoge-
nous IFN-γ and IL-2 leading to the initiation of a 
Th1 response with enhanced MHC class II expres-
sion by antigen-presenting cells. In the presence 
of interferon-γ, CD8+ T and NK cells will be acti-
vated and transformed into “lymphokine- activated 
killer” (LAK) cells disrupting the integrity of 
their virally infected target. Interferon-inducible 
proteins inhibit viral protein synthesis but contrib-
ute also to the antiproliferative response of inter-
ferons and lead to the often observed cytopenias, 
particularly thrombocytopenia observed in the 
context of lupus [56]. Activation of the IFN path-
way has also been observed in APS patients. 
Interestingly, in 68 patients with primary APS, 
elevated type I interferon activity was detected in 
the circulation of patients and correlated with 
impaired endothelial progenitor function [57]. 
The possibility of a link between the virome and 
APS is only speculative at present but plausible 
given its shared pathogenesis with lupus with 
increased IFN activity.

 aPLs, APS, and Infections

The first report of aPLs cross-reacting with 
infectious agents was made in 1985, with 
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 cross- reactivity identified in patients with syphi-
lis [58]. These findings were confirmed in a 
larger cohort at that time [59]. Follow-up studies 
interestingly found that aPLs occur transiently 
in subjects with a variety of infections [60–62]. 
These aPLs are usually IgM aCL, are not long-
lasting, and do not target the major autoantigen 
β2GPI [60]. Further, these aPLs rarely result in 
thrombotic events and are absent upon follow-up 
[60–62]. Specific examples are discussed below.

Pathogenic bacteria including Mycobacterium 
tuberculosis are implicated in aPL generation 
[63, 64]. Of note, a significant decrease in IgM 
titers against all phospholipids was observed 
upon anti-TB treatment [65]. This study high-
lighted the measurement of IgM antiphospho-
lipid antibodies as a useful biomarker to monitor 
treatment response in tuberculous patients [65]. 
Furthermore, sporadic reports point to tuberculo-
sis as a triggering “second hit” for clinically evi-
dent APS [66].

An association between Lyme disease and aPL 
has recently been described [67]. Furthermore, 
infection-associated aPL levels in patients with 
infective endocarditis were found to be related to 
endothelial cell activation, thrombin generation, 
and impairment of fibrinolysis [68]. This may 
contribute to the increased risk for major embolic 
events in these patients [68]. Patients with infec-
tive endocarditis may develop also rheumatic 
manifestations concurrent with autoantibodies 
such as rheumatoid factor, aCL, and anti-β2 GP1, 
with low specificity, which leads to potential mis-
diagnosis [69] (see Chap. 30).

The range of bacterial infections that have 
been reported to induce aPLs includes leptospiro-
sis, leprosy, post-streptococcal rheumatic fever, 
mycoplasma, and Klebsiella. A large number of 
viral infections including hepatitis A, B, and C, 
mumps, human immunodeficiency virus (HIV), 
cytomegalovirus (CMV), Epstein-Barr virus 
(EBV), parvovirus B19, and rubella, as well as a 
number of parasites, including malaria, and 
fungi, e.g., Pneumocystis jirovecii, have been 
associated with aPLs or occasionally APS in pre-
disposed patients [70–78].

Besides infectious triggers that are transient, 
emerging research suggests that another initial 

and perhaps chronic trigger for aPLs could be the 
microbiota, commensal bacteria that are not usu-
ally pathogenic but live on the mucosal and epi-
thelial surfaces of the host.

 Microbiota/Microbiome 
and Autoimmunity

The microbiome, introduced in Chap. 1, is a 
potential contributor to a wide variety of chronic 
disease states given its intimate interactions 
with the host and long coevolutionary history. 
While there are several differences between a 
pathogen and a commensal, the innate and adap-
tive immune responses can be similar. At least 
three, not mutually exclusive mechanisms by 
which infectious agents induce autoimmunity 
are bystander activation, epitope spreading, and 
molecular mimicry [79]. Growing evidence sup-
ports that the microbiota also influences autoim-
munity by similar mechanisms [80]. The 
connection between the gut microbiota and gut 
diseases such as inflammatory bowel disease is 
long-standing. Several studies using animal 
models have lately also connected the gut 
microbiota with non-intestinal autoimmune dis-
ease. A classic example of commensal gut bac-
teria influencing non-gut autoimmune disease 
comes from the common mouse small intestine-
resident bacteria referred to as segmented fila-
mentous bacteria (SFB).

Gram-positive, spore-forming SFB are influ-
enced by nutrient availability, such as vitamin A, 
and have been shown to instigate the pathogenesis 
of autoimmune arthritis and experimental autoim-
mune encephalomyelitis in animal models [81, 
82]. Conversely, SFB exert a sex-specific protec-
tive effect in a mouse model of type I diabetes, the 
nonobese diabetic (NOD) mouse, that depends on 
the concomitant effects of other microbiota [83, 
84]. To date, the colonization of SFB in humans 
remains a topic of debate, as most studies have 
failed to identify SFB in the intestinal tract of 
humans with the exception of infants [85]. 
Nevertheless, studies utilizing SFB offer proof of 
concept that gut bacteria influence the pathogen-
esis of non-gut autoimmunity. The dichotomy of 
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SFB’s exacerbative or protective effects in differ-
ent experimental autoimmune models is likely 
due to the different molecular drivers of autoim-
mune disease, such as CD4+ T helper cells, that 
are influenced by the microbiota [80].

CD4+ T helper cells, in particular T helper 17 
cells (Th17) and T follicular helper cells (Tfh), 
are at the interface of the microbiota and autoim-
munity [86]. T helper cells play a critical role in 
the development of autoimmune disease and 
autoantibodies by secreting cytokines such as 
IL-17A (Th17), IL-21, and IL-4 (Tfh) [87, 88]. 
While the full cellular and molecular mecha-
nisms of these complex interactions remain not 
yet completely understood, it is well defined that 
the cytokine milieu in which CD4+ cells are acti-
vated by antigen-presenting cells (APCs) will 
dictate the differentiation of T helper cells, which 
in turn will influence the adaptive immune 
response and antibody production [87, 88]. 
Individual microbes or communities of microbes 
are known to modify the cytokine profile of both 
APCs and T helper cells through direct interac-
tions, such as activation of innate pattern recogni-
tion receptors (PRRs) by microbe-associated 
molecular patterns (MAMPs), and indirect inter-
actions, such as the production of metabolites 
like short-chain fatty acids (SCFAs) [80]. The 
following examples highlight our current under-
standing of the interaction of the adaptive 
immune system and the microbiome in 
autoimmunity.

 Direct Interaction with Barrier Sites 
and Ag Specificity at Local 
and Distant Sites

Th17 cells have been associated with APS [89]. 
As noted above, SFB is capable of inducing the 
formation of Th17 cells, which in autoimmune 
models of arthritis and multiple sclerosis have 
pathogenic effects but paradoxically protective 
effects in NOD mice. SFB is able to induce 
antigen- specific and antigen-independent Th17 
cells through direct interaction with the epithelial 
cells (EpC) of the small intestine [86, 90]. SFB, 
upon interaction with intestinal epithelium, 

causes the induction of serum amyloid A pro-
teins, which promote the expansion of Th17 cells 
via the production of IL-17A and IL-22 [91]. 
Using adhesion molecule deficient strains of 
SFB, Citrobacter, and E. coli 0157  in conjuga-
tion with host-specific strains of SFB, Atarashi 
et al. further demonstrated that adhesion was nec-
essary to induce Th17 cells [92]. Further, this 
group showed that a mix of 20 bacterial strains 
isolated from human samples and having EpC 
adhesion characteristics were able to induce 
Th17 cells in gnotobiotic mice, thus highlighting 
a role for EpC adherent human microbiota in 
inducing Th17 cells [92]. While these studies 
demonstrate one potential mechanism of Th17 
induction by adherent commensals, the role of 
EpC adherent bacteria and Th17 cells on periph-
eral autoimmunity in humans, in particular APS, 
remains to be demonstrated. The role of the 
microbiota in activating antigen-specific T cells 
in autoimmunity was further highlighted by 
Caspi et al., who showed that the gut microbiota 
as a whole is necessary to activate autoantigen-
specific T cells in the autoimmune uveitis model 
R161H [93]. However, due to technical limita-
tions, the causative element(s) of the gut micro-
biota remains elusive. This work highlights the 
difficulties in identifying pathogenic members of 
the microbiota even when there are clear associa-
tions in a reduced experimental setting [94].

 Indirect Effects Via Soluble MAMPs 
(PSA) and Metabolites (SCFAs)

In addition to direct interactions leading to inflam-
matory settings, the microbiome is the source of 
numerous soluble factors that lead to a pro- or 
anti-inflammatory state locally or systemically. 
Most are anti-inflammatory, which relates to the 
coevolutionary history of host colonization with-
out immunologic rejection. Certain microbe-asso-
ciated molecular pattern (MAMPs), such as 
polysaccharide A (PSA) derived from Bacteroides 
fragilis, are protective against experimental auto-
immune encephalomyelitis [95]. PSA mediates 
the conversion of CD4+ T cells into CD39+, 
IL-10 secreting Tregs through the PRR TLR2 [95, 
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96]. It is important to note that not all B. fragilis 
strains are anti-inflammatory as it is known that 
enterotoxigenic strains producing the B. fragilis 
toxin are capable of driving colitis [97].

Additional tolerance-promoting microbial 
metabolites are SCFAs, which are produced by 
the microbiota by metabolizing fiber in the host’s 
diet. SCFAs are the most abundant microbial 
metabolite in the gut, reaching concentrations of 
up to 130 nM in the proximal colon [98]. SCFAs 
are thought to be beneficial in autoimmune mod-
els by increasing the number and function of 
local and peripheral CD4+ Tregs through various 
mechanisms, which will decrease inflammation 
and limit autoimmunity [80, 99]. One mechanism 
by which SCFAs exert their effect on CD4+ Tregs 
is the direct coupling of SCFAs with chemotactic 
G-protein-coupled receptors 43 and 109a. 
Binding to these receptors on either Tregs or 
innate cells, such as macrophages, leads to pro-
tection in models of autoimmune gut inflamma-

tion, arthritis, and asthma due to the increase of 
anti-inflammatory cells and cytokines [54, 100–
103]. While a direct link to SCFAs and APS has 
yet to be proven, altered Treg frequencies have 
been described in APS [104]. Whether these are 
related to gut microbial dysbiosis remains to be 
elucidated, but an ongoing microbiome study in 
APS that could address this question will be dis-
cussed further below. Figure 22.1 illustrates the 
mechanisms by which the microbiota affects the 
immune system and could contribute to APS 
pathogenesis.

 Microbiota/Microbiome Paving 
the Way to APS Development

The host-microbiota interactions summarized in 
the previous section involve immune cells and 
pathways that are also implicated in APS.  In 
addition, the infectious factors contributing to the 
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first and second “hits” in APS could equally be 
derived from commensal, instead of pathogenic, 
bacteria. Studies of the murine and human micro-
biome in APS are currently ongoing and will be 
summarized here to support the hypothesis that 
commensal bacteria are involved in the etiopatho-
genesis of APS. The various roles the microbiota 
could play in APS were recently reviewed by 
Manfredo Vieira et al. [105]. This work focused 
on potential antigenic triggers of beta-2 glycopro-
tein I autoreactivity via molecular mimicry, also 
known as cross-reactivity. Previous studies in 
mice have shown that pathogenic microbes 
including H. influenzae, N. gonorrhoeae, and a 
human CMV-derived peptide were capable of 
inducing beta-2 glycoprotein I antibodies via 
cross-reactivity. The cross-reactivity is thought to 
be mediated through recognition by B and T cells 
of pathogenic epitopes that share either sequence 
or structural homology to immunodominant epit-
opes of beta-2 glycoprotein I [106–108].

With current estimates of non-redundant genes 
present in the commensal population of the human 
intestinal tract at over 9.8 million, it is not surpris-
ing that commensal bacteria would also share sig-
nificant homology with autoantigens in APS [105, 
109–111]. It was hypothesized that cross-reactiv-
ity with gut commensal antigens might also play a 
role in the development of APS in the absence of 
overt inflammation and tissue destruction. Since 
transient aPLs can be induced by cross-reactive 
pathogens, it is plausible that APS is mediated by 
stably colonizing, cross- reactive gut commensals. 
A systematic search in silico revealed a number of 
possibilities including a common colonic bacte-
rium, Roseburia intestinalis, as a potential cross-
reactive  candidate that contains B and T cell 
mimic epitopes [105]. In vitro and vivo studies 
with this organism support that commensal-medi-
ated molecular mimicry plays a role in the activa-
tion of non-gut autoreactive T and B cells [80, 
112]. However, it should be noted that bystander 
activation, epitope spreading, and molecular 
mimicry are likely to work in tandem to fully 
break tolerance before autoimmunity develops, 
and thus molecular mimicry is only one possible 
mechanism by which the microbiome may influ-
ence the pathogenesis of APS [80].

Further support for the role of the microbiome 
and the development of APS comes from the 
observation that a spontaneous mouse model of 
APS, the (NZWxBXSB) F1 hybrid, is protected 
by depletion of the microbiota by orally adminis-
tered broad-spectrum antibiotics [105]. The 
NZWxBXSB F1 model is characterized by pro-
duction of high titers of anti-β2GPI antibodies 
and clinical features of APS including thrombotic 
events, in particular microthrombi in the coronar-
ies leading to myocardial infarctions, and throm-
bocytopenia. Broad-spectrum antibiotic depletion 
of the gut microbiota markedly prevented infarc-
tions and thrombotic events in this model [105]. 
Interestingly, treatment with ampicillin or vanco-
mycin alone was sufficient to protect from auto-
immune mortality, suggesting that gram-positive 
gut bacteria are driving APS pathogenesis [105]. 
How gram-positive bacteria are influencing the 
development of APS in these mice is currently 
under investigation and might help clarify also 
how pathogenic aPLs are induced in human APS.

At the epithelial border that separates the 
microbiota from host tissues, resident antigen- 
presenting cells, epithelial TLRs, and nucleotide- 
binding oligomerization domain-like receptors 
sense MAMPs and by-products of the microbiota 
[113]. As summarized above, diet also influences 
the microbiota which in turn affects the host; for 
instance, fibers are metabolized by the colonic 
microbiota to SCFAs that are known to induce 
Tregs [113]. A deficiency in SCFA producing 
colonic microbiota could thus lead to reduced 
Treg numbers or function in APS. Further, lipo-
polysaccharide from gram-negative gut bacteria 
can trigger TLR4. Of note, TLR4 was shown to 
be required for the activation of B cells and the 
production of autoantibody in mice treated with 
β2GPI [114]. Activation of the TLR4/MyD88 
pathway mediates also trophoblast damage, a 
process that could be implicated in obstetric APS 
[115]. Many more innate and adaptive immune 
pathways could theoretically be triggered by 
components of the microbiota, which represents 
a large area of research to explore. In the next 
section, we focus on a theoretical role of the 
microbiota in influencing the complement and 
coagulation systems, two ancient and related pro-
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teolytic systems that are fundamental in the 
pathogenesis of APS.

 Microbiota-Mediated Autoimmunity 
Affecting the Complement 
and Coagulation Systems

The coagulation and complement systems are 
ancestrally related enzymatic cascades of the 
blood. Although their primary purposes have 
diverged over the past few 100 million years, they 
remain inextricably connected. Both complement 
and coagulation systems limit infection by patho-
gens through innate immune mechanisms. 
Recently, it has been shown that hyperactive 
complement (in particular, elevated C5a/C5b-9) 
is involved in the pathogenesis of thrombosis in 
diseases such as paroxysmal nocturnal hemoglo-
binuria, atypical hemolytic uremic syndrome, 
and APS [116].

In mouse models of APS, activation of the 
complement system is required, and interaction 
of complement C5a with its receptor C5aR leads 
to aPL-induced inflammation, placental insuffi-
ciency, and thrombosis [117]. Anti-C5 antibody 
and C5aR antagonist peptides prevent aPL- 
mediated pregnancy loss and thrombosis in these 
experimental models [42, 117]. Clinical studies 
of anti-C5 monoclonal antibody in aPL-positive 
patients are limited to a small number of case 
reports but support efficacy [42].

The mechanisms through which complement 
activation occurs are not fully understood. 
Hypothetically, activation through the lectin 
pathway by the microbiota is one of many possi-
bilities [118]. Once the complement pathway is 
interfered with, it is likely that the microbial 
community composition on barrier surfaces is 
altered, which in turn can affect immune func-
tion. Indeed, antagonism of the C5aR leads to 
skin commensal dysbiosis and altered inflamma-
tory state [117]. Autoantibodies produced against 
C1q, a component of complement 1, were 
reported to correlate with complement activation 
in systemic lupus erythematosus [118]. These 
antibodies target neoepitopes of deformed C1q 
bound to various molecules (i.e., anionic phos-

pholipids) and induce accelerated complement 
activation. Anti-C1q antibodies are more fre-
quently detected in primary APS patients than in 
control patients and in refractory APS patients 
with repeated thrombotic events. The titer of anti- 
C1q antibodies was significantly higher in refrac-
tory APS patients than in APS patients without 
flare. The binding of C1q to anionic phospholip-
ids may be associated with the surge in comple-
ment activation in patients with anti-C1q 
antibodies when triggered by “second-hit” bio-
logical stressors such as infection or, theoreti-
cally, commensal dysbiosis. Such stressors will 
induce overexpression of anionic phospholipids, 
with subsequent increases in deformed C1q that 
is targeted by anti-C1q antibodies [118].

Signaling crosstalk between complement and 
TLRs normally serves to coordinate host immu-
nity. However, among oral microbes, the peri-
odontal bacterium Porphyromonas gingivalis, 
for example, expresses C5 convertase-like enzy-
matic activity and adeptly exploits complement-
TLR crosstalk to subvert host defenses and 
escape elimination. Intriguingly, this defect in 
immune surveillance leads to the remodeling of 
the periodontal microbiota to a dysbiotic state 
that causes inflammatory periodontitis [119]. It 
is not known if other gut microbes share the 
same properties or if this bacterium plays a role 
in APS pathogenesis.

It is well established that aPLs predispose to 
thrombosis by generating a thrombogenic state 
mediated by endothelial damage, monocyte acti-
vation with overexpression of tissue factor, and 
platelet hyper-reactivity. The generation of tri-
methylamine N-oxide (TMAO) by the gut micro-
biota contributes directly to platelet 
hyper-reactivity and enhanced thrombosis poten-
tial [120]. It is therefore possible that TMAO pro-
duction in APS patients contributes to the 
thrombogenic state besides the role in aPL induc-
tion discussed above. Gut microbial dysbiosis is 
also firmly linked to obesity and chronic inflam-
mation that are disease states associated with 
hypercoagulability, which may be a result of both 
increased production of coagulant vitamin 
K-dependent factors and reduced fibrinolytic 
activity [121, 122]. The composition of the gut 
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microbiota might also promote or inhibit coagu-
lation if disturbed by probiotics. In a recent study 
of 24 participants receiving probiotics, there was 
a significant reduction in D-dimer levels (median 
change 33%, P  =  0.03) and a trend toward 
reduced levels of C-reactive protein (CRP) 
(P = 0.05). Thus, probiotic interventions appear 
to influence markers of coagulation and inflam-
mation that warrant further exploration in APS 
[123]. Overall, there are multiple ways in which 
the microbiota may interact with the host in APS 
by affecting the complement and coagulation 
systems. Figure 22.1 illustrates the mechanisms 
through which the microbiota is proposed to 
influence APS development.

 Clinical Manifestations

APS presents usually with thrombosis either affect-
ing veins, arteries, or small vessels, with specific 
pregnancy-related complications or with livedo 
reticularis, reduction in platelet count, or transient 
focal neurologic disorders. Rare presentations 
include MI, valve disease, pulmonary hyperten-
sion, avascular necrosis, or cutaneous ulcerations 
[82–85]. Venous thrombosis of the lower extremi-
ties is the most common presentation in 20–30% of 
cases, whereas thrombosis at unusual sites occurs 
less frequently [124]. Figure 22.2 illustrates the fre-
quency of the different presenting clinical manifes-
tations of the disease [124].

Mild thrombocytopenia ranging from 
100,000 to 140,000/μl is not infrequent in APS 
patients, with an incidence ranging from 22 to 
42% [125]. Other hematologic manifestations 
are also well described in APS, in particular 
Coombs’ positive hemolytic anemia, which 
can be a harbinger of transition to SLE [125]. 
Pregnancy complications are another hallmark 
of APS. Such complications result partly from 
placental ischemia and complement- mediated 
damage and range from intrauterine fetal 
growth retardation, preeclampsia, HELLP syn-
drome (hemolysis, elevated liver enzymes, and 
low platelet count), and premature birth to fetal 
death. Patients with SLE and lupus anticoagu-
lant have an increased risk of pregnancy loss as 
well as a poorer prognosis than aPL-negative 
patients [126].

Moreover, in a longitudinal analysis of 
outcomes of lupus nephritis in an interna-
tional inception cohort using a multistate 
model approach, the study group found that 
the presence of lupus anticoagulant in lupus 
patients predicted less improvement in renal 
outcomes [127]. A small subset of patients 
with APS (0.8%) develop widespread throm-
bosis of the small vessels resulting in multi-
organ failure referred to as “catastrophic 
APS” (CAPS) [124, 128] and is associated 
with significant mortality risks despite 
prompt treatment [129].
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The criteria to diagnose CAPS include:

• History of APS and/or presence of aPL
• Three or more new organ thromboses within a 

week
• Biopsy confirmation of a microthrombus
• Exclusion of other causes of multiple organ 

thromboses or micro-thromboses

The differential diagnoses of CAPS include 
heparin-induced thrombocytopenia (HIT) with or 
without thrombosis, disseminated intravascular 
coagulation, and thrombotic microangiopathy.

 Diagnostic Evaluation

Patients with suspected APS should be thor-
oughly evaluated including a full clinical assess-
ment with history of thromboembolic disease, 
pregnancy complications or associated immune 
disorders, and skin changes and a complete phys-
ical examination to detect findings consistent 
with livedo reticularis or digital ischemia and 
venous thrombosis [130]. Clinical assessment is 
often complemented by a battery of investiga-
tions usually done shortly after a clinical event, 
followed by confirmatory testing at least 
12 weeks later and includes:

• aCL; immunoglobulin G (IgG) and/or IgM by 
enzyme-linked immunosorbent assay 
(ELISA).

• Anti-beta2-GP I antibodies; IgG and/or IgM 
by ELISA.

• LA testing in a three-step procedure: The first 
step aims at demonstrating a prolonged 
phospholipid- dependent screening test of 
hemostasis. Commonly used screening tests 
include the dilute Russell viper venom time 
(dRVVT) and an activated partial thrombo-
plastin time (aPTT) that has been optimized 
for this purpose (aPTT or lupus aPTT), fol-
lowed by mixing studies. In those, patient 
plasma is mixed with normal plasma resulting 
in a failure to correct the prolonged screening 
test(s) due to the presence of inhibitors and 
eliminating the possibility of a coagulation 

factor deficiency. The next step requires the 
addition of excess phospholipid shortening or 
correcting the prolonged coagulation test 
(phospholipid dependence).

Additional testing often includes a thrombo-
philia screen, routine laboratory evaluations for 
SLE as well as tests needed to exclude HIT if 
suspected.

According to the revised Sapporo APS classi-
fication criteria (also called the Sydney criteria), 
APS is present in patients who meet at least one 
of the clinical criteria and at least one of the labo-
ratory criteria [131, 132]:

 Clinical Criteria

 1. Vascular thrombosis—One or more episodes 
of venous, arterial, or small vessel thrombosis 
with unequivocal imaging and excluding 
superficial venous thrombosis.

 2. Pregnancy morbidity—One or more unex-
plained deaths of a morphologically normal 
fetus at ≥10  weeks of gestation, or one or 
more premature births of a morphologically 
normal neonate before 34 weeks of gestation 
because of eclampsia, preeclampsia, or pla-
cental insufficiency, or three or more 
 consecutive spontaneous pregnancy losses at 
<10 weeks of gestation.

 Laboratory Criteria

The presence of one or more aPLs on two or 
more occasions at least 12 weeks apart.

 Approach to Therapy

The cornerstone therapy for the non-obstetric 
manifestations of APS uncomplicated by CAPS 
or other comorbidities involves outpatient treat-
ment using antithrombotic medications which 
include aspirin, heparins, and warfarin [133]. 
Recently the new oral anticoagulant rivaroxaban 
has been used with some success [134–136]. 
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In addition, any patient with concomitant lupus 
who is typically treated with hydroxychloroquine 
would also benefit from the proposed effects of 
this drug in primary APS [137]. Patients with 
comorbidities or with life-threatening VTE often 
require admission and inpatient hospital treat-
ment [9].

Aspirin alone has been of minimal benefit for 
the prevention of thrombotic APS manifestations 
in patients who have experienced previous events 
[138, 139]. Although thrombotic events are 
unlikely in the absence of additional risk factors 
for thrombosis, some studies suggested that aspi-
rin (81  mg/day) reduces the thrombotic risk in 
(aPL)-positive individuals. It should be noted that 
among patients with aCL antibodies, the higher 
the titer, the greater is possibly the risk of throm-
bosis [140]. It is therefore reasonable to consider 
primary prophylaxis using low-dose aspirin in 
patients with concomitant connective tissue dis-
eases or other risk factors such as cardiovascular 
or genetic risks. Every attempt should be made to 
address modifiable risk factors for thrombosis 
such as thrombogenic medications, cigarette 
smoking, or venous stasis [141]. Other antiplatelet 
agents or dual antiplatelet therapy are not currently 
recommended [142]. The special task force of the 
13th International Congress on Antiphospholipid 
Antibodies recommended that asymptomatic aPL 
carriers follow a strict control of cardiovascular 
risk factors and thromboprophylaxis using a low 
molecular weight heparin (LMWH) in the context 
of any added risk for thrombosis [143].

The usual approach to treat a venous throm-
botic episode in a patient with APS is to initiate 
treatment with heparin or LMWH that is bridged 
to a lifelong warfarin therapy maintaining an INR 
between 2.0 and 3.0. High-intensity therapy 
(aiming at an INR 3.0–4.0) is associated with no 
demonstrable additional benefit and may be 
harmful [144, 145]. In occasional patients with a 
first venous event, a known transient precipitat-
ing factor, and a low aPL titer, treating for a more 
defined period, such as 6 months, may be accept-
able [143]. Treatment failure with recurrence is 
observed in 7% of cases and major bleeding 
reported in around 2–3% of cases per year. If 
thrombotic events recur during warfarin therapy 

despite therapeutic INR levels, a high-intensity 
approach or the addition of low-dose aspirin may 
be considered.

In the context of active infections when sys-
temic antibiotics are used in conjunction to war-
farin, close monitoring of the INR is needed as 
many antibiotics can disturb the vitamin 
K-producing bacteria within the gut microbiome 
resulting in an enhanced warfarin action. 
Furthermore, antimicrobials may also inhibit 
cytochrome p450 (CYP450) enzymes (primarily 
CYP2C9 and 3A4), which are responsible for the 
metabolism of warfarin [145]. The antibiotics 
most likely to interfere with warfarin are trime-
thoprim/sulfamethoxazole [TMP/SMX], cipro-
floxacin, levofloxacin, metronidazole, 
fluconazole, azithromycin, and clarithromycin, 
whereas low-risk agents include clindamycin, 
cephalexin, and penicillin G [31, 146]. 
Presumptive warfarin dose reductions in an 
attempt to avoid supra-therapeutic INRs in 
patients being prescribed antibiotics should be 
considered only in the presence of the antibiotics 
TMP/SMX and metronidazole [145, 146].

The treatment of arterial thrombosis is more 
controversial as some investigators have advo-
cated the use of a combination of warfarin target-
ing an INR of 2.0–3.0  in combination with 
aspirin, whereas others have suggested a high- 
intensity warfarin therapeutic regimen [146–
149]. It is reasonable to consider aspirin 
prophylaxis for patients with transient ischemic 
attacks associated with aPLs, whereas patients 
meeting the criteria for APS should be treated 
with warfarin targeting an INR of 2.0–3.0. For 
those with recurrent strokes despite “adequate” 
anticoagulation, a higher INR strategy or adding 
ASA 81 mg or switching to heparin can be con-
sidered [150].

With cardiac involvement, low-dose aspirin 
(81 mg/day) is suggested in patients with echo-
cardiographic evidence of valvular thickening 
without clinical features of systemic emboliza-
tion, whereas heparin followed by warfarin anti-
coagulation (target INR 2.0–3.0) is suggested for 
patients with echocardiographic evidence of veg-
etations, clinical evidence of systemic emboliza-
tion, or aPL-associated MI [151].
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Thrombocytopenia in APS is believed to result 
from binding of aPLs to platelet-associated phos-
pholipids and requires no treatment if mild, 
although some data suggest a beneficial effect of 
anticoagulation [152]. Marked thrombocytope-
nia, on the other hand, should be managed as 
immune thrombocytopenia [153], whereas 
thrombocytopenia occurring in the context of a 
thrombotic microangiopathy is best addressed by 
plasma exchange.

Pregnancy-associated disorders are best 
treated with LMWH with or without aspirin. 
Warfarin is a teratogen and should be avoided 
long before the decision to conceive is made.

The management of CAPS necessitates the 
integration of our entire therapeutic arsenal, and 
the prognosis is guarded with a high mortality in 
the range of 30% [154]. Any identifiable infec-
tion, whether bacterial, fungal, or viral, that may 
have precipitated CAPS [155] should be treated 
promptly with the appropriate antimicrobial ther-
apy, if possible. The treatment is generally 
directed at addressing thrombotic events and sup-
pressing the cytokine cascade. This typically 
involves a combination of anticoagulants, sys-
temic glucocorticoids, plasma exchange, and/or 
intravenous immune globulin [156]. Several case 
reports described the use of rituximab in resistant 
cases [157] or eculizumab in recurrent cases 
[158]. Barratt and his group applied eculizumab 
to treat a case of CAPS with remarkable improve-
ment. When the drug was decreased abruptly, the 
patient experienced a serious relapse that was 
rapidly reversed following eculizumab rechal-
lenge [42].

 Summary and Conclusions

In summary, patients who survive the initial epi-
sode that leads to the diagnosis of APS remain at 
risk for recurrent events. Currently available 
treatments (oral anticoagulation or aspirin) may 
reduce, but do not eliminate, the risk of recurrent 
thrombotic, thromboembolic, or obstetrical 
adverse outcomes, and sometimes these events 
are fatal. Prompt treatment of infections in 
patients with aPLs in the absence of a full-blown 

APS may prevent the second hit needed for APS 
to develop.

The complex ecosystem which coevolved 
with humans comprises trillions of microbes with 
thousands of species which sustain a state of tol-
erance, promoting anti-inflammation. Any break 
in tolerance with microbial mimicry, PAMPs/
MAMPs over-activating TLRs, diet-related 
metabolites from the microbiota, and the genera-
tion of cytokines can lead to activation of the 
immune system and initiation of autoimmune 
processes. Given the relation between aPLs and 
microbes, it is likely that the microbiota might 
play a role in the development and evolution of 
APS. The importance of complement activation 
and the activation of coagulation in APS and its 
progression to CAPS may also be partly influ-
enced by our microbiota. A deeper understanding 
of host-microbiota interactions and the impact of 
infections on autoimmune-prone hosts may help 
in better understanding the pathophysiology of 
autoimmune diseases including APS.  Targeting 
the microbiota or some of the mediators that 
interact with the immune system may offer future 
potential therapeutic targets in the management 
of APS.

References

 1. Pengo V, Ruffatti A, Legnani C, et  al. Incidence 
of a first thromboembolic event in asymptomatic 
carriers of high-risk antiphospholipid antibody 
profile: a multicenter prospective study. Blood. 
2011;118(17):4714–8.

 2. Merrill JT, Zhang HW, Shen C, et al. Enhancement 
of protein S anticoagulant function by beta2- 
glycoprotein I, a major target antigen of antiphos-
pholipid antibodies: beta2-glycoprotein I interferes 
with binding of protein S to its plasma inhibi-
tor, C4b-binding protein. Thromb Haemost. 
1999;81(5):748–57.

 3. Andreoli L, Chighizola CB, Banzato A, et  al. 
Estimated frequency of antiphospholipid antibod-
ies in patients with pregnancy morbidity, stroke, 
myocardial infarction, and deep vein thrombosis: a 
critical review of the literature. Arthritis Care Res 
(Hoboken). 2013;65(11):1869–73.

 4. Macklon NS, Geraedts JP, Fauser BC. Conception 
to ongoing pregnancy: the ‘black box’ of early 
pregnancy loss. Hum Reprod Update. 2002;8(4): 
333–43.

G. Ragab et al.



317

 5. Stephenson MD.  Frequency of factors associated 
with habitual abortion in 197 couples. Fertil Steril. 
1996;66(1):24–9.

 6. Martin JA, Hamilton BE, Ventura SJ, et  al. 
Births: final data for 2009. Natl Vital Stat Rep. 
2011;60(1):1–70.

 7. Roger VL, Go AS, Lloyd-Jones DM, et  al. 
Executive summary: heart disease and stroke statis-
tics—2012 update: a report from the American Heart 
Association. Circulation. 2012;125(1):188–97.

 8. White RH.  The epidemiology of venous throm-
boembolism. Circulation. 2003;107(23 Suppl 1): 
I4–8.

 9. www.census.gov/population/www/cen2010/glance/
index.html. Accessed 19 Oct 2015.

 10. Urbanus RT, Derksen RH, de Groot PG.  Platelets 
and the antiphospholipid syndrome. Lupus. 
2008;17(10):888–94.

 11. Chen PP, Giles I. Antibodies to serine proteases in 
the antiphospholipid syndrome. Curr Rheumatol 
Rep. 2010;12(1):45–52.

 12. Raschi E, Borghi MO, Grossi C, et  al. Toll- 
like receptors: another player in the pathogen-
esis of the anti-phospholipid syndrome. Lupus. 
2008;17(10):937–42.

 13. Kinev AV, Roubey RA. Tissue factor in the antiphos-
pholipid syndrome. Lupus. 2008;17(10):952–8.

 14. Bu C, Gao L, Xie W, et  al. beta2-glycoprotein 
i is a cofactor for tissue plasminogen activator- 
mediated plasminogen activation. Arthritis Rheum. 
2009;60(2):559–68.

 15. Forastiero R, Martinuzzo M.  Prothrombotic 
mechanisms based on the impairment of fibrino-
lysis in the antiphospholipid syndrome. Lupus. 
2008;17(10):872–7.

 16. Mackworth-Young CG.  Antiphospholipid syn-
drome: multiple mechanisms. Clin Exp Immunol. 
2004;136(3):393–401.

 17. Shibata S, Harpel PC, Gharavi A, et  al. 
Autoantibodies to heparin from patients with 
antiphospholipid antibody syndrome inhibit forma-
tion of antithrombin III-thrombin complexes. Blood. 
1994;83(9):2532–40.

 18. Galli M.  Non beta 2-glycoprotein I cofac-
tors for antiphospholipid antibodies. Lupus. 
1996;5(5):388–92.

 19. Bidot CJ, Jy W, Horstman LL, et al. Factor VII/VIIa: 
a new antigen in the anti-phospholipid antibody syn-
drome. Br J Haematol. 2003;120(4):618–26.

 20. Jones DW, MacKie IJ, Gallimore MJ, et  al. 
Antibodies to factor XII and recurrent fetal loss in 
patients with the anti-phospholipid syndrome. Br J 
Haematol. 2001;113(2):550–2.

 21. Rand JH, Wu XX, Lapinski R, et  al. Detection 
of antibody-mediated reduction of annexin A5 
anticoagulant activity in plasmas of patients 
with the antiphospholipid syndrome. Blood. 
2004;104(9):2783–90.

 22. Cesarman-Maus G, Rios-Luna NP, Deora AB, et al. 
Autoantibodies against the fibrinolytic receptor, 

annexin 2, in antiphospholipid syndrome. Blood. 
2006;107(11):4375–82.

 23. Munoz-Rodriguez FJ, Reverter JC, Font J, et  al. 
Prevalence and clinical significance of antipro-
thrombin antibodies in patients with systemic lupus 
erythematosus or with primary antiphospholipid 
syndrome. Haematologica. 2000;85(6):632.

 24. Satoh A, Suzuki K, Takayama E, et al. Detection of 
anti-annexin IV and V antibodies in patients with 
antiphospholipid syndrome and systemic lupus ery-
thematosus. J Rheumatol. 1999;26(8):1715–20.

 25. Bertolaccini ML, Sanna G, Ralhan S, et  al. 
Antibodies directed to protein S in patients with sys-
temic lupus erythematosus: prevalence and clinical 
significance. Thromb Haemost. 2003;90(4):636–41.

 26. Cugno M, Cabibbe M, Galli M, et al. Antibodies to 
tissue-type plasminogen activator (tPA) in patients 
with antiphospholipid syndrome: evidence of interac-
tion between the antibodies and the catalytic domain 
of tPA in 2 patients. Blood. 2004;103(6):2121–6.

 27. Sebastiani GD, Iuliano A, Cantarini L, et al. Genetic 
aspects of the antiphospholipid syndrome: an update. 
Autoimmun Rev. 2016;15(5):433–9.

 28. Chen X, Liang PY, Li GG, et  al. Association of 
HLA-DQ alleles with the presence of an anti-beta2- 
glycoprotein I antibody in patients with recurrent 
miscarriage. HLA. 2016;87(1):19–24.

 29. Yin H, Borghi MO, Delgado-Vega AM, et  al. 
Association of STAT4 and BLK, but not BANK1 
or IRF5, with primary antiphospholipid syndrome. 
Arthritis Rheum. 2009;60(8):2468–71.

 30. Sanchez ML, Katsumata K, Atsumi T, et  al. 
Association of HLA-DM polymorphism with the 
production of antiphospholipid antibodies. Ann 
Rheum Dis. 2004;63(12):1645–8.

 31. Ochoa E, Iriondo M, Bielsa A, et  al. Thrombotic 
antiphospholipid syndrome shows strong haplotypic 
association with SH2B3-ATXN2 locus. PLoS One. 
2013;8(7):e67897.

 32. Goldberg SN, Conti-Kelly AM, Greco TP.  A fam-
ily study of anticardiolipin antibodies and associated 
clinical conditions. Am J Med. 1995;99(5):473–9.

 33. Lundstrom E, Gustafsson JT, Jonsen A, et  al. 
HLA-DRB1*04/*13 alleles are associated with 
vascular disease and antiphospholipid antibodies 
in systemic lupus erythematosus. Ann Rheum Dis. 
2013;72(6):1018–25.

 34. Jimenez S, Tassies D, Espinosa G, et al. Double het-
erozygosity polymorphisms for platelet glycopro-
teins Ia/IIa and IIb/IIIa increases arterial thrombosis 
and arteriosclerosis in patients with the antiphospho-
lipid syndrome or with systemic lupus erythemato-
sus. Ann Rheum Dis. 2008;67(6):835–40.

 35. Karassa FB, Bijl M, Davies KA, et  al. Role of 
the Fcgamma receptor IIA polymorphism in the 
antiphospholipid syndrome: an international meta- 
analysis. Arthritis Rheum. 2003;48(7):1930–8.

 36. Hirose N, Williams R, Alberts AR, et  al. A role 
for the polymorphism at position 247 of the beta2- 
glycoprotein I gene in the generation of anti-beta2- 

22 Antiphospholipid Syndrome

http://www.census.gov/population/www/cen2010/glance/index.html
http://www.census.gov/population/www/cen2010/glance/index.html


318

glycoprotein I antibodies in the antiphospholipid 
syndrome. Arthritis Rheum. 1999;42(8):1655–61.

 37. Brouwer JL, Bijl M, Veeger NJ, et al. The contribu-
tion of inherited and acquired thrombophilic defects, 
alone or combined with antiphospholipid antibod-
ies, to venous and arterial thromboembolism in 
patients with systemic lupus erythematosus. Blood. 
2004;104(1):143–8.

 38. Nojima J, Kuratsune H, Suehisa E, et al. Acquired 
activated protein C resistance is associated with 
the co-existence of anti-prothrombin antibodies 
and lupus anticoagulant activity in patients with 
systemic lupus erythematosus. Br J Haematol. 
2002;118(2):577–83.

 39. Cuadrado MJ, Lopez-Pedrera C, Khamashta MA, 
et al. Thrombosis in primary antiphospholipid syn-
drome: a pivotal role for monocyte tissue factor 
expression. Arthritis Rheum. 1997;40(5):834–41.

 40. Erkan D, Lockshin MD.  What is antiphospholipid 
syndrome? Curr Rheumatol Rep. 2004;6(6):451–7.

 41. Motykie GD, Caprini JA, Arcelus JI, et al. Risk fac-
tor assessment in the management of patients with 
suspected deep venous thrombosis. Int Angiol. 
2000;19(1):47–51.

 42. Barratt-Due A, Floisand Y, Orrem HL, et  al. 
Complement activation is a crucial pathogenic fac-
tor in catastrophic antiphospholipid syndrome. 
Rheumatology (Oxford). 2016;55(7):1337–9.

 43. Cervera R, Font J, Gomez-Puerta JA, et al. Validation 
of the preliminary criteria for the classification 
of catastrophic antiphospholipid syndrome. Ann 
Rheum Dis. 2005;64(8):1205–9.

 44. Dignat-George F, Camoin-Jau L, Sabatier F, 
et  al. Endothelial microparticles: a potential con-
tribution to the thrombotic complications of the 
antiphospholipid syndrome. Thromb Haemost. 
2004;91(4):667–73.

 45. Ambrozic A, Bozic B, Kveder T, et  al. Budding, 
vesiculation and permeabilization of phospholipid 
membranes-evidence for a feasible physiologic 
role of beta2-glycoprotein I and pathogenic actions 
of anti-beta2-glycoprotein I antibodies. Biochim 
Biophys Acta. 2005;1740(1):38–44.

 46. Morel O, Jesel L, Freyssinet JM, et al. Elevated lev-
els of procoagulant microparticles in a patient with 
myocardial infarction, antiphospholipid antibod-
ies and multifocal cardiac thrombosis. Thromb J. 
2005;3:15.

 47. Oku K, Atsumi T, Bohgaki M, et  al. Complement 
activation in patients with primary antiphospholipid 
syndrome. Ann Rheum Dis. 2009;68(6):1030–5.

 48. Salmon JE, Girardi G, Holers VM.  Activation of 
complement mediates antiphospholipid antibody- 
induced pregnancy loss. Lupus. 2003;12(7):535–8.

 49. Girardi G, Berman J, Redecha P, et al. Complement 
C5a receptors and neutrophils mediate fetal injury 
in the antiphospholipid syndrome. J Clin Invest. 
2003;112(11):1644–54.

 50. Triplett DA.  Many faces of lupus anticoagulants. 
Lupus. 1998;7(Suppl 2):S18–22.

 51. Dlott JS, Roubey RA.  Drug-induced lupus anti-
coagulants and antiphospholipid antibodies. Curr 
Rheumatol Rep. 2012;14(1):71–8.

 52. Vassalo J, Spector N, de Meis E, et  al. 
Antiphospholipid antibodies in critically ill patients 
with cancer: a prospective cohort study. J Crit Care. 
2014;29(4):533–8.

 53. Pascual V, Chaussabel D, Banchereau J. A genomic 
approach to human autoimmune diseases. Annu Rev 
Immunol. 2010;28:535–71.

 54. Vieira SM, Pagovich OE, Kriegel MA.  Diet, 
microbiota and autoimmune diseases. Lupus. 
2014;23(6):518–26.

 55. Ochoa-Reparaz J, Mielcarz DW, Wang Y, et  al. 
A polysaccharide from the human commensal 
Bacteroides fragilis protects against CNS demyelin-
ating disease. Mucosal Immunol. 2010;3(5):487–95.

 56. Goubran HA. Interferon therapy: from cell signaling 
to haematological side effects. Dig Liver Dis Suppl. 
2009;3(1):13–6.

 57. Grenn RC, Yalavarthi S, Gandhi AA, et  al. 
Endothelial progenitor dysfunction associates with a 
type I interferon signature in primary antiphospho-
lipid syndrome. Ann Rheum Dis. 2017;76(2):450–7.

 58. Harris EN, Gharavi AE, Loizou S, et  al. 
Crossreactivity of antiphospholipid antibodies. J 
Clin Lab Immunol. 1985;16(1):1–6.

 59. Costello PB, Green FA. Reactivity patterns of human 
anticardiolipin and other antiphospholipid antibodies 
in syphilitic sera. Infect Immun. 1986;51(3):771–5.

 60. McNeil HP, Chesterman CN, Krilis SA. Immunology 
and clinical importance of antiphospholipid antibod-
ies. Adv Immunol. 1991;49:193–280.

 61. Erkan D, Derksen WJ, Kaplan V, et al. Real world 
experience with antiphospholipid antibody tests: 
how stable are results over time? Ann Rheum Dis. 
2005;64(9):1321–5.

 62. Vila P, Hernandez MC, Lopez-Fernandez MF, et al. 
Prevalence, follow-up and clinical significance of 
the anticardiolipin antibodies in normal subjects. 
Thromb Haemost. 1994;72(2):209–13.

 63. Adebajo AO, Charles P, Maini RN, et  al. 
Autoantibodies in malaria, tuberculosis and hepatitis 
B in a west African population. Clin Exp Immunol. 
1993;92(1):73–6.

 64. Elkayam O, Caspi D, Lidgi M, et al. Auto-antibody 
profiles in patients with active pulmonary tuberculo-
sis. Int J Tuberc Lung Dis. 2007;11(3):306–10.

 65. Elkayam O, Bendayan D, Segal R, et al. The effect 
of anti-tuberculosis treatment on levels of anti- 
phospholipid and anti-neutrophil cytoplasmatic 
antibodies in patients with active tuberculosis. 
Rheumatol Int. 2013;33(4):949–53.

 66. Ghosh K, Shetty S. Deep venous thrombosis asso-
ciated with antiphospholipid antibodies following 
tuberculosis lymphadenitis in a predisposed patient. 
Blood Coagul Fibrinolysis. 2008;19(5):464–5.

 67. Stricker RB, Johnson L. Antiphospholipid antibod-
ies in patients with persistent Lyme disease symp-
toms. Lupus. 2012;21(3):346–7.

G. Ragab et al.



319

 68. Kupferwasser LI, Hafner G, Mohr-Kahaly S, et al. 
The presence of infection-related antiphospholipid 
antibodies in infective endocarditis determines a 
major risk factor for embolic events. J Am Coll 
Cardiol. 1999;33(5):1365–71.

 69. Bojalil R, Mazon-Gonzalez B, Carrillo-Cordova JR, 
et al. Frequency and clinical significance of a vari-
ety of autoantibodies in patients with definite infec-
tive endocarditis. J Clin Rheumatol. 2012;18(2): 
67–70.

 70. McNally T, Purdy G, Mackie IJ, et  al. The use of 
an anti-beta 2-glycoprotein-I assay for discrimina-
tion between anticardiolipin antibodies associated 
with infection and increased risk of thrombosis. Br J 
Haematol. 1995;91(2):471–3.

 71. Santiago M, Martinelli R, Ko A, et  al. Anti-beta2 
glycoprotein I and anticardiolipin antibodies in 
leptospirosis, syphilis and Kala-azar. Clin Exp 
Rheumatol. 2001;19(4):425–30.

 72. Galli L, Gerdes VE, Guasti L, et  al. Thrombosis 
associated with viral hepatitis. J Clin Transl Hepatol. 
2014;2(4):234–9.

 73. Prieto J, Yuste JR, Beloqui O, et al. Anticardiolipin 
antibodies in chronic hepatitis C: implication of 
hepatitis C virus as the cause of the antiphospholipid 
syndrome. Hepatology. 1996;23(2):199–204.

 74. Leroy V, Arvieux J, Jacob MC, et al. Prevalence and 
significance of anticardiolipin, anti-beta2 glycopro-
tein I and anti-prothrombin antibodies in chronic 
hepatitis C. Br J Haematol. 1998;101(3):468–74.

 75. Munoz-Rodriguez FJ, Tassies D, Font J, et  al. 
Prevalence of hepatitis C virus infection in patients 
with antiphospholipid syndrome. J Hepatol. 
1999;30(5):770–3.

 76. Von Landenberg P, Lehmann HW, Knoll A, et  al. 
Antiphospholipid antibodies in pediatric and adult 
patients with rheumatic disease are associated 
with parvovirus B19 infection. Arthritis Rheum. 
2003;48(7):1939–47.

 77. Roszkiewicz J, Smolewska E. Kaleidoscope of auto-
immune diseases in HIV infection. Rheumatol Int. 
2016;36(11):1481–91.

 78. Gomes LR, Martins YC, Ferreira-da-Cruz MF, et al. 
Autoimmunity, phospholipid-reacting antibodies 
and malaria immunity. Lupus. 2014;23(12):1295–8.

 79. Munz C, Lunemann JD, Getts MT, et  al. Antiviral 
immune responses: triggers of or triggered by auto-
immunity? Nat Rev Immunol. 2009;9(4):246–58.

 80. Ruff WE, Kriegel MA. Autoimmune host- microbiota 
interactions at barrier sites and beyond. Trends Mol 
Med. 2015;21(4):233–44.

 81. Wu HJ, Ivanov II, Darce J, et  al. Gut-residing 
segmented filamentous bacteria drive autoim-
mune arthritis via T helper 17 cells. Immunity. 
2010;32(6):815–27.

 82. Lee YK, Menezes JS, Umesaki Y, et  al. 
Proinflammatory T-cell responses to gut microbiota 
promote experimental autoimmune encephalomy-
elitis. Proc Natl Acad Sci U S A. 2011;108(Suppl 
1):4615–22.

 83. Kriegel MA, Sefik E, Hill JA, et al. Naturally trans-
mitted segmented filamentous bacteria segregate 
with diabetes protection in nonobese diabetic mice. 
Proc Natl Acad Sci U S A. 2011;108(28):11548–53.

 84. Yurkovetskiy L, Burrows M, Khan AA, et al. Gender 
bias in autoimmunity is influenced by microbiota. 
Immunity. 2013;39(2):400–12.

 85. Ericsson AC, Hagan CE, Davis DJ, et al. Segmented 
filamentous bacteria: commensal microbes 
with potential effects on research. Comp Med. 
2014;64(2):90–8.

 86. Ivanov K II, Atarashi NM, et al. Induction of intes-
tinal Th17 cells by segmented filamentous bacteria. 
Cell. 2009;139(3):485–98.

 87. Burkett PR, Meyer zu Horste G, Kuchroo 
VK.  Pouring fuel on the fire: Th17 cells, the 
environment, and autoimmunity. J Clin Invest. 
2015;125(6):2211–9.

 88. Craft JE.  Follicular helper T cells in immunity 
and systemic autoimmunity. Nat Rev Rheumatol. 
2012;8(6):337–47.

 89. Popovic-Kuzmanovic D, Novakovic I, Stojanovich 
L, et  al. Increased activity of interleukin-23/inter-
leukin- 17 cytokine axis in primary antiphospholipid 
syndrome. Immunobiology. 2013;218(2):186–91.

 90. Yang Y, Torchinsky MB, Gobert M, et  al. 
Focused specificity of intestinal TH17 cells 
towards commensal bacterial antigens. Nature. 
2014;510(7503):152–6.

 91. Sano T, Huang W, Hall JA, et  al. An IL-23R/
IL-22 circuit regulates epithelial serum amyloid 
a to promote local effector Th17 responses. Cell. 
2015;163(2):381–93.

 92. Atarashi K, Tanoue T, Ando M, et  al. Th17 cell 
induction by adhesion of microbes to intestinal epi-
thelial cells. Cell. 2015;163(2):367–80.

 93. Horai R, Zarate-Blades CR, Dillenburg-Pilla P, 
et  al. Microbiota-dependent activation of an auto-
reactive T cell receptor provokes autoimmunity 
in an immunologically privileged site. Immunity. 
2015;43(2):343–53.

 94. Zarate-Blades CR, Horai R, Mattapallil MJ, et  al. 
Gut microbiota as a source of a surrogate antigen 
that triggers autoimmunity in an immune privileged 
site. Gut Microbes. 2017;8(1):59–66.

 95. Round JL, Mazmanian SK. Inducible Foxp3+ regu-
latory T-cell development by a commensal bacte-
rium of the intestinal microbiota. Proc Natl Acad Sci 
U S A. 2010;107(27):12204–9.

 96. Wang Y, Telesford KM, Ochoa-Reparaz J, et al. An 
intestinal commensal symbiosis factor controls neu-
roinflammation via TLR2-mediated CD39 signal-
ling. Nat Commun. 2014;5:4432.

 97. Sears CL, Geis AL, Housseau F.  Bacteroides fra-
gilis subverts mucosal biology: from symbiont to 
colon carcinogenesis. J Clin Invest. 2014;124(10): 
4166–72.

 98. Cummings JH, Pomare EW, Branch WJ, et al. Short 
chain fatty acids in human large intestine, portal, 
hepatic and venous blood. Gut. 1987;28(10):1221–7.

22 Antiphospholipid Syndrome



320

 99. Rooks MG, Garrett WS.  Gut microbiota, metab-
olites and host immunity. Nat Rev Immunol. 
2016;16(6):341–52.

 100. Trompette A, Gollwitzer ES, Yadava K, et  al. Gut 
microbiota metabolism of dietary fiber influences 
allergic airway disease and hematopoiesis. Nat Med. 
2014;20(2):159–66.

 101. Smith PM, Howitt MR, Panikov N, et  al. The 
microbial metabolites, short-chain fatty acids, 
regulate colonic Treg cell homeostasis. Science. 
2013;341(6145):569–73.

 102. Maslowski KM, Vieira AT, Ng A, et al. Regulation 
of inflammatory responses by gut microbiota 
and chemoattractant receptor GPR43. Nature. 
2009;461(7268):1282–6.

 103. Singh N, Gurav A, Sivaprakasam S, et al. Activation 
of Gpr109a, receptor for niacin and the commensal 
metabolite butyrate, suppresses colonic inflammation 
and carcinogenesis. Immunity. 2014;40(1):128–39.

 104. Dal Ben ER, do Prado CH, Baptista TS, et  al. 
Decreased levels of circulating CD4+CD25+Foxp3+ 
regulatory T cells in patients with primary 
antiphospholipid syndrome. J Clin Immunol. 
2013;33(4):876–9.

 105. Manfredo Vieira S, Hiltensperger M, Kumar V, et al. 
Translocation of a gut pathobiont drives autoimmunity 
in mice and humans. Science. 2018;359:1156–61.

 106. Blank M, Krause I, Fridkin M, et  al. Bacterial 
induction of autoantibodies to beta2-glycoprotein-I 
accounts for the infectious etiology of antiphospho-
lipid syndrome. J Clin Invest. 2002;109(6):797–804.

 107. Gharavi AE, Pierangeli SS, Espinola RG, et  al. 
Antiphospholipid antibodies induced in mice by 
immunization with a cytomegalovirus-derived pep-
tide cause thrombosis and activation of endothelial 
cells in vivo. Arthritis Rheum. 2002;46(2):545–52.

 108. Blank M, Shoenfeld Y, Cabilly S, et al. Prevention of 
experimental antiphospholipid syndrome and endo-
thelial cell activation by synthetic peptides. Proc 
Natl Acad Sci U S A. 1999;96(9):5164–8.

 109. Ausubel LJ, Kwan CK, Sette A, et al. Complementary 
mutations in an antigenic peptide allow for crossre-
activity of autoreactive T-cell clones. Proc Natl Acad 
Sci U S A. 1996;93(26):15317–22.

 110. Wooldridge L, Ekeruche-Makinde J, van den Berg 
HA, et al. A single autoimmune T cell receptor rec-
ognizes more than a million different peptides. J Biol 
Chem. 2012;287(2):1168–77.

 111. Li J, Jia H, Cai X, et  al. An integrated catalog of 
reference genes in the human gut microbiome. Nat 
Biotechnol. 2014;32(8):834–41.

 112. Dangl JL, Wensel TG, Morrison SL, et al. Segmental 
flexibility and complement fixation of genetically 
engineered chimeric human, rabbit and mouse anti-
bodies. EMBO J. 1988;7(7):1989–94.

 113. Kau AL, Ahern PP, Griffin NW, et al. Human nutri-
tion, the gut microbiome and the immune system. 
Nature. 2011;474(7351):327–36.

 114. Cheng S, He C, Zhou H, et  al. The effect of toll- 
like receptor 4 on beta2-glycoprotein I-induced 

B cell activation in mouse model. Mol Immunol. 
2016;71:78–86.

 115. Mulla MJ, Brosens JJ, Chamley LW, et  al. 
Antiphospholipid antibodies induce a pro- 
inflammatory response in first trimester tropho-
blast via the TLR4/MyD88 pathway. Am J Reprod 
Immunol. 2009;62(2):96–111.

 116. Foley JH.  Examining coagulation-complement 
crosstalk: complement activation and thrombosis. 
Thromb Res. 2016;141(Suppl 2):S50–4.

 117. Chehoud C, Rafail S, Tyldsley AS, et  al. 
Complement modulates the cutaneous microbiome 
and inflammatory milieu. Proc Natl Acad Sci U S A. 
2013;110(37):15061–6.

 118. Oku K, Nakamura H, Kono M, et al. Complement 
and thrombosis in the antiphospholipid syndrome. 
Autoimmun Rev. 2016;15(10):1001–4.

 119. Hajishengallis G, Lambris JD.  Complement and 
dysbiosis in periodontal disease. Immunobiology. 
2012;217(11):1111–6.

 120. Zhu W, Gregory JC, Org E, et  al. Gut microbial 
metabolite TMAO enhances platelet hyperreactivity 
and thrombosis risk. Cell. 2016;165(1):111–24.

 121. Nieuwdorp M, Stroes ES, Meijers JC, et  al. 
Hypercoagulability in the metabolic syndrome. Curr 
Opin Pharmacol. 2005;5(2):155–9.

 122. Vinje S, Stroes E, Nieuwdorp M, et  al. The gut 
microbiome as novel cardio-metabolic target: the 
time has come! Eur Heart J. 2014;35(14):883–7.

 123. Stiksrud B, Nowak P, Nwosu FC, et al. Reduced lev-
els of D-dimer and changes in gut microbiota com-
position after probiotic intervention in HIV-infected 
individuals on stable ART. J Acquir Immune Defic 
Syndr. 2015;70(4):329–37.

 124. Cervera R, Piette JC, Font J, et al. Antiphospholipid 
syndrome: clinical and immunologic manifesta-
tions and patterns of disease expression in a cohort 
of 1,000 patients. Arthritis Rheum. 2002;46(4): 
1019–27.

 125. Uthman I, Godeau B, Taher A, et  al. The hemato-
logic manifestations of the antiphospholipid syn-
drome. Blood Rev. 2008;22(4):187–94.

 126. Yelnik CM, Laskin CA, Porter TF, et  al. Lupus 
anticoagulant is the main predictor of adverse preg-
nancy outcomes in aPL-positive patients: valida-
tion of PROMISSE study results. Lupus Sci Med. 
2016;3(1):e000131.

 127. Hanly JG, Su L, Urowitz MB, et  al. A longitudi-
nal analysis of outcomes of lupus nephritis in an 
international inception cohort using a multistate 
model approach. Arthritis Rheumatol. 2016;68(8): 
1932–44.

 128. Erkan D, Espinosa G, Cervera R.  Catastrophic 
antiphospholipid syndrome: updated diagnostic 
algorithms. Autoimmun Rev. 2010;10(2):74–9.

 129. Cervera R, Khamashta MA, Shoenfeld Y, et  al. 
Morbidity and mortality in the antiphospholipid 
syndrome during a 5-year period: a multicentre pro-
spective study of 1000 patients. Ann Rheum Dis. 
2009;68(9):1428–32.

G. Ragab et al.



321

 130. Ruiz-Irastorza G, Crowther M, Branch W, et al. 
Antiphospholipid syndrome. Lancet. 2010;376(9751): 
1498–509.

 131. Miyakis S, Lockshin MD, Atsumi T, et  al. 
International consensus statement on an update 
of the classification criteria for definite antiphos-
pholipid syndrome (APS). J Thromb Haemost. 
2006;4(2):295–306.

 132. Wilson WA, Gharavi AE, Koike T, et al. International 
consensus statement on preliminary classification 
criteria for definite antiphospholipid syndrome: 
report of an international workshop. Arthritis 
Rheum. 1999;42(7):1309–11.

 133. Segal JB, Streiff MB, Hofmann LV, et  al. 
Management of venous thromboembolism: a sys-
tematic review for a practice guideline. Ann Intern 
Med. 2007;146(3):211–22.

 134. Arachchillage DJ, Cohen H. Use of new oral anti-
coagulants in antiphospholipid syndrome. Curr 
Rheumatol Rep. 2013;15(6):331.

 135. Signorelli F, Nogueira F, Domingues V, et  al. 
Thrombotic events in patients with antiphospholipid 
syndrome treated with rivaroxaban: a series of eight 
cases. Clin Rheumatol. 2016;35(3):801–5.

 136. Haladyj E, Olesinska M. Rivaroxaban – a safe thera-
peutic option in patients with antiphospholipid syn-
drome? Our experience in 23 cases. Reumatologia. 
2016;54(3):146–9.

 137. Wang TF, Lim W. What is the role of hydroxychlo-
roquine in reducing thrombotic risk in patients with 
antiphospholipid antibodies? Hematology Am Soc 
Hematol Educ Program. 2016;2016(1):714–6.

 138. Khamashta MA, Cuadrado MJ, Mujic F, 
et  al. The management of thrombosis in the 
antiphospholipid- antibody syndrome. N Engl J Med. 
1995;332(15):993–7.

 139. Barbhaiya M, Erkan D.  Primary thrombosis pro-
phylaxis in antiphospholipid antibody-positive 
patients: where do we stand? Curr Rheumatol Rep. 
2011;13(1):59–69.

 140. Ruffatti A, Del Ross T, Ciprian M, et al. Risk factors 
for a first thrombotic event in antiphospholipid anti-
body carriers. A multicentre, retrospective follow-up 
study. Ann Rheum Dis. 2009;68(3):397–9.

 141. Ruiz-Irastorza G, Khamashta MA.  The treatment 
of antiphospholipid syndrome: a harmonic con-
trast. Best Pract Res Clin Rheumatol. 2007;21(6): 
1079–92.

 142. Bick RL. Antiphospholipid thrombosis syndromes. 
Hematol Oncol Clin North Am. 2003;17(1):115–47.

 143. Ruiz-Irastorza G, Cuadrado MJ, Ruiz-Arruza I, 
et  al. Evidence-based recommendations for the 
prevention and long-term management of thrombo-
sis in antiphospholipid antibody-positive patients: 
report of a task force at the 13th international 
congress on antiphospholipid antibodies. Lupus. 
2011;20(2):206–18.

 144. Onysko M, Holcomb N, Hornecker J.  Antibiotic 
interactions: answers to 4 common questions. J Fam 
Pract. 2016;65(7):442–8.

 145. PL Detail-Document #280806. Antimicrobial drug 
interactions with warfarin. Pharmacist’s Letter/
Prescriber’s Letter. 2012.

 146. Lane MA, Zeringue A, McDonald JR.  Serious 
bleeding events due to warfarin and antibiotic co- 
prescription in a cohort of veterans. Am J Med. 
2014;127(7):657–663.e2.

 147. Crowther MA, Ginsberg JS, Julian J, et al. A com-
parison of two intensities of warfarin for the pre-
vention of recurrent thrombosis in patients with the 
antiphospholipid antibody syndrome. N Engl J Med. 
2003;349(12):1133–8.

 148. Finazzi G, Marchioli R, Brancaccio V, et al. A ran-
domized clinical trial of high-intensity warfarin vs. 
conventional antithrombotic therapy for the pre-
vention of recurrent thrombosis in patients with 
the antiphospholipid syndrome (WAPS). J Thromb 
Haemost. 2005;3(5):848–53.

 149. Ruiz-Irastorza G, Hunt BJ, Khamashta MA. A sys-
tematic review of secondary thromboprophylaxis in 
patients with antiphospholipid antibodies. Arthritis 
Rheum. 2007;57(8):1487–95.

 150. Petri M. Pathogenesis and treatment of the antiphos-
pholipid antibody syndrome. Med Clin North Am. 
1997;81(1):151–77.

 151. Whitlock RP, Sun JC, Fremes SE, et  al. 
Antithrombotic and thrombolytic therapy for val-
vular disease: antithrombotic therapy and preven-
tion of thrombosis, 9th ed: American College of 
Chest Physicians Evidence-Based Clinical Practice 
Guidelines. Chest. 2012;141(2 Suppl):e576S–600S.

 152. Atsumi T, Furukawa S, Amengual O, et  al. 
Antiphospholipid antibody associated thrombocyto-
penia and the paradoxical risk of thrombosis. Lupus. 
2005;14(7):499–504.

 153. Leuzzi RA, Davis GH, Cowchock FS, et  al. 
Management of immune thrombocytopenic purpura 
associated with the antiphospholipid antibody syn-
drome. Clin Exp Rheumatol. 1997;15(2):197–200.

 154. Bucciarelli S, Espinosa G, Cervera R, et al. Mortality 
in the catastrophic antiphospholipid syndrome: 
causes of death and prognostic factors in a series of 
250 patients. Arthritis Rheum. 2006;54(8):2568–76.

 155. Garcia-Carrasco M, Mendoza-Pinto C, Macias-Diaz 
S, et al. The role of infectious diseases in the cata-
strophic antiphospholipid syndrome. Autoimmun 
Rev. 2015;14(11):1066–71.

 156. Cervera R, Rodriguez-Pinto I, Colafrancesco S, 
et  al. 14th international congress on antiphospho-
lipid antibodies task force report on catastrophic 
antiphospholipid syndrome. Autoimmun Rev. 
2014;13(7):699–707.

 157. Rubenstein E, Arkfeld DG, Metyas S, et  al. 
Rituximab treatment for resistant antiphospholipid 
syndrome. J Rheumatol. 2006;33(2):355–7.

 158. Shapira I, Andrade D, Allen SL, et al. Brief report: 
induction of sustained remission in recurrent cata-
strophic antiphospholipid syndrome via inhibition 
of terminal complement with eculizumab. Arthritis 
Rheum. 2012;64(8):2719–23.

22 Antiphospholipid Syndrome



323© Springer International Publishing AG, part of Springer Nature 2018 
G. Ragab et al. (eds.), The Microbiome in Rheumatic Diseases and Infection, 
https://doi.org/10.1007/978-3-319-79026-8_23

Sjögren’s Syndrome

Luca Quartuccio, Saviana Gandolfo, 
Sara Zandonella Callegher, and Salvatore De Vita

Abbreviations

AhR Aryl hydrocarbon receptor
ATL Adult T-cell leukaemia-lymphoma
BAFF B-cell activating factor
CMV Cytomegalovirus
Cp Chlamydia psittaci
CV Coxsackievirus
EBV Epstein-Barr virus
GC Germinal centre
GPCR G-protein-coupled receptor
HAM/TSP HTLV-1 associated myelopathy/

tropical spastic paraparesis
HBV Hepatitis B virus
HCV Hepatitis C virus
HIV Human immunodeficiency virus
HP Helicobacter pylori
HTLV-1 Human T-lymphotropic virus type 1
MALT Mucosa-associated lymphoid 

tissue
MCMV Murine CMV
MESA Myoepithelial sialadenitis
NHL Non-Hodgkin lymphoma
SG Salivary gland
SLE Systemic lupus erythematosus
SS Sjögren’s syndrome

 Introduction: The Link Between 
Infections and Sjögren’s Syndrome 
Pathogenesis

Sjögren’s syndrome (SS) is a chronic autoim-
mune disease, more prevalent in women, affecting 
exocrine glands, mostly salivary and lacrimal 
glands, but also extraglandular tissues and organs. 
SS is characterized by quite specific autoantibod-
ies, namely anti-Ro (SSA), anti-La (SSB), and by 
chronic lymphocytic infiltrates in exocrine glands. 
Ro/SSA and La/SSB represent heterogeneous 
ribonucleoprotein complexes consisting of anti-
genic proteins (two main proteins of 52  kDa 
[Ro52] and 60 kDa [Ro60] for Ro/SSA and one 
protein of 48  kDa for La/SSB) associated with 
small cytoplasmic RNAs (hYRNAs) [1]. The 
function of Ro/SSA hYRNA complexes is largely 
unknown, while the La/SSB protein has been sug-
gested to participate in the transcription termina-
tion of RNA polymerase III and in the initiation of 
the translation of at least the poliovirus mRNA 
[2]. Several mechanisms, including molecular 
mimicry with viral antigens or antigen- driven 
responses, have been proposed to explain the gen-
esis of these autoantibodies in SS. Furthermore, 
these autoantibodies seem to represent a link 
between SS and systemic lupus erythematosus, 
another autoimmune disease where sicca symp-
toms can be recognized often in association with 
anti-Ro/SSA and/or anti-La/SSB autoantibodies 
(secondary SS). These findings strongly suggest a 
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relationship between the biologic processes that 
generate these specific immunologic responses 
and the autoimmune sicca disorder itself. 
Importantly, viral infections or the induction of 
cellular stress by heat, UV light, and chemicals on 
cultured epithelial cells and keratinocytes have 
been shown to induce the translocation of Ro/
SSA and La/SSB ribonucleoproteins to the cellu-
lar surface [3]. Similarly, in the conjunctival and 
salivary epithelial cells of SS patients, abnormal 
translocation and localization to the outer mem-
branes of the nuclear autoantigens La/SSB have 
also been demonstrated [4]. Additionally, apopto-
sis is another cellular mechanism that possibly 
results in the release of autoantigens that are cap-
tured by antigen- presenting cells and presented to 
the immune cells, thus perpetuating and expand-
ing the immune responses. Interestingly, in mouse 
models of genetic abnormalities in the pro-
grammed cell-death processes (Fas or Fas-ligand 
mutated mice), persistence of autoreactive T-cell 
clones has been shown. Notably, the infection of 
exocrine glands of such mutant mice by epithelio-
tropic viruses may result in chronic inflammatory 
gland lesions [5]. Furthermore, using cultured 
nonneoplastic cell lines, salivary gland epithelial 
cells have been shown to be susceptible to Fas- 
mediated and Fas-unrelated apoptotic death after 
stimulation by interferon-gamma [6]. This finding 
is very interesting since it suggests that epithelial 
cell apoptosis contributes to the glandular lesions 
in SS, either by the action of local infiltrating 
cytotoxic T-cells or via intrinsic mechanisms, 
possibly occurring before lymphocytic infiltra-
tion. On the other hand, recent advances have 
revealed a major role for activation of the type I 
interferon pathway in the pathogenesis of SS, as 
evidenced by the increased circulating type I 
interferon activity and an interferon “signature” in 
peripheral blood mononuclear cells and minor 
salivary gland biopsies from these patients. 
Polymorphisms in genes involved in the inter-
feron-alpha pathway, such as IRF5 and STAT4, 
have been found to be associated with disease sus-
ceptibility. While the initial triggers of the innate 
immune response in SS remain elusive, prelimi-
nary evidence supports the role of inappropriately 
expressed endogenous LINE-1 (L1) retroele-

ments (endogenous virus-like genomic repeat ele-
ments, normally silent), as potential triggers of 
type I interferon activation in SS, as well as in 
other systemic autoimmune diseases, possibly 
through Toll-like receptor (TLR)-dependent or 
TLR-independent pathways [7]. These observa-
tions possibly have uncovered a link between 
infections and autoimmune processes since the 
interferon pathway is also active in the innate 
immune defence against infections. From a clini-
cal point of view, there is a clear relationship 
between infections and SS when considering the 
development of cryoglobulinaemia in the course 
of SS. In fact, cryoglobulinaemic vasculitis is the 
most frequent form of vasculitis in SS, and it has 
been well recognized as one of the most important 
extrahepatic manifestations during HCV infec-
tion. Moreover, both SS and HCV patients are at 
high risk of developing lymphoma, and cryoglob-
ulinaemic vasculitis represents one of the most 
relevant red flags for lymphoma in SS. Importantly, 
SS and HCV infection share a number of features: 
the association with cryoglobulinaemia and with 
serum rheumatoid factor positivity, chronic sali-
vary gland (SG) inflammation, and deep similari-
ties in immunoglobulin gene usage, plus 
homology with rheumatoid factor sequences, by 
the related B-cell lymphoproliferation [8]. 
Research on the role of antigenic stimulation for 
the acquisition of lymphoid tissue and the devel-
opment of specific subtypes of MALT lymphoma 
has identified in bacterial- or viral-triggered activ-
ity the first possible event [9]. The expanded 
B-cell clone, which often uses a combination of 
immunoglobulin genes encoding autoantibodies, 
may in turn become infectious trigger-indepen-
dent, and the eradication of infection may no lon-
ger be sufficient to abolish clonal persistence and 
potential malignant evolution. Infectious triggers 
linked to B-cell lymphomagenesis have been 
identified in Helicobacter pylori (HP), Borrelia 
burgdorferi and B. afzelii, Chlamydia psittaci 
(Cp), and Campylobacter jejuni for gastric, cuta-
neous, ocular adnexal, and small intestinal MALT 
lymphomas, respectively [10–13].

A role for viruses in the activation of B-cells 
in ectopic lymphoid structures of SS glands and 
in lymphomagenesis has been hypothesized. 

L. Quartuccio et al.



325

Croia et  al. [14] recently demonstrated a latent 
Epstein- Barr virus (EBV) infection in B-cells 
and lytic EBV infection in plasma cells exclu-
sively within inflammatory infiltrates of SS sali-
vary gland tissue, suggesting a potential EBV 
contribution to local growth and differentiation 
of self-reacting B-cells. Furthermore, a high 
prevalence of Cp subclinical infection has been 
recently shown in Italian patients with SS with a 
higher frequency of Cp detection in MALT lym-
phoma, as compared to myoepithelial sialadenitis 
(MESA) or to SS patients without a lymphopro-
liferative disease [15].

However, the best example of chronic antigen- 
driven overstimulation of B-cells, as stated 
before, is represented by HCV-related lymphop-
roliferation. In a meta-analysis, SS has been 
associated with HCV [16], even if the presence of 
HCV is an exclusion criterion for primary SS 
(pSS). Epidemiology studies showed a higher 
risk of NHL in patients with chronic HCV infec-
tion compared to healthy subjects [17]. 
Importantly, HCV is sialotropic, and HCV infec-
tion is linked to SG chronic inflammation and to 
sicca syndrome. Hence, HCV-related sicca syn-
drome, especially when positive for anti-SSA/
SSB antibodies, could be considered as a particu-
lar subset of SS associated with a well- recognized 
infectious trigger [8, 18–21].

Active EBV infection appears to cause 
expansion and differentiation of autoreactive 
B-cells in SS. Latent EBV and lytic EBV infec-
tion were detected in SS salivary glands con-
taining ectopic lymphoid follicle-like structures, 
and plasma cells with Ro52 immunoreactivity 
within the glands were frequently EBV posi-
tive. Furthermore, when transplanted into SCID 
mice, SS salivary glands containing ectopic 
lymphoid follicle-like structures produced anti-
Ro52 antibodies and anti-EBV antibodies [22]. 
Commensal microbiota may initiate autoimmu-
nity in SS and lupus. For instance, peptides 
homologous to portions of the von Willebrand 
factor type A from the oral microbe 
Capnocytophaga ochracea activated HLA-
DR3-positive, Ro60-reactive T-cells [23]. 
Environmental pollutants, such as dioxin, 
through aryl hydrocarbon receptor (AhR), reac-

tivate (i.e. induce a switch from latent to lytic 
infection) EBV in B-cells and salivary epithe-
lial cells [24]. Finally, human T-lymphotropic 
virus type 1 (HTLV-1) is associated with SS in 
endemic areas, such as Nagasaki in Japan [25, 
26]. It should be mentioned that HTLV-1 pref-
erentially infects CD4-positive T-cells but can 
also infect human primary SG epithelial cells 
[23]. Taken together, these observations high-
light the possible interaction between infec-
tions and the immune system in the very early 
phase of the autoimmune process that finally 
leads to the occurrence of an overt autoimmune 
disease. In this context of multifactorial dis-
eases, other factors are certainly relevant, 
including host genetic background, environ-
mental factors, and hormones.

The possible role of the following infections 
in the pathogenesis of SS will be described in 
detail: coxsackievirus (CV), EBV, HTLV-1, HP, 
HCV, hepatitis B virus (HBV), Cytomegalovirus 
(CMV), and parvovirus B19 (B19V).

 Coxsackievirus

CV are cytolytic viruses, belonging to enterovi-
rus genus of the Picornaviridae family, able to 
replicate in the submucosal lymph tissue and 
then disseminate to the reticuloendothelial sys-
tem. For their intrinsic epithelial and lymphoid 
tropism, they have been hypothesized as potential 
environmental triggers for SS.

Interestingly, Triantafyllopoulou et  al. [27] 
found the presence of RNA from two CV strains, 
CVB4 and CVA13, in minor salivary gland 
(MSG) samples from SS patients and also dem-
onstrated by immunohistochemistry a positive 
staining for the enteroviral capsid protein VP1 in 
epithelial cells and lymphocytic infiltrates in 
MSG SS specimens, providing evidence of a pos-
sible active involvement of CV in the pathogen-
esis of the disease. However, a French study [28], 
trying to replicate the above-mentioned molecu-
lar findings by using seminested RT-PCR with 
specific primers for the 5′-NCR of the enteroviral 
genome on high-quality RNA suitable for gene 
expression study of SGs, was unable to find CV 
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in any salivary gland specimens studied. The dis-
crepant conclusions reached from these two studies 
could be the result of differences in geographic 
and/or genetic factors. It could be in fact hypothe-
sized that the incidence of enteroviral infection 
might be different in Greece and in France, and this 
could explain for the apparently different associa-
tion of CV with SS SG tissue. Moreover, genetic 
polymorphisms predisposing to SS are known to 
clearly differ between Greeks and French [29, 30]; 
thus, the potential viral contribution to the induc-
tion of autoimmunity could be restricted only to 
some genetically predisposed patients.

Stathopoulou et  al. [31] have subsequently 
found that a synthetic peptide derived from the 
CV A21 protein 2B, functionally characterized as 
a viroporin which interacts with cellular mem-
branes modifying permeability, presented 87% 
sequence homology with a region of a major lin-
ear B-cell epitope of Ro60 kD protein spanning 
the sequence 216–232 amino acids (pep216–
232). Sera obtained from SS patients, SLE 
patients, healthy individuals as normal controls, 
and patients with rheumatoid arthritis as disease 
controls were tested against both peptides. The 
authors found that sera reacting with pep216–232 
were apparently the same as those reacting with 
viral 2B peptide and that both peptides reacted 
more prominently with anti-Ro-/La-positive sera 
from SS patients. Purified antibodies against pep- 
216–232 readily reacted with both peptides, 
while inhibition experiments revealed the speci-
ficity of this reaction. These results suggested a 
possible role of CV, through a molecular mimicry 
mechanism, in autoantibody formation and per-
petuation of an autoimmune response against Ro/
SSA and La/SSB in SS patients.

 Human T-Lymphotropic Virus Type 1

HTLV-1 is an oncogenic retrovirus, which causes 
HTLV-1-associated myelopathy/tropical spastic 
paraparesis (HAM/TSP) and adult T-cell 
leukaemia- lymphoma (ATL) in individuals with 
dysfunctional immune responses [32, 33].

Several studies from both endemic and non- 
endemic areas have associated HTLV-1 with SS 

[34–37]. In the city of Nagasaki, Japan, which is 
a HTLV-1 endemic area, an epidemiologic study 
[36] found that 23% of SS patients were HLTV-1 
seropositive compared to 3% among healthy 
blood donors. In another study, the prevalence of 
anti-HLTV-1 antibodies in SS patients was found 
to be higher than in the general population com-
ing from the same area (36% vs. 10–15%) [37]. 
Moreover, IgA class antibodies against HTLV-1 
were detected in the saliva of HTLV-1 seroposi-
tive SS patients and proposed as local biomarkers 
of viral replication [26].

Green et al. [38] reported that tax transgenic 
mice showed SS-like sialadenitis. Tax, a viral 
oncoprotein, is a transcription factor that is essen-
tial for HLTV-1 replication. Many authors [39–
41] have reported the presence of the HTLV-I 
tax-like DNA in SGs of HTLV-1-seronegative SS 
patients suggesting that HTLV-1 might poten-
tially be able to localize inside SGs of SS patients 
and stimulate autoimmunity also in noncarrier 
patients. Moreover, a French study showed anti- 
Tax antibodies in approximately half of the SS 
patients evaluated [17].

Nakamura et al. [42] observed a high preva-
lence (60%) of SS among patients with 
HAM.  Studies conducted on HAM SS patients 
found a lack of the usual SG damage as assessed 
by magnetic resonance [43] and histopathology 
[44]. Interestingly, SG specimens of HTLV-1- 
positive, asymptomatic SS patients showed sig-
nificantly less ectopic germinal centre (GC) 
formation than HTLV-1 seronegative SS, and a 
total absence of GCs was observed in HAM SS 
patients together with significantly lower expres-
sion of CXCL13, a crucial chemokine for B-cell 
GC homing, in this subset of patients [45, 46]. On 
the basis of these data, a preliminary hypothesis 
of a possible HTLV-1 role in preserving  glandular 
function in SS patients has been formulated, but 
this interesting observation needs further confir-
matory studies.

In seropositive SS patients, histopathological 
analyses have revealed the clear presence of HTLV-
1proviral DNA in CD4+T lymphocytes infiltrating 
SGs [47]. CD4+T lymphocytes represent the pref-
erential target of HTLV-1 infection, but in  vitro 
studies [48] have demonstrated that HTLV-1 is also 
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able to directly infect salivary gland epithelial cells. 
In vivo confirmation and functional consequences 
of this finding are still lacking.

Taken together, current evidence supports a 
potential role of HTLV-1  in the pathogenesis of 
SS, but more studies are needed to elucidate its 
exact etiopathogenetic importance in genetically 
and geographically different subsets of SS patients.

 Epstein-Barr Virus

Not under Coxackie virus EBV is a ubiquitous 
DNA virus of the Herpesviridae family, trans-
mitted in saliva and initially infecting epithelial 
cells in the oro- and nasopharynx. Subsequently, 
EBV infects B-cells and, after the primary lytic 
phase, persists in immortalized resting memory 
B-cells. EBV can also occasionally reactivate in 
a dynamic interaction with the immune response 
of the host [49].

A pathogenetic association between EBV 
infection and SS has been deeply studied. In SS 
patients an increase in EBV viral load in saliva 
and salivary and lacrimal gland tissues [50–54], 
elevated levels of circulating anti-EBV antibod-
ies [54–56], and an increased number of circulat-
ing B-cells harbouring EBV [57, 58] have been 
demonstrated.

EBV antigens and DNA were found in sali-
vary infiltrating lymphocytes and epithelial cells 
[54], with a selective distribution inside ectopic 
lymphoid structures [14]. In addition, EBV- 
infected plasma cells within SGs showed immu-
noreactivity against SS-associated autoantigen 
Ro52. Interestingly, following transplantation of 
SS SGs containing ectopic lymphoid structures 
into SCID mice, production of both anti-Ro52 
and anti-EBV antibodies by the recipient mice 
was found [14]. Overall, these data suggest the 
potential existence of a strict link between EBV 
infection and expansion of differentiation of 
autoreactive B-cells in SS, raising the intriguing 
possibility that a persistent latent EBV infection 
could provide chronic survival signals to B-cell 
clones within affected tissues.

The reactivation of EBV infection, and conse-
quently its pathogenic effects, could be dynami-

cally influenced by activating local factors within 
saliva. Nagata et al. [59] have shown that saliva 
from SS patients is able to activate EBV, by act-
ing on the promoter of the gene BZLF1, the first 
gene to be transcribed during viral replication, 
suggesting a more frequent reactivation of EBV 
in SS patients triggered by the local SG milieu.

EBV reactivation in SS patients has also been 
found to be linked to exogenous environmental 
factors, such as dioxin, via binding to the aryl 
hydrocarbon receptor (AhR) [24]. The binding of 
ligands to the AhR triggers its translocation into 
the nucleus and the regulation of transcription 
target genes. In activated B-cells and salivary epi-
thelial cells of SS patients, the EBV BZLF1 gene 
has been demonstrated to be a novel target of the 
dioxin-activated AhR.  Dioxin-enhanced BZLF1 
transcription produces ZEBRA factor, which 
mediates the switch from latent to the lytic phase 
of EBV infection, suggesting a novel role for 
dioxin as pathogenic environmental factor for 
autoimmune diseases via EBV reactivation.

Novel potential mechanisms of EBV trigger-
ing of SS have also been proposed. With regard 
to this, it has been demonstrated that EBV-
infected cells are able to release EBV-encoded 
small RNA forming complexes with SSB/La that 
would be able to bind Toll-like receptor (TLR)-3 
with consequent activation of type I interferon 
production [60] (see Chap. 11).

 Helicobacter pylori

HP is a gram-negative spiral-shaped bacterium 
which colonizes the human gastric mucosa and is 
transmitted by the faecal-oral route. It affects 
approximately 50% of the world’s population, 
more frequently those living in poor sanitary con-
ditions; however it produces disease in only a 
minority of patients [61, 62].

HP’s most important virulence factors are ure-
ase and flagella, obligatory for the colonization 
of the gastric mucosa, the cytotoxins, VacA and 
CagA, and the neutrophil-activating protein 
(NapA) gene [63].

The main pathophysiological event in HP 
infection is the persistent presence of the 
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 bacteria in the gastric mucosa, which has the 
effect of chronic immune system activation with 
ongoing cytokine signalling, infiltration by neu-
trophils, macrophages, lymphocytes, as well as 
production of effector T-cells and antibodies 
[64]. Various mechanisms have been suggested 
in an attempt to explain the extraintestinal mani-
festations of HP infections: atrophic gastritis, 
enhancement in vascular permeability, release 
of inflammatory mediators, systemic immune 
response, molecular mimicry, microchimerism, 
and superantigens. All this leads to an overall 
downregulation of the host immune response 
[65, 66].

To evaluate a possible link between HP infec-
tion and SS, several groups investigated the pres-
ence of the bacterium and its related antibodies in 
SS-affected patients [67]. Some studies revealed 
that SS patients are more likely to have HP infec-
tion in comparison to patients with other connec-
tive tissue diseases [68]. In SS patients serum 
antibody titres to HP correlated with their disease 
activity index, age, disease duration, and 
C-reactive protein levels. Evaluation of HP infec-
tion status in older SS patients with active disease 
for a relatively long duration is therefore recom-
mended, especially those who have been suffer-
ing from primary SS for more than 3 years [69]. 
One of the studies suggested a possible connec-
tion between antibodies produced against heat 
shock protein (HSP 60) of HP and SS develop-
ment [70]. Contrary to previous studies, a much 
larger study of 164 primary SS patients from 
Sweden did not prove a higher seroprevalence 
rate of HP as compared with control group [71]. 
Moreover there was no association between HP 
status and abnormal autoantibody levels or 
abnormal lip biopsy in these patients. In a sepa-
rate cohort of 54 SS patients, seroprevalence of 
HP was 57% compared to 62% in the control 
group (p = 0.6) [72]. Another study compared 36 
primary SS patients to 31 patients with secondary 
SS and determined the HP infection prevalence 
was 80.6% and 71%, respectively (p  =  0.4). 
Furthermore, no significant association was 
found between HP positivity and the presence of 
autoantibodies in primary or secondary SS 
patients [73].

The results of these studies are contradictory. 
Some data suggests that SS patients have a higher 
prevalence of HP infection. However, in a larger 
cohort of a homogenous population (with an 
overall low HP incidence), no such association 
was found.

Globally, there is no real evidence for a defini-
tive association of HP infection and SS (see 
(Chap. 8).

 Hepatitis C Virus

HCV is a small, enveloped, single-stranded, 
positive- sense RNA virus, a member of the fam-
ily Flaviviridae. Chronic HCV infection has been 
implicated as a cause of multiple autoimmune 
diseases; the most commonly associated are SS 
(nearly half the cases), RA, and systemic lupus 
erythematosus [74]. HCV infection may lead to 
inflammatory injury of the SGs causing clinical 
features similar to those of SS, and this infection 
is currently considered an exclusion criterion for 
the diagnosis of SS. In some very specific cases, 
however, it is postulated that HCV might trigger 
SS [75].

A possible relationship between SS and HCV 
was first postulated in 1992 by Haddad et  al., 
who reported lymphocytic sialadenitis in 57% 
of HCV-infected patients versus 5% of controls 
[76]. In a meta-analysis Wang et al. showed that 
HCV infection is significantly associated with 
SS, there being an overall 3.3-fold increase in 
risk compared with controls [77]. There is a 
higher prevalence of SS in patients with HCV 
infection (25.9%) compared to patients with 
HBV (3.4%) and higher in those with chronic 
HCV infection [78, 79]. A few more recent 
 prospective studies have also reported a wide 
range (9–67%) for the prevalence of SS in 
HCV- infected patients [80, 81]. Factors possi-
bly contributing to the wide variation include 
(1) differences in diagnostic criteria for SS, (2) 
sensitivity of the HCV test used, and (3) geo-
graphic differences in HCV seroprevalence [82, 
83]. Thus, further research is required to estab-
lish an unequivocal causative link between HCV 
and SS [77].
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HCV “sicca-like” symptoms tend to be milder 
compared to SS, and HCV-related SS has mild 
lymphocytic infiltrates that tend to locate in the 
pericapillary area rather than around the glandu-
lar ducts. Only mild damage of the glandular tis-
sue is reported in HCV-related SS [80, 84]. 
Further, patients with HCV-related SS/sicca syn-
drome are distinctly different from patients with 
pSS in their clinical (older age at diagnosis, male 
sex, peripheral neuropathy, cutaneous vasculitis, 
hepatocarcinoma, or neoplasia-lymphoma, in 
particular monoclonal gammopathy (IgMκ)) and 
immunological (cryoglobulinaemia and hypo-
complementaemia) characteristics. The latter two 
features are markers or predictors for the devel-
opment of extrahepatic manifestations including 
lymphoproliferative disorders, seronegativity for 
SSA/SSB, and RF autoantibodies and a higher 
prevalence of anti-gastric parietal cell antibodies 
and anti-mitochondrial antibodies [84–88]. 
Potthoff et  al. demonstrated that patients with 
chronic HCV infection show high titre of alpha- 
fodrin IgA antibodies but neither symptom sever-
ity or frequency correlated with these antibodies 
[89]. A clear genetic association with HLA 
DQB1*02 has been documented in chronic HCV 
infection with sicca syndrome [90].

Different mechanisms could explain the patho-
genesis of the HCV-SS/sicca syndrome combina-
tion, including molecular mimicry between HCV 
and salivary glands, direct infection and prolifera-
tion of HCV in salivary glands, and the role of 
immune complexes that include HCV antigens 
[91]. HCV expresses tropism for lacrimal and 
salivary epithelial cells, and HCV RNA has been 
found both in saliva and salivary gland tissue of 
SS patients [92]. However it has not necessarily 
been confirmed that the presence of HCV RNAs 
has an immune effect, either direct or indirect, in 
any SG disorder [93]. Also linking HCV to SS are 
transgenic mice that carry HCV envelope proteins 
E1 and E2. These mice develop SS-like symp-
toms manifesting as sialadenitis. Rosa et al. have 
hypothesized that the E2 glycoprotein binds to 
CD81 and stimulates B-cell proliferation [94, 95]. 
HCV may provide a chronic antigen stimulus that 
drives clonal expansion of somatically mutated 
IgM memory B-cells, and some of these B-cells 

may be autoreactive and predispose to SS [96, 
97]. However, the exact pathogenic mechanism 
underlying SS-like disease in HCV-infected sub-
jects is still unclear [91].

By integrated clinical, pathologic, and molec-
ular studies, we recently highlighted the obser-
vation that cryoglobulinaemic vasculitis has a 
different biologic background in SS if compared to 
chronic HCV infection [88]. Cryoglobulinaemic 
vasculitis is associated with a polyclonal B-cell 
lymphoproliferation in the bone marrow and is 
associated with salivary MALT lymphoma in 
SS, consistent with the primary role of salivary 
MALT chronic inflammation and lymphopro-
liferation as predisposing factors to lymphoma 
in this disease, which is rarely associated with 
HCV infection. By contrast, cryoglobulinae-
mic vasculitis in the course of HCV infection is 
primarily a liver and bone marrow autoimmune 
and lymphoproliferative disorder, and malignant 
lymphoproliferation of salivary MALT is rare in 
this setting. Overlapping features of SS and cryo-
globulinaemic vasculitis may however occur in 
HCV- positive patients. Interestingly, abnormal 
acquisition of gastric MALT may occur both in 
SS and in cryoglobulinaemic syndrome. Thus, 
the study of the gastric microenvironment, in 
conjunction with that of the bone marrow, liver, 
and salivary glands, may be relevant for future 
research aimed to clarify the mechanisms leading 
to preferential rheumatoid factor-positive B-cell 
expansion in these diseases and, in general, to 
better explain the various components of gas-
tric lymphomagenesis. Besides local antigenic 
stimulation, the mechanisms by which HCV 
infection and other local triggers may favour 
gastric acquisition of MALT and, more gener-
ally, chronic inflammation and B-cell expansion 
remain elusive. With regard to this issue, local 
cytokine networks are likely implicated. Recent 
results pointed out the role of HCV infection in 
upregulating the expression of BAFF [98], a rel-
evant growth factor implicated in autoimmunity 
and B-cell lymphoproliferation. Recently, MALT 
lymphoma of salivary glands associated with 
cryoglobulinaemic vasculitis in the course of SS 
has been successfully treated with belimumab, a 
human monoclonal antibody, which targets solu-
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ble BAFF, and rituximab sequential therapy [99]. 
Thus, the therapeutic value of targeting the local 
trigger of chronic inflammation, autoimmunity, 
and lymphoproliferation versus other biologic 
targets are promising opportunities for explora-
tion in the future (see (Chap. 12).

 Hepatitis B Virus

HBV is a small DNA virus member of the family 
Hepadnaviridae that replicates through an RNA 
intermediate and can integrate into host genome 
[100]. Different studies have linked this virus 
with various types of autoimmune phenomena 
from the generation of autoantibodies, most com-
monly ANA and SMA, up to the development of 
autoimmune diseases. The principal mechanism 
by which HBV is supposed to induce autoimmu-
nity is molecular mimicry and the formation of 
immune complexes [91, 101].

An association between SS and chronic HBV 
infection has rarely been investigated and remains 
controversial. Both HBV and HCV replicate extra-
hepatically and produce SS-like disease. However, 
only 3% of HBV patients have sicca syndrome, 
significantly fewer than HCV patients [102]. Chen 
et  al. reported that in Taiwan HBV is highly 
endemic with 17.3% of the adult population 
HbsAg-positive, but the rate of HBV infection was 
significantly less frequent in primary SS patients 
when compared to the general population [103]. A 
Spanish study recorded a prevalence of chronic 
HBV infection in SS that is very similar to the 
prevalence in general population: only 0.83% pri-
mary SS patients were positive for HbsAg [104].

The low risk of SS-like disease in patients with 
HBV infection may be attributable to the follow-
ing three factors: (1) in most developed countries, 
there are active HBV vaccination programmes; 
(2) because the disease progresses rapidly in 
patients with HBV infection, very few of them 
develop cirrhosis [102]; and (3) based on a study 
with healthy controls, Rama et al. have recently 
suggested that HBV infection protects against 
autoimmune disorders, including SS/sicca syn-
drome [100]. Indeed Rama et al., in spite of previ-
ous studies, found an extremely low prevalence of 

HBcAb in diverse autoimmune diseases when 
compared to healthy donors. Two theories may 
explain these results [100]. The former is the 
hygiene hypothesis, in which a previous exposure 
to HBV may protect the subject from eventual 
development of autoimmune disease via mecha-
nisms such as antigen competition (in which the 
immune response to an antigen is decreased by a 
concomitant immune response against an unre-
lated antigen) or downregulation of allergic and 
autoimmune responses (regulatory cells stimu-
lated by infectious agents will produce IL-10 and 
TGF-β whose suppressor effect will extend to 
other immune responses) [105, 106]. The latter 
theory is that patients with different autoimmune 
diseases are probably protected from HBV due to 
high levels of INF-α which acts as immunomodu-
lator and enhances the natural immune response 
to HBV [107] (see (Chap. 11).

 Cytomegalovirus

CMV is a DNA virus member of the family 
Herpesviridae; although it may be found through-
out the body, CMV infections are frequently asso-
ciated with the salivary glands in humans and 
other mammals [108]. The immune response to 
CMV appears to be associated with autoimmune 
disease, but there are no clear connections to SS 
[109]. Barzilai et al. found elevated titres of CMV 
IgM antibodies in a cohort of SS patients [109].

Mouse models may offer guidance in regard to 
a role for CMV in SS. Features of human SS were 
demonstrated in female NZM2328 mice upon 
infection of sialotropic murine CMV (MCMV). 
MCMV DNA levels were detectable in the SGs 
and lacrimal glands 14–28 days after intraperito-
neal infection and interestingly correlated with 
acute inflammation in the submandibular gland. 
After latency, PCR was unable to detect the virus 
in the glands; however, a progressive loss in SG 
function and focal dacryoadenitis was observed in 
the females during that latent infection [110].

M33 is the MCMV homologue of HCMV 
UL33 G-protein-coupled receptor (GPCR), 
which is important for salivary gland tropism and 
establishment of reactivation from latency. When 
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mice that are deficient for M33 or have an M33 
mutation are infected with recombinant viruses, 
the mice have significantly diminished MCMV 
infection of the salivary glands, indicating that 
M33 contributes to the efficient establishment or 
maintenance of long-term latent MCMV infec-
tion [111, 112] (see (Chap. 11).

 Human Parvovirus B19

Human parvovirus B19 is a single-stranded DNA 
virus member of the family Parvoviridae; it has a 
unique tropism for human erythroid progenitor 
cells. While B19Vconstituents may persist in 
salivary gland tissue without lymphocytic infil-
tration, there is no evidence associating this virus 
with SS [113]. Interestingly Ramos-Casals et al. 
reported that cytopenia, particularly leukopenia 
and thrombocytopenia, in primary SS correlated 
with serological evidence of past human parvovi-
rus B19 infection [114].

 Conclusion
To date, efforts in clearly identifying infec-
tious triggers implicated in SS pathogenesis 
and in SS-related lymphoproliferation have 
failed. However, the research on the interac-
tion between infections, epithelial cells, and 
immune system continuously enrich the 
knowledge of the role of the complex bio-
logical relationship between the humans 
and a variety of infectious agents in the ori-
gin of autoimmune disorders such as 
SS. Moreover, these studies pave the way to 
possible novel treatments for this “orphan” 
disease. Finally, new technologies, now 
available and applied in genetic and biologi-
cal studies, may solve old questions and 
provide new insights into the pathogenesis 
and treatment of SS [115, 116].
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Abbreviations

B. burgdorferi Borrelia burgdorferi
CMV Cytomegalovirus
DcSSc Diffuse cutaneous systemic 

sclerosis
EC Endothelial cells
F. prausnitzii Faecalibacterium prausnitzii
GvHD Graft versus host disease
HBV Hepatitis B virus
LcSSc Limited cutaneous systemic 

sclerosis
SIBO Small intestinal bacterial 

overgrowth
SSc Systemic sclerosis

Clinical Presentation 
and Pathogenesis of Systemic 
Sclerosis

Systemic sclerosis (SSc) is a rare systemic auto-
immune connective tissue disease characterized 
by inflammation, vasculopathy, and fibrosis of 
the skin and visceral organs.

The clinical presentation of SSc is heteroge-
neous. Manifestations vary from limited skin 
involvement (tightening of the skin) and 
Raynaud’s phenomenon (limited cutaneous sys-
temic sclerosis (lcSSc)) to generalized skin 
involvement with severe internal organ damage 
(diffuse cutaneous systemic sclerosis (dcSSc) [1, 
2]. LcSSc and dcSSc can partly be differentiated 
by their autoantibody profile. In patients with 
dcSSc, major organ involvement is more 
common.

Systemic manifestations of SSc are diverse 
because almost every organ system can be 
involved. Cardiac, pulmonary, musculoskeletal, 
and gastrointestinal symptoms are commonly 
reported [3, 4]. Pulmonary fibrosis and pulmo-
nary arterial hypertension are the leading causes 
of mortality. The 10-year mortality for dcSSc 
with rapid increase in skin involvement and 
development of organ fibrosis is ~27%. The dis-
ease course of lcSSc is more indolent though life-
threatening organ complications can also occur 
later on in the disease course in case of cardiopul-
monary organ involvement, leading to a 10-year 
mortality of ~19% [5–7].

24

J. Spierings · J. M. van Laar (*) 
Department of Rheumatology and Clinical 
Immunology, University Medical Centre Utrecht, 
Utrecht, The Netherlands
e-mail: j.m.vanlaar@umcutrecht.nl 

F. C. van Rhijn-Brouwer 
Department of Rheumatology and Clinical 
Immunology, University Medical Centre Utrecht, 
Utrecht, The Netherlands 

Department of Nephrology and Hypertension, 
University Medical Centre Utrecht,  
Utrecht, The Netherlands

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-79026-8_24&domain=pdf
mailto:j.m.vanlaar@umcutrecht.nl


338

The pathogenesis of SSc is not entirely under-
stood and is considered to be a complex, multi-
factorial process. Endothelial injury occurs early, 
leading to fibroproliferative vasculopathy and 
hypoxia. Subsequent dysfunction of fibroblasts 
and myofibroblasts then causes excessive pro-
duction of collagen and other matrix components 
which accumulate in the skin, vessels, and inter-
nal organs [8, 9]. Both innate and adaptive 
immune systems contribute to initiation and 
maintenance of inflammation and formation of 
autoantibodies [10]. Several genetic associations 
with SSc have been reported, though concor-
dance in monozygotic twins is very low, which 
suggests a limited role for genetic factors in the 
pathogenesis of SSc [11]. Several environmental 
factors have been identified in SSc patient popu-
lation studies, such as occupational exposure to 
silica and solvents [12, 13].

Infections in SSc

Infections may play a role in the development and 
progression of SSc. Links between SSc and prior 
infection have been suggested but none has been 
firmly established. Serological reactivity and 
increased antibody titers against cytomegalovirus 
(CMV), retroviruses, parvovirus B19, hepatitis B 
virus (HBV), and toxoplasmosis were detected 
more often in patients with SSc compared with 
healthy controls in several studies [14–16]. Also, 
there are studies suggesting that CMV triggers 
autoimmunity through a mechanism based on 
molecular mimicry in SSc patients [17]. CMV can 
infect endothelial cells (EC) and monocytes and 
cause inflammation and upregulation of fibrogenic 
cytokines in animal models [18]. Furthermore, 
there is a homology between a certain epitope of 
the virus and proteins expressed on the surface of 
ECs [19]. The development of vasculopathy in 
animal models of CMV infection indirectly sup-
ports a role for CMV infection in SSc pathogene-
sis. Although these findings link infections with 
SSc, there is no strong evidence for a direct causal 
role of one specific infectious agent.

Patients with systemic sclerosis are more 
susceptible to infectious disease. Immune 

abnormalities, organ manifestations, and immu-
nosuppressive treatments could explain this 
increased risk [20, 21]. In a cohort of 117 SSc 
patients with 310 person-years under observa-
tion, 63 infections were reported [22]. Thirty-
seven events required antibiotic therapy or 
hospitalization. Urinary tract, skin and soft tis-
sue, and gastrointestinal infections were most 
frequently found. Opportunistic infections 
occurred in only one patient; this low number 
might be explained by the limited use of immu-
nosuppressant therapy including high-dose ste-
roids in this cohort.

Infection has been reported as an important 
cause of death in SSc patients. In a prospective 
cohort of 5860 SSc patients, infections were 
responsible for a third of the non-SSc-related 
causes of death. Among the infections with con-
siderable SSc-related risk factors, pneumonia 
predominated with esophageal reflux, aspiration, 
and significant immobility. Septicemia was 
reported in patients with significant immobility 
and patients with skin ulcers [23].

As mentioned earlier, skin ulcers are very 
common in SSc [24]. Ischemia due to vasculopa-
thy together with repetitive microtrauma, skin 
alterations, and calcinosis is assumed to contrib-
ute to the development of digital ulcers in SSc 
[24, 25]. This avascular and atrophic tissue has a 
reduced wound healing capacity and is highly 
susceptible for infection. Consequently, superin-
fection of skin ulcers is a frequently reported 
complication, and its management can be chal-
lenging. These ulcers can become complicated 
by osteomyelitis [26]. In a retrospective study of 
248 SSc patients with a mean follow-up time of 
60.8 months, skin ulcers were observed in 119 
patients; in 45 patients these ulcers were 
infected. Nineteen of these patients showed 
underlying bone involvement. The most fre-
quently isolated pathogens were Staphylococcus 
aureus and Escherichia coli.

Successful treatment of skin infections in SSc 
patients requires timely and accurate diagnostic 
assessment, including tissue and fluid cultures 
and a combination of targeted antimicrobial ther-
apy and local treatment. In addition to the treat-
ment of pneumonia, treatment of SSc-related 
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factors like esophageal dysmotility needs to be 
optimized.

Awareness of the SSc-related and treatment-
related risk factors for infection is important in the 
prevention and timely recognition of infection.

The Microbiome in SSc

The role of microbiota is an area that is largely 
unexplored in SSc. Currently, there are five pub-
lished studies that investigate the composition of 
the microbiome in the gastrointestinal tract or the 
skin. Though exploratory in nature, these studies 
suggest that microbial communities potentially 
contribute to both the pathogenesis of SSc and 
clinical symptoms of patients with early or late 
SSc.

The Gut Microbiome in SSc In a cross- 
sectional study, Andreasson et  al. reported dys-
biosis in 74 (76%) of 98 consecutive in-hospital 
SSc patients. These patients were admitted for 
planned, SSc-related, in-hospital care. Seventy-
seven patients (78%) of this group were classified 
as having lcSSc and 21 (22%) as dcSSc; the 
median duration of disease was 6  years. Sixty-
five patients (65%) reported gastrointestinal 
complaints; 82 patients (84%) exhibited esopha-
geal dysfunction, which was assessed by cinera-
diography. Sixty patients (61%) did not use any 
immunosuppressive therapy and no patients were 
on prednisolone. Unfortunately, use of antibiotics 
was not reported in detail. Dysbiosis was estab-
lished by analyzing stool samples with the 
GA-Map Dysbiosis Test (Genetic Analysis, Oslo, 
Norway), a ribosomal RNA probe set represent-
ing 54 bacterial species or clades; results were 
expressed with a Dysbiosis Index Score. In 66 
(67.3%) of all patients, fewer Faecalibacterium 
prausnitzii transcripts were present compared to 
the GA-Map Dysbiosis Test results in a standard 
reference cohort from the manufacturer [27].

F. prausnitzii is a common member of the 
human intestinal microbiome [28]. In patients 
with intestinal disorders, in particular with 
Crohn’s disease, depletion of F. prausnitzii is 

reported [29]. Interestingly, F. prausnitzii was 
shown to exhibit anti-inflammatory effects in 
in vitro studies and in studies using animal colitis 
models. In vitro peripheral blood mononuclear 
cell stimulation by F. prausnitzii led to higher 
production of IL-10 and lower IL-12 and IFN-
gamma excretion. In mice with induced colitis, 
oral administration of F. prausnitzii improved 
severity of disease [30, 31].

Lower concentrations of F. prausnitzii 
reported in SSc patients could reflect a pro-
inflammatory state of the SSc intestinal microbi-
ome; however, further research is required to 
establish its role in this disease. Another observa-
tion reported in the study of Andreasson was a 
decrease in Clostridiaceae transcripts in 25 
(26%) and an increase of Lactobacillus in 31 
(32%) SSc patients. Additionally, Andreasson 
et  al. found that dysbiosis was more prevalent 
and severe in patients with esophageal dysmotil-
ity and was associated with micronutrient defi-
ciency and risk for malnutrition. Interestingly, 
the degree of dysbiosis also correlated with the 
presence of skin teleangiectasias, pitting scars, 
and pulmonary fibrosis [27]. This finding sug-
gests a link between dysbiosis and extraintestinal 
manifestations of SSc, or reflects the conse-
quences of late disease, so a causal relationship 
cannot be inferred. Unfortunately, this study was 
limited by the fact that the investigators only 
examined a predefined set of bacteria, as opposed 
to more commonly used amplicon-based or 
whole genome sequencing methods. Secondly, 
stool samples from SSc patients were compared 
with a standard reference cohort from the manu-
facturer of the predefined genome test, while 
comparison with healthy controls from the same 
background population would be preferred here. 
Furthermore, the study only included in-hospital 
patients, which may not be representative of the 
overall population of SSc patients.

Volkmann et  al. investigated the intestinal 
microbiome of 17 patients with systemic scle-
rosis in comparison with 17 healthy age- and 
sex-matched controls. In contrast with the study 
discussed above, this study utilized a broader 
approach to determine the composition of the 
microbiome in SSc patients, namely, sequenc-
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ing of the 16S ribosomal DNA. The median age 
of SSc patients included in the study group was 
52.1 years, and the median disease duration was 
7.1 years. From the 17 SSc patients, six (36%) 
had dcSSc, six patients had taken antibiotics in 
the last 3 months, three patients were on immu-
nosuppressive agents, and three patients used 
probiotic oral supplements. The mean total 
score on the questionnaire on gastrointestinal 
complaints indicated moderate symptom sever-
ity (distention, constipation, social function-
ing, and emotional well-being) or mild severity 
(diarrhea). Microbiome profiles were compiled 
by multiplex sequencing of bacterial ribosomal 
RNA in colonic lavage samples. Microbial com-
munities in the cecum and sigmoid significantly 
differed in SSc patients as compared with healthy 
controls. In samples of SSc patients, a decreased 
concentration of protective commensal bacte-
ria (i.e., Faecalibacterium and Clostridium) and 
increased concentration of inflammatory patho-
logic bacteria (i.e., Fusobacterium and gamma-
Proteobacterium) were found. These findings 
were confirmed in two independent SSc cohorts 
in Oslo (n = 17) and California (n = 17) compared 
with healthy controls (n = 17) [32]. The cohorts 
were similar in disease duration, gender distri-
bution, age and gastrointestinal symptoms. Less 
severe gastrointestinal symptoms were reported 
in patients with higher abundance of Clostridium. 
The association of the microbial signatures of dys-
biosis in the gut with gastrointestinal disease in 
SSc was also reported by Patrone and colleagues 
[33]. Fecal bacterial composition of patients 
with (n  =  9) and without (n  =  9) gastrointesti-
nal symptoms and healthy controls (n = 9) were 
compared. Again, higher levels of Lactobacillus, 
Eubacterium, and Acinetobacter and lower levels 
of Roseburia, Clostridium, and Ruminococcus 
were found in SSc patient with gastrointestinal 
symptoms compared with healthy controls while 
SSc patients without gastrointestinal symptoms 
were more similar to the healthy controls than 
their symptomatic counterparts. Streptococcus 
salivarius was, however, over-represented in the 
fecal samples of SSc patients without gastroin-
testinal symptoms compared to SSc patients with 
symptoms and healthy controls.

The microbiome thus seems to reflect the 
inflammatory state present in SSc and differences 
in composition of the microbiome are associated 
with gastrointestinal symptoms. In agreement 
with the findings by Andreasson et  al., both 
Volkmann et al. and Patrone et al. also reported 
an increased amount of Lactobacillus in SSc 
patients compared to healthy controls.

Interestingly, studies in patients with active 
Crohn’s disease and ulcerative colitis also report 
increased levels of Lactobacillus in fecal and 
biopsy samples [34, 35]. The effects of 
Lactobacillus in the gut lumen in these patients 
should be further determined, as it seems to con-
flict with the anti-inflammatory effects reported 
in in vitro studies and animal models of inflam-
matory conditions [36]. Furthermore, several 
clinical trials investigating the effect of adminis-
tration of Lactobacillus organisms have shown 
promising results in certain conditions, including 
inflammatory bowel disease, but due to inconsis-
tency among studies, these results should be 
interpreted with caution [37, 38].

Further analysis of the bacterial genomic data 
in the study of Volkmann revealed a decreased 
number of genes involved in amino sugar and 
nucleotide sugar metabolism pathways in SSc 
patients. The clinical relevance of this is 
unknown, though impaired fructose absorption 
has been reported in SSc [39].

The results of the microbiome profiling were 
also correlated with gastrointestinal symptom 
severity as measured with validated question-
naires. Bacteroides fragilis was decreased, and 
Fusobacterium was increased in patients with 
gastrointestinal symptoms, compared with 
patients who were asymptomatic.

Although the strengths of this study are the 
broader investigation of the composition of the 
gut microbiome and the inclusion of a healthy 
control group, there are some limitations. The 
cross-sectional design does not give any informa-
tion about the relationship between specific gen-
era and clinical signs in time. Secondly, relatively 
long disease duration might influence the micro-
biome, so it would be more interesting to investi-
gate patients early in the disease. Furthermore, 
confounding factors, including antibiotics, probi-
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otics, as well as differences in diet, were present, 
which might alter compositions of the microbi-
ome. Finally, although significant differences 
were found between the groups, this study was 
very small. Volkmann et  al. provided valuable 
insights into the microbiota composition of SSc 
patients, but these findings have to be confirmed 
in other cohorts [40].

The Skin Microbiome in SSc Composition and 
alterations in composition of the skin microbi-
ome are also of interest in SSc as the most obvi-
ous and early signs of this disease are its 
cutaneous manifestations. In other inflammatory 
skin diseases, such as psoriasis, studies have 
shown some differences in microbiota between 
psoriasis and normal skin [41, 42].

One study specifically investigated the com-
position of the skin microbiome in SSc patients 
(Fig. 24.1).

Arron et al. analyzed the skin transcriptome of 
four patients with early diffuse SSc to gain fur-
ther insight in the skin microbiome in SSc. 
Multiplex sequencing was performed on RNA 
extracted from 4  mm skin biopsies of patients 
with early disease and four healthy controls, and 
results were compared after subtraction of human 

sequences. Interestingly, there were no differ-
ences between SSc patients and healthy controls 
with regard to viral or bacterial transcripts, but 
there were significant differences in the fungus 
sequences. Compared with healthy controls, 
patients with SSc showed higher concentrations 
of Rhodotorula glutinis species, a yeast that is a 
common environmental inhabitant [43]. Given 
the heterogeneity and limited size of the sample, 
further studies are needed to confirm and explore 
the meaning of this finding.

Plausibility of a Causative Role 
of the Microbiome in SSc

The aforementioned studies on the composition 
of the microbiome in SSc patients suggest that 
the microbiome is altered in SSc. However, an 
important question that remains is whether this 
reflects a cause or a consequence. In addition to 
this small number of studies into the microbiome 
of SSc patients, there are other indications that 
the microbiome plays a role in SSc disease patho-
genesis and progression.

Firstly, gastrointestinal dysfunction affects 
90% of patients with SSc and is a major cause of 
morbidity [44]. Clinical manifestations include 

Fig. 24.1 SSc affects the skin, lungs, and gastrointestinal 
tract, which are prominent locations of the microbiome 
[3, 4]. Four studies investigating the microbiome of the 
 gastrointestinal tract in SSc reported decreased levels of 
F. prausnitzii and Clostridiaceae species and an increase 

in Lactobacillus and Fusobacteria [27, 32, 33, 40]. One 
study investigated the composition of the skin microbi-
ome in SSc and reported an increase in R. glutinis com-
pared to healthy controls [43]

Interstitial Iung disease

Cardiac involvement

Gastro-intestinal involvement

Skin fibrosis

Digital ulcers

Faecalibacterium prausnitzii

Clostridiaceae

Lactobacillus

Fusobacteria↑

Rhodotorula glutinis↑

↑

↓
↓

24 Systemic Sclerosis



342

esophageal dysmotility, constipation, and small 
intestinal bacterial overgrowth (SIBO) [45]. 
Whether SIBO is only a result of the disease or a 
contributing factor in disease progression has still 
to be established. However, treatment of SIBO 
with medications such as antibiotics and even pro-
biotics in small pilot studies that alter the micro-
biota seems to reduce the severity of gastrointestinal 
symptoms in non-SSc patients with SIBO [46].

In SSc patients, antibiotic treatment (norfloxa-
cin and metronidazole) aimed to eradicate SIBO 
led to a significant improvement of intestinal symp-
toms too [47, 48]. This supports the hypothesis that 
the composition of the microbiome influences 
intestinal symptoms in SSc. Unfortunately, no 
effects on extraintestinal symptoms were reported.

The use of erythromycin, a macrolide antibi-
otic, has also been proven to be effective in SSc 
patients with gastroesophageal reflux and 
SIBO. Besides antimicrobial effects, erythromy-
cin functions as a motilin agonist, which could 
influence the microbial colonization of the gut in 
two ways, firstly by treating gastrointestinal 
motor abnormalities, which predisposes to bacte-
rial overgrowth, and secondly by physically dis-
placing microorganisms [49, 50]. A relationship 
between intestinal motility on the colonic muco-
sal microbiota was also shown in studies per-
formed in non-SSc patients with constipation; 
faster transit times correlated with the presence 
of fewer pathogenic bacteria [51–53].

On the other hand, the use of antimicrobial 
therapies to prevent infections and other inflam-
matory conditions, such as acute graft versus host 
disease (GVHD), is a matter of debate because 
antibiotics can disrupt gut ecology and aggravate 
gastrointestinal symptoms and contribute to the 
development of resistant strains [54–56].

Interestingly, the few studies investigating the 
role of antimicrobial therapy in SSc aiming to 
decrease overall disease progression reported 
negative results, even though in vitro studies sug-
gested a strong anti-fibrotic effect [57, 58]. 
Therefore, caution is warranted in interpreting 
the results of these two interventional studies in 
SSc patients with gastrointestinal symptoms.

As probiotics can also potently modify the 
intestinal microbial colonization, improvement of 

symptoms after probiotic administration might sig-
nify a causal relationship between composition of 
the microbiome and disease symptoms. The 
administration of probiotics was reported to be 
effective in terms of resolving gastrointestinal 
complaints in SSc in one small open-label study. 
Ten SSc patients with stable organ disease and gas-
trointestinal complaints received Bifidobacterium 
infantis or Lactobacillus GG daily during 2 months. 
Gastrointestinal complaints were measure with the 
validated GIT 2.0 questionnaire. After administra-
tion of probiotics, GIT scores on reflux and disten-
tion and bloating significantly improved [59]. 
Unfortunately, no control group was included, so 
firm conclusions cannot be drawn.

Secondly, some animal studies in Crohn’s dis-
ease suggest that certain microbes could have a 
profibrotic effect on the gut [60]. As SSc is char-
acterized by progressive fibrosis of multiple 
organs, this new reported mechanism is of inter-
est because it provides a putative explanation for 
the link between symptoms and microbiota. Data 
in SSc are lacking however.

Thirdly, another approach of investigating the 
influence of the microbiome on SSc disease 
activity is to look into the host side. Activation of 
subsets of immune cells associated with pathogen 
defense can strengthen the suggestion that infec-
tion or colonization with pathogenic microbiota 
is related to clinical signs of disease. In SSc, there 
are indications that several innate immune system 
effector cells are activated [61, 62].

One reported infection related to signs of dis-
ease is the association between Borrelia burgdor-
feri and morphea (local skin thickening without 
systemic signs). Several studies have reported the 
presence of B. burgdorferi RNA in skin biopsies. 
However, the interpretation of these findings is 
complex. Firstly, there might be a difference in 
subspecies of B. burgdorferi as in morphea 
patients from Venezuela, from the United States, 
and from Scotland; no B. burgdorferi could be 
detected [63–65]. Secondly, various types of 
biopsy material (unfixed, fixed) were used, which 
also might affect detection sensitivity. Furthermore, 
it is unsure whether antibiotic treatment affects 
morphea symptoms; results of studies are conflict-
ing and no RCT has been conducted yet [66].
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Another possible link between disease activity 
and pathogenic microbiota is the colonization of 
skin ulcers. There is a high prevalence of chronic 
ulcers in SSc patients [24]. In general, direct 
toxic effects of bacteria as well as deleterious 
host-pathogen interactions have been implicated 
in poor wound healing [67]. One retrospective 
study evaluated the results of bacterial cultures 
taken from 42 SSc patients with digital ulcers 
displaying clinical signs of infection. After clean-
ing and debridement, the ulcers were sampled 
with a sterile swab. Bacterial species were identi-
fied using antigen agglutination or protein/DNA 
sequencing. S. aureus was the most common 
pathogen, but in 26% of the patients, colonization 
with intestinal bacteria (i.e., E. coli and 
Enterococcus feacalis) was found. This high-
lights the importance of hygienic precautions in 
SSc patients with digital ulcers and suggests a 
link between colonization with intestinal bacteria 
and poor healing ulcers. However, given the ret-
rospective nature of this study, the risk of inclu-
sion bias due to only including patients with 
already infected ulcers, as well as the lack of 
broad genomic sequence methods, the clinical 
relevance of this study may be limited [26].

Periodontal disease has been linked to inflamma-
tion in a wide variety of conditions, including car-
diovascular disease and rheumatoid arthritis. 
Periodontal disease is common in SSc [68, 69]. A 
link between periodontal ligament widening—a 
radiographic hallmark of periodontitis—and disease 
severity has been shown in a large Canadian cohort 
[70]. Though it seems very reasonable that peri-
odontal changes are a consequence of microstomia 
and xerostomia, periodontal inflammation can have 
a profound effect on the vascular endothelium and 
therefore might also affect SSc progression through 
affecting the microcirculation [71]. As of yet, no 
such studies have been done to corroborate this.

Conclusion and Implications 
for Further Research

Very few studies have been performed in the field 
of the microbiome in SSc. The studies conducted 
so far provide tentative evidence that alterations 

in the microbiome can be associated with SSc, 
but the implications of these findings are not 
clear, due to the heterogeneity of the methods 
used, the small numbers studied, lack of controls, 
and confounding factors such as the use of immu-
nosuppressive drugs, diet, antibiotics, and hospi-
talization. This underscores the importance of 
further well-designed studies of the microbiome 
in SSc patients with appropriate controls.

Above, we addressed various lines of hypoth-
esis that may strengthen the rationale for further 
investigation of the microbiome in SSc. The fact 
that SSc affects the skin, lungs, and gastrointesti-
nal tract, which are prominent locations of the 
microbiome, makes it more challenging to 
explore the role of microorganisms in the disease 
process. Inclusion of locally recruited healthy 
controls is essential to minimize potential con-
founders. Furthermore, it would be very interest-
ing to determine if symptoms could be improved 
by influencing the microbiome of these patients. 
Most importantly, it has to be established if these 
altered populations are the cause or the result of 
the disease or the immunosuppressive treatment.
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Abbreviations

Ab Antibody
Ag Antigen
ANCA Antineutrophil cytoplasmic antibody
HbsAg Hepatitis B surface antigen
HBV Hepatitis B virus
HCV Hepatitis C virus
HIV Human immunodeficiency virus
PAN Polyarteritis nodosa

 Viral Infections Causing Vasculitides

Virus- associated vasculitides have been 
described in the seventies [1, 2] and nineties [3] 
of the twentieth century, demontrating for the 
first time that viruses could be the cause of some 
systemic vasculitides. In the most recently 
revised Chapel Hill Nomenclature [4], a specific 
subgroup called “vasculitis associated with prob-
able etiology” has three entries: HBV-related 
PAN (HBV–PAN), HCV-related cryoglobuline-
mic vasculitis, and syphilis-associated vasculitis. 
The role infectious agents play in the develop-
ment of vasculitides is highlighted in that consen-

sus document. This chapter covers only HBV-, 
HCV-, and HIV- related vasculitides, and we give 
brief overview of other microorganisms that have 
been associated with vasculitides.

 HBV–PAN

 Epidemiology

PAN is a rare disease that affects all racial groups. 
Annual incidence estimations of PAN-type sys-
temic vasculitides per 1,000,000 inhabitants range 
from 4.6 in the general population in England [5] to 
9.0 in Olmsted County, Minnesota, and to 77 in a 
hepatitis B-hyperendemic Alaskan Eskimo popula-
tion [6]. An extremely low PAN incidence (0.3–
0.4/1,000,000) was found in Germany and depended 
on the year and part of the country [7]. The northern 
Parisian suburb of Seine-Saint-Denis, France, had a 
PAN prevalence of 34/1,000,000 [8]; pertinently, a 
diminution of its incidence was observed in parallel 
with the declining HBV-infection rate [9].

In France, the last proven case of HBV dis-
semination via contaminated blood transfusion 
occurred in 1987 [9]. Unfortunately, intravenous 
drug abuse has replaced it as the predominant 
cause of HBV–PAN [9], along with sexual HBV 
spread to non-vaccinated individuals at risk. 
Anti-HBV vaccines delivered to those at risk 
since 1989 also help explain the subsequent drop 
in new cases. HBV–PAN has rarely been seen 
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over the past 15 years. Moreover, PAN, caused by 
HBV infection or not, has also declined in paral-
lel to lifestyle changes and vaccination.

Although it is difficult to prove HBV exposure 
preceding PAN, an infection-transmission route 
could be established for 43/115 patients [9]. When 
identified, the mean (±SD) exposure-to- first- mani-
festation interval was 596 ± 628 (range, 30–1695) 
days. The immunological process that gives rise to 
PAN usually becomes evident within the first 
12 months following primary HBV infection, with 
hepatitis remaining mostly silent prior to overt PAN.

Intriguingly, the PAN frequency seems to have 
been rising since 2017. All these new patients had 
noninfectious PAN. This increase has not yet been 
confirmed by prospective epidemiological studies.

 Pathogenesis

Virus antigen–antibody complexes have been found 
in the vascular endothelium. Those deposits can 
activate the complement cascade, triggering the 
release of chemotactic factors attracting neutrophils 
to the site of inflammation. It has been advanced 
that immune complexes and local HBV replication 
within the endothelium serve as the pathogenic 
mechanism of HBV–PAN.  PAN patients do not 
have antineutrophil cytoplasmic antibodies 
(ANCA); indeed, their presence in a vasculitis 
patient excludes the diagnosis of PAN [10].

 Clinical Manifestations

The clinical symptoms of HBV–PAN are the 
same as those described for historically classical, 

non-viral PAN (Table 25.1): gastrointestinal 
involvement (especially perforation and bleed-
ing), malignant hypertension, renal infarction, 
and/or orchiepididymitis. HBV–PAN patients’ 
clinical findings are very similar to those for non- 

Table 25.1 Relevant clinical and biological symptoms of 
115 patients with HBV-associated polyarteritis nodosa [9]. 
With permission from © Lippincott Williams & Wilkins, Inc

Clinical symptoms Valuesa

Age, mean ± SD (years) 51.1 ± 17
Sex ratio 74 M/41 F
General symptoms 111 (96.5)
 Fever 79 (68.7)
 Weight loss 100 (87)
Arthralgias 64 (55.7)
Myalgias 54 (47)

Table 25.1 (continued)

Clinical symptoms Valuesa

Mononeuritis multiplex 96 (83.5)
 Superficial peroneal 82 (71.3)
 Deep peroneal 46 (40)
 Cubital 25 (21.7)
 Radial 12 (10.4)
 Bilateral 66/91 (72.5)
GI-tract involvement 61 (53.0)
 Abdominal pain 59 (51.3)
 Bleeding 3 (2.6)
 Appendicitis 2 (1.7)
 Small intestine perforation 7 (6.1)
 Cholecystitis 6 (5.2)
 Pancreatitis 7 (6.1)
Renal and/or urogenital involvement 44 (38.3)
 Proteinuria and/or hematuria 21 (18.3)
 Glomerulonephritisb 1 (0.9)
 Renal vasculitis 34 (29.6)
 Creatininemia, mean ± SD, (mg/dl) 1.52 ± 1.39
 Anuria at entry 4 (3.5)
 Orchitis 18/71 (25.3)
 Microaneurysmsc 46/67 (68.6)
 Renal infarctsb, c 19/67 (28.3)
Skin involvement 36 (31.3)
 Purpura 19 (16.5)
 Infiltrated purpura 13 (11.3)
 Livedo 12 (10.4)
 Nodules 10 (8.7)
 Edema (ankles) 18 (15.7)
Vascular manifestations 21 (18.3)
 Hypertension 36 (31.3)
 Malignant hypertension 6 (5.2)
 Cardiac insufficiency 14 (12.2)
 Raynaud’s phenomenon 3 (2.6)
 Pericarditis 6 (5.2)
 Digital ischemia 4 (3.5)
 Myocardial infarction 1 (0.9)
Central nervous system involvement 11 (9.6)
Retinal vasculitis 2 (1.7)
Erythrocyte sedimentation 
rate > 30 mm/1st h

90 (78.3)

ANCAd 0
aValues are numbers (%), unless otherwise indicated
bNot related to vasculitis
c66 angiographies
d66 searches for antineutrophil cytoplasmic antibodies
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viral PAN, with several notable differences: 
HBV–PAN occurs more often in subjects under 
40  years old and is more frequently associated 
with malignant hypertension, renal infarction, 
and orchiepididymitis (25%) [9, 11]. Other fre-
quently observed symptoms are abdominal mani-
festations (53%), especially surgical emergencies. 
Ischemia is responsible for digestive and renal 
involvements, with angiography-visualized 
infarctions and microaneurysms [12]. The latter 
can disappear after thrombosis and fibrotic evolu-
tion. Despite being an acute and initially severe 
vasculitis, HBV–PAN, when adequately treated 
in a timely manner, usually has an excellent out-
come. Antigen (Ag)-to-antibody (Ab) serocon-
version most frequently leads to recovery.

 Outcomes

Without appropriate antiviral therapy, HBV–PAN 
outcomes are worse [9, 13–15]. Histological dam-
age gives rise to sequelae, including vascular 
nephropathy, and central and/or peripheral nervous 
involvements. However, liver symptoms during 
PAN evolution remain clinically moderate, with 
usually modest transaminase level rises. Histological 
examination of liver biopsies found a chronic hepa-
titis pattern, indicative of the infection’s progression 
to chronicity [16]. Most PAN cases are attributable 
to wild-type HBV strains, reinforcing the suspected 
HBeAg involvement in PAN pathophysiology. 
However, the few cases associated with a precore 
mutation preventing HBeAg formation put that eti-
ology in doubt. Antiviral therapy successfully halted 
virus replication and, hence, the disease, but no 
potentially responsible autoimmune mechanism 
was identified [17]. According to a cohort study on 
348 PAN patients (mean (±SD) follow-up: 
68.3 ± 63.5 months), 76 (21.8%) relapsed (63 (28%) 
non-viral PAN versus 13 (10.6%) HBV–PAN; 
P < 0.001) and 86 (24.7%) died (44 (19.6%) non-
viral PAN versus 42 (34.1%) HBV–PAN; P = 0.002) 
[11]. These results demonstrate that, when ade-
quately treated, HBV–PAN relapses rarely. 
However, because of the severity of HBV–PAN, 
mortality is higher than in PAN without HBV 
infections.

 Treatments

Long treated like non-viral PAN, HBV–PAN 
patients were prescribed corticosteroids and 
immunosuppressants, with or without plasma 
exchanges, that often achieved short-term 
efficacy. However, that exclusive immuno-
suppressive regimen allowed HBV–PAN 
relapses, complications attributable to virus 
persistence, like chronic hepatitis or liver cir-
rhosis, and outcomes worse than for non-viral 
PAN [18].

The initial rationale for prescribing a thera-
peutic sequence combining an antiviral and 
plasma exchanges and only 2 weeks of cortico-
steroids was as follows: first, use of corticoste-
roids to rapidly control the most severe 
life-threatening PAN manifestations; second, use 
of plasma exchanges to remove immune com-
plexes and thereby control PAN and restore 
immune reactivity; third, use of vidarabine to 
block HBV replication; and, lastly, use of sudden 
corticosteroid withdrawal to enhance immuno-
logical clearance of HBV-infected hepatocytes 
and favor HBeAg-to-HBeAb seroconversion. 
The efficacy of that strategy was demonstrated in 
several prospective trials, using different antivi-
rals as more potent ones became available over 
the years [14, 19].

Vidarabine [19], the first antiviral to be used 
in this setting, achieved full clinical recovery 
in 75% of the patients, HBeAg-to-HBeAb 
seroconversion in about half, and hepatitis B 
surface Ag (HBsAg)-to-HBsAb seroconver-
sion in approximately 20%. Subsequently, 
small numbers of patients were given 
interferon-α (IFNα). Tritherapy, with plasma 
exchanges, corticosteroids, and IFNα, success-
fully treated PAN attributed to HBV with a 
mutant precore promoter [20]. Similar antiviral 
therapies achieved comparable efficacy: IFNα 
alone [21] or combined with famciclovir [22] 
or lamivudine [23–25]. First- line lamivudine 
also successfully treated HBV–PAN [24, 26]. 
Other effective, well-tolerated anti-HBV drugs 
(e.g., entecavir) now available should be com-
bined with plasma exchange rather than lami-
vudine or IFNα.
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 HCV-Related Cryoglobulinemic 
Vasculitis

The HCV–cryoglobulinemic vasculitis link was 
found over 20 years ago [3]. It is well-recognized 
that  HCV causes hepatitis, but it is also responsible 
for extrahepatic manifestations, e.g., cryoglobuline-
mia. Some rare cryoglobulinemic patients will 
develop small-sized vessel necrotizing vasculitis. 
HCV and HBV can coexist, with some PAN patients 
also being HCV-positive. However, HCV responsi-
bility in medium-sized vessel vasculitis has only 
been reported for anecdotal cases or small series 
[27, 28], with 1% of 1614 HCV-positive patients 
developing systemic vasculitis, according to Cacoub 
et al. [29]. The clinical characteristics of cryoglobu-
linemic vasculitis [30] are given in Table 25.2.

 Outcomes

Cryoglobulinemic vasculitis can cause major 
morbidity and mortality. Prognostic factors are 
age >60 years and renal involvement [31, 32], 
with renal failure being the main cause of death, 

followed by liver involvement, cardiovascular 
disease, infection, and lymphoma [32]. Having 
cryoglobulinemic vasculitis and hypogamma-
globulinemia was independently associated 
with B-cell non-Hodgkin lymphoma [33]. The 
primary cause of death of cryoglobulinemic vas-
culitis patients is severe infections. Their deaths 
were frequently associated with age >60 years, 
renal involvement, and/or end-stage liver dis-
ease [33].

Authors of a study focusing on outcomes and 
comparing HCV-positive versus HCV-negative 
cryoglobulinemic patients reported respective 1-, 
3-, 5-, and 10-year survival rates of HCV-positive 
patients of 96%, 86%, 75%, and 63% [34].

 Treatments

A combination of antiviral drugs, e.g., pegylated- 
IFNα and ribavirin, used to be the standard of 
care for patients with mild-to-moderate vasculitis 
activity [35]. The responses of HCV-related vas-
culitis manifestations to corticosteroids alone 
were not improved by IFNα adjunction [36]. 

Table 25.2 Clinical and biological features of patients with cryoglobulinemic vasculitis according to immunochemical 
type and hepatitis C virus status [30]. With permission from © Lippincott Williams & Wilkins, Inc

Characteristics
HCV− HCV+
Monoclonal Mixed Mixed

Number of patients 64 242 165
Age (years) 65 63 60
Female (%) 56 69 54
Clinical features
 Skin (%) 86 83 76
  Purpura (%) 69 75 71
  Raynaud’s phenomenon (%) 30 26 –
  Necrosis (%) 28 16 1
  Ulcers (%) 27 14 4
  Livedo (%) 13 2 4
 Joints (%) 28 40 53
 Peripheral neuropathy (%) 44 52 74
 Central nervous system (%) 0 2 9
 Kidney (%) 30 35 34
 Gastrointestinal (%) 0 5 7
Laboratory analysisa

 Cryoglobulin (g/l) 1.55 0.94 1.04
 C4 (g/l) 0.09 0.07 0.09

aNormal values: cryoglobulins, <0.05 g/l; complement fraction C4, 0.14–0.40 g/l
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Because immunosuppressants stimulate virus 
replication, they jeopardize patients’ outcomes 
and increase mortality [37]. As for HBV–PAN, 
short-term corticosteroids and/or plasma 
exchange could be used first to control severe and 
life-threatening manifestations, but they do not 
have long-term efficacy. Antiviral use is based on 
direct-acting agents. Among the newer mole-
cules, sofosbuvir (a nucleotide NS5B (nonstruc-
tural protein 5B) inhibitor) combined with 
ledipasvir (an NS5A (nonstructural protein 5A) 
inhibitor) effectively cures cryoglobulinemic 
vasculitis in up to 95% of patients within 
3 months. That combination, like others, is more- 
or- less active against all genotypes. IFNα is no 
longer used, and ribavirin use is now limited to 
some genotypes and difficult-to-treat cases. 
Because of their efficacy, combined antivirals are 
the first-line treatment-of-choice for cryoglobuli-
nemia and can cure cryoglobulinemic vasculitis, 
mostly non-severe forms [38].

Rituximab, an anti-CD20 monoclonal anti-
body, combined with antivirals, is now used 
extensively to treat HCV-mixed cryoglobuline-
mic vasculitis [39, 40].

The use of plasma exchange is now restricted 
to some patients, whose disease fails to respond to 
antivirals and rituximab.

 Other Vasculitides with a Possible 
Infectious Etiology

 Human Immunodeficiency Virus 
(HIV)-Associated Vasculitis

Numerous pathogens, including HIV, have been 
identified at vasculitis, onset and persistance. 
Different- sized vessels can be involved in HIV-
associated vasculitis, which histologically resem-
bles giant- cell arteritis or necrotizing vasculitis. 
Although HIV has been implicated in Kawasaki-
like disease or PAN, most HIV-infected patients 
develop small-sized vessel vasculitis [41]. The 
pathophysiology of HIV-associated vasculitis 
remains unclear, with a role of immune com-
plexes suspected but never proven. Several dis-
tinct mechanisms probably coexist: in a context 

of fewer than 200 CD4+ T-cells/ml, opportunistic 
infections can cause vasculitis, or an excess of 
CD8+ cells could be responsible [42].

Opportunistic infections are common in HIV/
acquired immunodeficiency syndrome (AIDS) 
patients, like all immunocompromised individuals, 
and can sometimes manifest as vasculitis. Many 
pathogens have been directly or indirectly associ-
ated with vasculitis in HIV-infected individuals, 
including cytomegalovirus, Toxoplasma gondii, and 
Pneumocystis jirovecii. Patients with other vasculi-
tides, who are therapeutically immunosuppressed, 
are also susceptible to those infections. Notably, 
cytomegalovirus-associated vasculitis occurs more 
frequently in HIV-infected patients than in the gen-
eral population and, during advanced-stage AIDS, 
usually involves the gastrointestinal tract, lungs, 
central nervous system, and skin [43].

 Syphilis-Associated Vasculitis

Syphilis is one of the several infectious diseases 
anecdotally associated with different types of 
vasculitides and classified in the Chapel Hill 
Nomenclature [4]. Notably, it was responsible for 
several cases of retinitis and other ocular diseases 
[44]. Aortitis can also be caused by syphilis [45], 
as can central nervous system vasculitis [46, 47].

 Giant-Cell Arteritis

Giant-cell arteritis etiology is still unknown. 
Although infections had been considered, no 
microbe had been identified until 2012, when 
Koening et  al. implicated a Burkholderia-like 
strain [48]. Should that observation be confirmed 
by others, it would be the first convincing docu-
mentation of a bacterium’s role in this arteritis.

 Miscellaneous

Despite having been implicated in the etiology of 
anecdotical vasculitis cases, pathogens as the 
causal agents have not been confirmed in larger 
series of patients [49–51].
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Cryoglobulinemic Vasculitis
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Abbreviations

ANCA Antineutrophil cytoplasmic 
antibodies

CMV Cytomegalovirus
CNS Central nervous system
CryoVas Cryoglobulinemic vasculitis
FFS Five-factor score
HBV Hepatitis B virus
HCV Hepatitis C virus
PEG-IFN Pegylated interferon
RBV Ribavirin
RF Rheumatoid factor

Cryoglobulins are immune complexes that may 
induce systemic vasculitis, affecting small ves-
sels and involving mainly the skin, the joints, the 
peripheral nerve system, and the kidneys. During 

the last 25  years, major progresses have been 
done after the discovery of the hepatitis C virus 
(HCV), which represents the main cause of cryo-
globulins [1–3].

 Cryoglobulinemic Spectrum 
and Diagnostic Tests

Cryoglobulinemic is defined by the presence of 
circulating immunoglobulins that precipitate at 
cold temperature and dissolve with rewarming. 
Cryoglobulinemic is confirmed by the detection 
of protein precipitates in the patient’s serum 
maintained at 4 °C during at least 7 days, which 
dissolved when heated at 37 °C. In most expert 
centers, patients are considered to have a sig-
nificant cryoglobulin level when >0.05 g/L on 
two determinations [2]. After detection, 
Cryoglobulinemic is categorized by immuno-
chemical analysis into three types [2, 4]. Type I 
cryoglobulins are monoclonal immunoglobu-
lins. Type II cryoglobulins consist of a mono-
clonal immunoglobulin with a rheumatoid 
factor (RF) activity associated with polyclonal 
IgG, whereas type III cryoglobulins comprised 
polyclonal IgM and IgM with RF activity [5, 6]. 
Types II and III are often referred to as mixed 
Cryoglobulinemic. However, testing methods 
for Cryoglobulinemic detection have some lim-
itations and may be influenced by artifacts aris-
ing from ex vivo cryoprecipitation after blood 
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drawing. Indeed,  cryoglobulins are character-
ized by high thermal instability. For a correct 
evaluation of serum cryoglobulins, it is neces-
sary to avoid false- negative results due to 
immunoglobulin cold precipitation which also 
occurs at room temperature. Blood sampling 
for cryoglobulin detection should be carried 
immediately after blood is drawn, or blood 
should be rapidly transported to the laboratory 
using a thermostable device (37 °C). In conse-
quence, when a cryoglobulin is suspected, 
serum should be kept warm, tests should be car-
ried out at 37  °C, and tests for cryoglobulin 
detection should be repeated if first tests are 
negative and clinical feature is suggestive of 
Cryoglobulinemic vasculitis.

Other laboratory surrogate markers, easier to 
detect than cryoglobulins, may provide indirect 
evidence of the presence of Cryoglobulinemic. 
Specific but inconsistent complement abnor-
malities are observed: decreased serum levels 
of early components (C1q, C2, C4) and CH50, 
with usually normal C3 concentration. The 
diagnosis of mixed cryoglobulinemic vasculitis 
is usually based on the association of clinical 
vasculitis symptoms, a Cryoglobulinemic and a 
decrease in C4. Rheumatoid factor activity is 
also often found in mixed Cryoglobulinemic, in 
contrast to type I cryoglobulins. Electrophoresis 
and immunoelectrophoresis reveal polyclonal 
hypergammaglobulinemia or a monoclonal 
component.

On pathological analysis, CryoVas is a leu-
kocytoclastic vasculitis affecting small (arteri-
oles, capillaries, venules) and medium vessels; 
it is related to an inflammatory infiltrate around 
the vessels predominantly composed of lym-
phocytes and monocytes with very few poly-
morphonuclears. In 20% of cases, fibrinoid 
necrosis around medium-size vessels may be 
observed and mimic features of periarteritis 
nodosa.

Serum cryoglobulin may also interfere with a 
variety of laboratory tests and have been associ-
ated with spurious quantitation of plasma pro-
teins and erythrocyte sedimentation rate, 
pseudo-leukocytosis, pseudo-thrombocytosis, or 
pseudo-macrocytosis.

 Main Features of Cryoglobulinemic 
Vasculitis

The disease expression is variable, ranging from 
mild clinical symptoms (fatigue, purpura, arthral-
gia) to fulminant life-threatening complications 
(glomerulonephritis, widespread vasculitis) [1, 7] 
(Table  26.1). Of note, underlying mechanisms 
are different, i.e., clinical symptoms are explained 
by intravascular precipitation of monoclonal 
immunoglobulin in type I Cryoglobulinemic, 
whereas in mixed Cryoglobulinemic, lesions are 
often related to small-vessel vasculitis induced 
by immune complex deposits.

Fatigue is the main symptom, noted in 
80–90% of patients. The main cutaneous sign is 
a palpable purpura which is reported in 70–90% 
of patients. It always begins at the lower limbs 
and may extend to abdominal area, less fre-
quently to the trunk and upper limbs (Fig. 26.1). 
It persists several days and regresses with a 
residual brownish pigmentation. Cutaneous 
ulcers may also occur in particular in type I 
Cryoglobulinemic. Cold associated symptoms 
(Raynaud’s phenomenon, acrocyanosis, etc.) 
are seen in 25% of patients, especially in patients 
with type I cryoglobulin.

Arthralgia is reported in 40–60% of patients. 
They usually involve large joints and are 

Table 26.1 Main clinical features of cryoglobulinemic 
vasculitis according to the type of cryoglobulin [5, 7–9]

Type of cryoglobulin I (n = 64) II–III (n = 566)
Skin
 Purpura 60–70% 75–90%
 Raynaud phenomenon 30–40% 20–35%
 Ulcers/distal skin 
necrosis

30% 5–15%

 Cold-related symptoms 90–
100%

0–10%

 Livedo 10–15% 5–10%
Arthralgia/arthritis 30% 30–80%
Neurological involvement
 Peripheral neuropathy 40–50% 50–75%
 Central nervous system Rare 5–10%
Renal involvement 20–30% 20–40%
Digestive involvement Rare 5%
Heart involvement Rare Rare
Pulmonary involvement Rare Rare
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 bilateral and symmetric. Arthralgia involves 
more  frequently fingers, knee, ankles, and back. 
Frank arthritis is reported in <10% of patients 
without joint deformation. A sicca syndrome has 
been reported in 20–40% of patients. Although 
sicca symptoms are very frequent in HCV-
infected patients, a characterized Sjögren’s syn-
drome defined by the presence of anti-SSA or 
anti-SSB antibodies and a typical salivary gland 
histology is uncommon.

Neurologic manifestations range from pure 
sensory polyneuropathy to mononeuritis multi-
plex (60–70%). The most frequently described 
form is a distal sensory or sensory-motor poly-
neuropathy. Polyneuropathy usually manifests as 
painful and asymmetric paresthesia which later 
becomes symmetric. Motor deficit is inconstant, 
mainly affects the lower limbs, and often appears 
from a few months to a few years after sensory 
symptoms. Central nervous system (CNS) 

a b c

d e

f g

Fig. 26.1 (a) Skin purpura with a cutaneous ulcer in an 
HCV-mixed Cryoglobulinemic. (b) Skin purpura. (c) 
Membranoproliferative glomerulonephritis related to type 
II mixed Cryoglobulinemic. (d) Distal polyneuropathy 

related to mixed Cryoglobulinemic. (e) Mononeuropathy 
multiplex related to mixed Cryoglobulinemic. (f) Nerve 
biopsy showing perivascular infiltrate of T lymphocytes 
around small-sized vessels. (g) Immunofluorescence anal-
ysis of skin biopsy showing C3 deposits

26 Cryoglobulinemic Vasculitis



358

involvement is infrequent (<10%) and may mani-
fest as stroke, epilepsy, or cognitive impairment. 
CNS damages are the consequence of cerebral 
vasculitis.

Renal manifestations are reported in 20–40% 
of patients. The most frequent clinical presenta-
tion is proteinuria with microscopic hematuria 
and sometimes a variable degree of renal insuffi-
ciency. Histological analysis most often reveals 
an acute or chronic type I membranoproliferative 
glomerulonephritis with subendothelial deposits 
(Fig. 26.1). It represents more than 80% of cryo-
globulinemic renal diseases. It is strongly associ-
ated with the presence of type II Cryoglobulinemic 
with IgMκ rheumatoid factor. In histological anal-
ysis, the presence of amorphous and eosinophilic 
intraluminal thrombi and vasculitis of small and 
medium-sized vessels (25%) with fibrinoid necro-
sis are associated with a poor outcome.

Other severe manifestations are rare (<5%). 
Digestive involvement may manifest as abdomi-
nal pains and gastrointestinal bleeding secondary 
to mesenteric vasculitis. To date, there is no data on 
gut microbiota in patients with Cryoglobulinemic 
vasculitis. Cardiac involvement is associated 
with significant mortality. It includes mitral val-
vular damages, coronary vasculitis complicated 
by myocardial infarction, pericarditis, or conges-
tive heart failure. Lungs are rarely involved usu-
ally without clinical symptoms. However, some 
patients may present moderate exercise dyspnea, 
dry cough, or hemoptysis, which can be the con-
sequence of interstitial lung fibrosis, pleural effu-
sions, or pulmonary intra-alveolar hemorrhages.

For a patient with a vascular purpura, other 
causes of purpura should be excluded such as 
infections especially in the presence of fever 
(meningococcal infections, endocarditis, etc.), 
drugs and toxics, as well as other small-vessel 
vasculitis (ANCA vasculitis, IgA vasculitis, etc.).

 Etiologies of Cryoglobulinemic

The production of cryoglobulins is most often the 
consequence of an underlying disorder that needs 
an etiological checkup. It is tailored, at least in 
part, according to the immunochemical determi-
nation of the cryoglobulin components.

In type I cryoglobulinemic vasculitis, it is 
mandatory to look for the presence of an underly-
ing B-cell lymphoproliferative disorder, mainly 
Waldenström macroglobulinemia, multiple 
myeloma, or monoclonal gammopathy of 
unknown significance. The clinical lesions of 
vasculitis are explained by intravascular precipi-
tation and “obstruction” of monoclonal immuno-
globulin in small-size vessels. In this context, a 
cryoglobulin composed of IgM suggests a 
Waldenström disease, whereas Cryoglobulinemic 
composed of IgG is more often found in myeloma 
or MGUS.  Type I cryoglobulins may also be 
observed in non-Hodgkin’s lymphoma or chronic 
lymphocytic leukemia B, although mixed type II 
cryoglobulins are more common (Table 26.2).

The main etiology of mixed cryoglobulins 
(type II and type III) is chronic HCV infection 
(70–90% of mixed cryoglobulins). In large 

Table 26.2 Management of cryoglobulinemic vasculitis according the type of cryoglobulin

Type I cryoglobulins Mixed cryoglobulins (type II or III)

MGUS B-cell disorder (myeloma, lymphoma) HCV+ HCV−
Treatment of MGUS:
Corticosteroids
IgG
 • Bortezomib
 • Alkylating agents
 • Thalidomide or 
lenalidomide
IgM
 • Rituximab
 • Plasmapheresis
 • Ilomedine

Treatment of myeloma (bortezomib, 
alkylating agents, thalidomide, stem cell 
autograft)
Or lymphoma (chemotherapy)
• Plasmapheresis
• Ilomedine

Antiviral IFN-free 
treatment
• Rituximab
• Plasmapheresis
• Ilomedine

Treatment of etiology 
(autoimmune disease, 
lymphoma)
Corticosteroids
• Rituximab
• Alkylating agents 
(cyclophosphamide)
• Chemotherapy (for 
lymphoma)
• Plasmapheresis
• Ilomedine
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prospective series, the presence of a mixed cryo-
globulin is found in about 50% of HCV-infected 
patients. However, only one third of these 
cryoglobulin- positive HCV patients will develop 
a symptomatic vasculitis. In case of persistent 
mixed cryoglobulin despite HCV clearance, the 
presence of a B-cell lymphoma should be consid-
ered [10]. For mixed cryoglobulins not associ-
ated with HCV (10–30% of mixed cryoglobulins), 
main causes include other infectious diseases 
(HBV, HIV), B-cell malignancies, and autoim-
mune diseases (notably systemic lupus and 
Sjögren’s syndrome). Other infectious triggers 
are listed in Table 26.3. Non-HCV-related infec-
tious Cryoglobulinemic are mainly caused by 
virus (HBV, CMV, and HIV), bacterial pathogens 
(endocarditis, Streptococcus, Brucella), or para-
sites (leishmaniosia). In a recent study including 
242 patients with noninfectious mixed 
Cryoglobulinemic, 30% had autoimmune disor-
ders (Sjögren’s syndrome, lupus, scleroderma), 

22% had a hemopathy (marginal zone lymphoma, 
non-Hodgkin’s B-cell lymphoma, lymphoplas-
macytic lymphoma), and no cause was found in 
48% of patients [11].

 Prognosis of Cryoglobulinemic 
Vasculitis

Cryoglobulinemic vasculitis is associated with 
increased morbidity and mortality. Some studies 
before the HCV era underlined the bad  prognostic 
factor of renal involvement [10]. More recent 
studies defined prognostic factors of 
Cryoglobulinemic vasculitis according to the 
presence of HCV infection and the type of cryo-
globulinemic [7, 12].

In a cohort of 151 HCV-associated mixed 
cryoglobulinemic vasculitis, the 1-year, 3-year, 
5-year, and 10-year survival rates were 96%, 
86%, 75%, and 63%, respectively. In HCV- 
associated cryoglobulinemic vasculitis, liver- 
related complications and severe vasculitis 
involvements are the main factors associated with 
a poor prognosis. Baseline factors associated 
with a poor prognosis were the presence of severe 
liver fibrosis (hazard ratio [HR] 5.31), central 
nervous system involvement (HR 2.74), kidney 
involvement (HR 1.91), and heart involvement 
(HR 4.2). The five-factor score (FFS) [13], a vas-
culitis scoring system based on five clinical items 
(proteinuria >1  gr/day, serum creatinine 
>140 μmol/L, cardiomyopathy, severe gastroin-
testinal involvement, and central nervous system 
involvement), was significantly associated with 
outcome. In multivariate analysis, severe fibrosis 
(HR 10.8) and the FFS (HR 2.49) were signifi-
cantly associated with a poor prognosis [12]. In 
different studies, the most common causes of 
death were infection, end-stage liver disease, car-
diovascular disease, vasculitis (mainly renal 
involvement complicated with end-stage renal 
and CNS involvement), and lymphoma/neoplasia 
[7, 12, 14]. In HCV-related cryoglobulinemic 
vasculitis, the overall risk of B-cell non- 
Hodgkin’s lymphoma is about 35 times higher 
than in the general population. Interestingly, 
among patients without severe liver fibrosis, the 

Table 26.3 Main infectious triggers of mixed 
Cryoglobulinemic

Virus
 Hepatitis C virus (HCV)
 Hepatitis B virus (HBV)
 Epstein-Barr virus
 Cytomegalovirus
 Hepatitis A virus
 Human immunodeficiency virus (HIV)
 Adenovirus
 Parvovirus B19
Bacteria
 Endocarditis
 Streptococcus
 Brucellosis
 Coxiella
 Mycobacterium leprae
 Lyme disease
 Syphilis
Parasites
 Malaria
 Leishmania
 Toxoplasma
 Schistosomiasis
 Echinococcosis
Fungi
 Candida
 Coccidioidomycosis

26 Cryoglobulinemic Vasculitis



360

FFS was a good predictor of outcome, while 
among those with severe fibrosis, the severity of 
vasculitis had no prognostic value. Treatment 
with the combination of pegylated interferon plus 
ribavirin was associated with a good prognosis 
(HR 0.34), whereas treatment with immunosup-
pressive/glucocorticosteroid agents (but not 
rituximab and plasmapheresis) was associated 
with a poor outcome, even after adjustment for 
the severity of vasculitis (HR 4.05) [12]. 
Regarding response to therapy, complete clinical, 
immunologic, and sustained virological responses 
were associated with a good prognosis. In a 
recent study including 205 HCV-mixed cryo-
globulinemic patients with renal failure, adjusted 
multivariate Cox regression analysis identified 
age (HR 1.036) and the use of antiviral therapy 
(HR, 0.296) as the risk factors associated with 
survival.

In patients with noninfectious mixed cryo-
globulinemic vasculitis, baseline factors associ-
ated with prognosis have been recently reported 
in a large study [8, 15]. One-year, two-year, five- 
year, and ten-year overall survival rates were 
91%, 89%, 79%, and 65%, respectively. Deaths 
were related to serious infections (50%), vasculi-
tis flare, and cardiovascular disease. The cause of 
mixed cryoglobulinemic did not predict the out-
come. Pulmonary and gastrointestinal involve-
ments, glomerular filtration rate <60 ml/min, and 
age >65  years were independently associated 
with death. The CryoVas score (CVS), a prognos-
tic score including these four variables, was 
derived for the prediction of survival at 5 years. 
At 5  years, the death rates were 2.6%, 13.1%, 
29.6%, and 38.5% for a CVS of 0, 1, 2, and ≥3, 
respectively. At 1 year, the death rates were 0%, 
3.2%, 18.5%, and 30.8% for a CVS of 0, 1, 2, and 
≥3, respectively. The area under the curve for the 
CVS was higher compared with the FFS, indicat-
ing a better performance of the CVS [15]. 
Increased risk of lymphoma in the follow-up of 
such patients should also be underlined [16].

Data on the prognosis of type I cryoglobulin-
emic vasculitis have been reported on a series of 
64 patients [5]. The 1-year, 3-year, 5-year, and 
10-year survival rates were 97%, 94%, 94%, and 
87%, respectively. Compared to MGUS, type I 

CryoVas related to hematologic malignancy 
tended to be associated with a poorer prognosis 
(p  =  0.06). Deaths were mainly explained by 
infections (n = 2/4) and hemopathy.

 Management

In type I cryoglobulinemic, the treatment of cryo-
globulinemic vasculitis is that of the B-cell lym-
phoproliferative disorder, i.e., chemotherapy for 
underlying lymphoma or myeloma (including 
bortezomib, thalidomide, lenalidomide, or an 
alkylating agent) [17] (Table 26.2). A stem cell 
autograft may also be indicated for myeloma. In 
the case of MGUS linked to IgG (plasmocytes 
proliferation), myeloma treatments are used, 
whereas in the case of IgM (lymphoplasmocytic 
proliferation), rituximab is more readily used [9]. 
Specific treatment may also be indicated, includ-
ing plasma exchange (in particular in severe cuta-
neous or renal involvement) and Ilomedine [5].

In type II and III cryoglobulinemic (mixed 
cryoglobulinemic), the main etiological agent is 
by far HCV infection. HCV-induced mixed cryo-
globulinemic vasculitis manifestations respond to 
clearance of HCV, i.e., sustained virological 
response (SVR). International guidelines recom-
mend to treat HCV-infected patients with extrahe-
patic manifestations such as mixed 
cryoglobulinemic vasculitis. During the decade 
2002–2012, using a combination antiviral therapy 
with pegylated interferon (PegIFN) plus ribavirin 
for 12  months permitted to achieve a SVR in 
50–60% of patients [18]. Patients who relapsed 
for HCV infection after responding to antiviral 
therapy usually relapsed for the vasculitis with the 
return of viremia [19]. The use of a more potent 
triple HCV therapy with PegIFN/ribavirin and a 
specifically targeted antiviral agent (NS3/4A pro-
tease inhibitor, i.e., boceprevir or telaprevir) led to 
improved SVR rates (65–70%) in HCV genotype 
1 infection [11, 20]. However, such combination 
should be given for a long time (48 weeks), and 
serious adverse events occurred in up to 47% of 
patients, mostly in patients with baseline severe 
liver fibrosis and a low platelet count [11]. 
Numerous other direct- acting antivirals are now 
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available. The NS3/4A inhibitor simeprevir and 
NS5B inhibitor sofosbuvir allow shortened 
courses of combination IFN- free therapy, which 
are associated with high (>95%) SVR rates and 
relatively few toxicities. In a prospective, open-
label trial, including 24 HCV-mixed cryoglobuli-
nemic patients (50% genotype 1, 50% with stage 
4 liver fibrosis) treated with sofosbuvir and ribavi-
rin, clinical complete remission was achieved in 
87.5% at the end of treatment. A SVR was 
obtained in 74% of patients at week 12 after the 
end of treatment [17]. In a retrospective case 
series, including 12 HCV patients (50% cirrhosis, 
67% G1, seven patients with kidney involvement) 
treated with sofosbuvir plus simeprevir or ribavi-
rin, the rate of SVR was 83% at 12 weeks after the 
end of treatment. It is mandatory to also take into 
account other HCV complications, such as cirrho-
sis or renal insufficiency, for the choice of antivi-
ral treatment and the initiation of specific 
treatment of such complications. For cryoglobuli-
nemic vasculitis related to other pathogens (HBV, 
CMV, etc.), the treatment is also based on therapy 
targeting the infectious pathogen (i.e., antivirals 
against HBV) associated with plasmapheresis.

Rituximab is also an interesting therapeutic 
strategy in patients with mixed cryoglobulinemic, 
as it targets B-cells, which are responsible for 
cryoglobulin production and finally vasculitis 
lesions. In a prospective cohort study of 38 HCV- 
mixed cryoglobulinemic patients, rituximab plus 
Peg-IFN-α-/ribavirin-treated patients had a 
shorter time to clinical remission, better renal 
response rates, and higher rates of cryoglobulin 
clearance compared with Peg-IFN-α/ribavirin 
[9]. A prospective randomized trial confirmed the 
benefice of combination of rituximab and antivi-
rals, showing a complete response rate of 54.5% 
and 33.3% in patients who received rituximab 
plus IFNa/RBV and Peg-IFNa/RBV alone, 
respectively (p < 0.05) [21]. More recent studies 
have reported that rituximab has a better efficacy 
than conventional immunosuppressive treatment 
(i.e., glucocorticosteroids, azathioprine, cyclo-
phosphamide, and plasmapheresis) in patients 
refractory to antiviral treatment [22, 23]. In case 
of life-threatening vasculitis, plasmapheresis 
should have also been considered, particularly in 

rapidly progressing renal failure, central nervous 
system lesions, or cardiac/severe digestive 
involvement.

To summarize, the management must be indi-
vidualized according to the underlying disorder 
and the severity of disease. In HCV-mixed cryo-
globulinemic vasculitis with mild to moderate 
disease, an optimal antiviral treatment alone 
should be given. For patients with severe vasculi-
tis (i.e., worsening of renal function, mononeuri-
tis multiplex, extensive skin disease, intestinal 
ischemia, etc.), the control of disease with plas-
mapheresis and/or rituximab is usually required 
in association with the concomitant initiation of 
antiviral therapy.

 Follow-Up

During immunosuppressive and/or antiviral treat-
ment (for HCV-related cryoglobulinemic vasculi-
tis), signs and symptoms gradually improve, after 
a follow-up of weeks (i.e., purpura, glomerulone-
phritis, and arthralgia) or months (peripheral neu-
ropathy). With treatment, most patients can 
achieve a partial or complete clinical remission. 
In HCV-related cryoglobulinemic vasculitis, the 
clinical and immunological response is closely 
related to the viral response.

Long-term outcome is dependent on the 
occurrence of complications. Patients with non- 
HCV- related cryoglobulinemic vasculitis have an 
increased risk of death, primarily due to sepsis, 
and a fourfold increased risk of developing B-cell 
non-Hodgkin’s lymphoma [8]. In HCV-related 
cryoglobulinemic vasculitis, the overall risk of 
B-cell non-Hodgkin’s lymphoma is about 35 
times higher than in the general population. 
These patients are also exposed to HCV chronic 
infection-induced liver disease, i.e., liver fibrosis, 
cirrhosis, and hepatocellular carcinoma.
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Behçet Disease
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Abbreviations

BD Behçet disease
HLA Human leukocyte antigen
HSP60 Heat shock protein 60-kDa
HSP65 Heat shock protein 65-kDa
ICR Institute of Cancer Research

 Introduction

Behçet disease (BD) is a multi-system inflamma-
tory disorder characterized by recurrent flares 
affecting mucocutaneous and ocular tissues as 
well as joints, blood vessels, and gastrointestinal 
and central nervous systems. The prevalence of 
BD is higher in countries along the historical Silk 
Road from the coastal Mediterranean and Middle 
East to Japan, and it runs a more severe course in 
young males. The hyper-inflammatory nature of 
BD has been associated with a complex genetic 
tendency, and several microbial agents have been 
claimed as triggers of the disease manifestations 
starting with its first definition [1, 2].

 Behçet Disease and Viruses

Professor Hulusi Behçet first described his triple 
symptom complex consisting of recurrent oral 
and genital aphthous ulcers and uveitis as cardi-
nal manifestations of an independent disease, 
possibly caused by a specific agent in 1937 [2]. 
His claims of a possible generalized infection 
affecting the entire body were based on his obser-
vations of simultaneous or sequential appearance 
of the typical manifestations during flares as well 
as increased duration of intervals between attacks 
with only systemic treatments in the first two 
patients, who were followed for 20 and 7 years, 
respectively [2, 3].

Professor Behçet tried to isolate the causative 
agent responsible for this unique combination of 
manifestations, and his collaboration with 
Professor Hugo Braun of the Department of 
Microbiology, Istanbul Faculty of Medicine, 
helped to document structures resembling ele-
mentary particles of a virus, which were seen in 
the smears prepared from the base of the aph-
thous ulcers and stained by Giemsa and Herzberg 
methods [2, 3]. He reported that the sizes of both 
the intra- and extracellular particles were similar 
to that of smallpox virus; but inoculation studies 
failed to culture these virus-like elementary 
particles.

Professor Necdet Sezer from Istanbul 
University later reported that he isolated a filter-
able neurotropic virus from the vitreous of the 
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enucleated eye of one patient and the subretinal 
serous fluids of two other patients with BD [4, 5]. 
He was successful in culturing the putative agent 
by inoculating the collected samples into the cho-
rioallantoic membranes. Inoculation of the culti-
vated viral material induced encephalitis, 
cutaneous manifestations and thrombophlebitis 
in the legs of white mice, and uveitis with vitritis 
and hypopyon as well as encephalitis and cutane-
ous manifestations in rabbits [4]. He reported that 
electron microscopic investigations revealed 
viral particles with a diameter around 100  nm, 
and they were different from herpes simplex, 
lymphocytic choriomeningitis, or Theiler’s 
viruses [4]. Professor Sezer also suggested that 
serologic studies with complement-fixation and 
neutralization tests with sera from the patients 
with BD and controls supported the specificity of 
the isolated agent for the disease [4, 5]. However, 
no other investigator replicated his findings, and 
a unique virus responsible for BD manifestations 
could not be demonstrated so far.

On the other hand, several investigators 
reported findings associated with herpes simplex 
virus infection in BD.  Eglin and colleagues 
detected complementary RNA to herpes simplex 
virus by using 125I-labeled viral DNA probes in 
peripheral blood mononuclear cells of patients 
with BD, especially in those with ocular and 
articular involvements, as well as of those patients 
with aphthous stomatitis [6]. An impaired cellu-
lar response by CD4 and CD8 T cells was 
observed in patients with BD, similar to those 
individuals with recurrent herpetic infections [7]. 
However, antiviral treatment with acyclovir pro-
vided no help for the aphthous ulcers or other 
manifestations of the disease in a randomized 
trial [8].

Sohn and colleagues developed an animal 
model for BD with mimicking mucocutaneous, 
ocular, and articular manifestations using herpes 
simplex virus in the ICR (Institute of Cancer 
Research) mice [9, 10]. Characteristics of the 
manifestations of this model were compatible with 
herpetic infections, and analysis of several inbred 
mouse strains indicated no direct effect of MHC 
alleles in the development of BD-like findings 
induced by herpes simplex virus infection [11].

BD-like manifestations were also reported in 
patients with other viral infections, including ret-
roviruses, Epstein-Barr virus, and cytomegalovi-
rus [12–15]. None of them were considered as 
pathogenic associations, and the development of 
these findings was viewed as clinical mimics.

 Hypersensitivity to Streptococcal 
Antigens

Professor Hulusi Behçet discussed the role of 
focal infections in the oral cavity as possible trig-
gers of exacerbations in his following publica-
tions; and he reported only slight improvement in 
the clinical course of the patients with the treat-
ment of dental infections [16]. Later studies fur-
ther supported the association of oral hygiene 
with the severity of BD [17].

The role of certain streptococcal strains in oral 
microbiota and a hypersensitivity to streptococ-
cal antigens have long been claimed to be part of 
the pathogenesis of BD [18, 19]. An uncommon 
serotype of Streptococcus sanguinis KTH-1 (so- 
called BD113-20 strain) with its own bacterial 
and enzymatic properties was found to be 
detected at higher frequencies in patients with 
BD compared to healthy controls; and an 
increased immunoreactivity against it was sug-
gested to play a role in the pathogenesis [20–24]. 
Exacerbations of systemic manifestations follow-
ing dental treatments or with skin prick tests 
using streptococcal antigens further supported 
the critical role of certain Streptococcus strains as 
potential triggers of BD [25, 26]. A similar flare 
was also observed following 23-valent polysac-
charide Streptococcus pneumoniae vaccine [27]. 
This streptococcal hypersensitivity was even sug-
gested to be used as a diagnostic test by applying 
a skin prick test with self-saliva, which was con-
sidered to be the source of pathogenic streptococ-
cal antigens [19].

Heat shock protein 65-kDa (HSP65) and Bes- 
1 were isolated as the immunogenic antigens of 
S. sanguinis with a potential cross-reactivity to 
self-proteins such as HSP60 and retinal BRN3B, 
respectively [18, 28]. Lehner and colleagues pro-
posed a shared antigen hypothesis with a cross- 

A. Gül



367

reactivity between microbial and human HSP 
antigens [29]. Cross-reactive epitopes were iden-
tified between HSP65 of Mycobacterium tuber-
culosis, S. sanguinis, and S. pyogenes. Also, 
immunoglobulin A (IgA) and IgG antibodies 
against those HSP65 epitopes were detected in 
the serum samples from patients with BD, and 
antibodies against S. sanguis KTH-1, KTH-2, 
and KTH-3 were limited to BD patients com-
pared to other disease controls including patients 
with recurrent aphthous stomatitis [29]. By stim-
ulating T cells with overlapping sequences of 
HSP65 of Mycobacterium tuberculosis, four pep-
tides (111–125, 154–172, 219–233, and 311–
325) were identified as T cell epitopes inducing 
lymphoproliferative responses in patients with 
BD compared to disease and healthy controls 
[30]. With an exception of 154–172, these pep-
tides stimulated only CD4 T cells; and no evi-
dence was detected for restriction of this response 
by human leukocyte antigen (HLA)-B*51, which 
is the major genetic susceptibility factor for BD 
potentially affecting the immune response [30]. 
Also, peptides with corresponding sequences of 
human HSP60 induced similar or stronger lym-
phoproliferative responses. Subsequent studies 
showed that subcutaneous immunization with 
HSP60-derived peptide 336–351 induced CD4 T 
cell-mediated uveitis in Lewis rats [31, 32], and 
the 336–351 peptide linked to recombinant chol-
era toxin B subunit adjuvant was successfully 
used to induce oral tolerization, which resulted in 
the prevention of recurrences of uveitis and dis-
continuation of immunosuppressive drugs in a 
small group of patients with BD [33].

These findings also led to treatments aiming to 
control streptococcal infections, and some stud-
ies documented favorable effects on the disease 
manifestations with benzathine penicillin [34, 
35], azithromycine [36], and minocycline thera-
pies [37], mediated by either their antimicrobial 
or immunomodulatory mechanisms.

A recent study, which documented the immu-
noreactivity with neurofilament-medium fila-
ments in the brain, retina, and scrotal skin tissues 
of mice by using serum samples of Behçet 
patients, showed a cross-reactivity with these 
antibodies and microbial HSP65 epitopes [38]. 

The mechanism associated with hypersensitivity 
to streptococcal and other microbial antigens has 
yet to be clarified; and pathogenic significance of 
the cross-reactivity with microbial and host pro-
teins in the immunopathogenesis of BD needs to 
be explored further.

 Microbiota in Behçet Disease

Limited number of microbiota studies in fecal 
and oral samples suggested some form of dysbio-
sis with possible unfavorable results in BD.  A 
comparative study of fecal microbiota of 22 
Italian BD patients with 16 healthy controls, 
sharing the same diet and lifestyle, showed sig-
nificant depletion of Roseburia and 
Subdoligranulum in the patients. This study also 
demonstrated a significantly reduced production 
of butyrate in patients with BD compared to their 
cohabiting controls, which may play a role in the 
differentiation of regulatory T cells [39].

On the other hand, comparison of fecal micro-
biota of 12 Japanese BD patients with those of 12 
healthy controls revealed a significant increase in 
the genera of Bifidobacterium and Eggerthella 
and a decrease in the genera of Megamonas and 
Prevotella among the patients [40].

Seoudi and colleagues investigated the micro-
biota of salivary and oral mucosal samples from 
ulcer and non-ulcer sites in 54 patients with BD, 
8 patients with recurrent aphthous stomatitis, and 
25 healthy controls [41]. In patients with BD, 
colonization of oral aphthous ulcer sites was sig-
nificantly higher with Streptococcus salivarius 
compared to those of recurrent aphthous stomati-
tis and with Streptococcus sanguinis compared to 
healthy controls. On the other hand, an increased 
colonization with Rothia dentocariosa was 
detected in the non-ulcer sites of both patients 
with BD and those with recurrent aphthous sto-
matitis. Increased colonization with Neisseria 
and Veillonella was observed in the oral mucosa 
of healthy controls compared to both disease 
groups.

Coit and colleagues analyzed the salivary 
microbiota using samples from 31 Turkish BD 
patients and 15 healthy controls [42]. Microbial 
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community structure was found to be less 
diverse in BD patients, and a repeat analysis in 
nine patients following treatment of periodontal 
disease in the short term had no effect on this 
structure. The most abundant species in the 
saliva of BD patients was Haemophilus parain-
fluenzae, and the most depleted ones included 
Alloprevotella rava and species in the genus of 
Leptotrichia.

No skin microbiota study was conducted in 
BD. But one study reported that microbiology of 
pustular skin lesions of BD was different from 
that of acne vulgaris with significantly increased 
prevalence of Staphylococcus aureus and 
Prevotella species [43].

It is obvious that there was no consistent pat-
tern for fecal and oral microbiota changes despite 
some alterations in their distribution. Therefore, it 
is necessary to be cautious in the interpretation of 
these microbiota changes as causative or reactive, 
because of the possible roles of genetic, geo-
graphic, dietary, disease activity and treatment-
related factors affecting the results [42].

 Genetic Factors and Susceptibility 
to Microbial Triggers

BD shows a familial aggregation with a very high 
sibling recurrence risk ratio (λs = 11.4–52.5), and 
it is usually thought to be associated with shared 
genetic factors within the family rather than a 
communicable pathogen spreading within the 
household [44]. BD has a complex genetic back-
ground, and genome-wide association studies 
and screenings for rare mutations revealed sev-
eral variations increasing the susceptibility to BD 
[45–47]. Some of the variants are associated with 
defects in the sensing and processing of micro-
bial and endogenous danger signals and others in 
the type and extent of inflammatory response 
[45]. Among the identified genes, a considerable 
similarity was noticed between the variations 
associated with susceptibility to BD and Crohn’s 
disease, such as IL10, NOD2, TLR4, FUT2, 
LACC1, ADO-EGR2, RIPK2, IRF8, IL12A, and 
STAT4 [46, 47]. However, despite involvement 
of several overlapping variations in the tendency 

to both diseases, direction of the association in 
some genes reveals critical differences in the 
pathogenesis of these conditions. TLR4 variants 
such as D299G and T399I, associated with 
reduced response to lipopolysaccharide, and 
NOD2 variants such as R702W, G908R, and 
L1007  fs that are associated with reduced 
response to muramyl dipeptide are associated 
with an increased risk for Crohn’s disease yet are 
protective for BD.  These findings suggest that 
increased reactivity to intestinal microbiota is 
critical for BD, but a dampened immune reactiv-
ity with associated dysbiosis is important for 
Crohn’s disease [46]. Dense genotyping of 
immune-related loci by the Immunochip of BD 
patients also revealed additional susceptibility 
factors overlapping with tendency for leprosy 
[47]. Associations with these variants implicate 
alterations in the host responses to microbial 
exposure including leprosy in BD. It is not clear 
whether BD represents a form of immunodefi-
ciency by causing tendency for infections by cer-
tain microorganisms or associates with a shared 
inflammatory response such as erythema nodo-
sum, arthritis, or uveitis induced by different 
microbial agents.

 Conclusion and Implications

After the description of the triple symptom com-
plex by Professor Behçet, no specific viral or 
other microbial agent could be demonstrated as 
causative. However recent studies documented 
the critical role of genetic susceptibility factors 
affecting the interactions between host and differ-
ent pathogens and dangerous insults as well as the 
type and extent of inflammatory response. Despite 
the initial emphasis on viral triggers, later studies 
provided more information on uncommon strep-
tococcal strains as possible triggers of the disease 
manifestations. Hypersensitivity to streptococcal 
antigens and possibility of cross-reactivity with 
self-proteins require further studies for elucida-
tion of their diagnostic and therapeutic potentials. 
Decreasing disease prevalence with better hygiene 
underlines the public health potential of dealing 
with microbial triggers in the management of 
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patients with BD, and identification of the genetic 
and immunologic basis of the disordered host—
microbial interactions is expected to provide 
insights to reduce the impact of disease in patients 
as well as in high-risk populations [48, 49].
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 Introduction

Autoinflammatory diseases (AIDs) represent a 
relatively new group of rare disorders determined 
by deregulation of specific components of innate 
immunity. They can be subdivided into monogenic 
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and multifactorial disorders, with the former 
being caused by mutations of genes involved in 
the regulation of innate immune system and the 
latter recognizing a combination of genetic back-
ground and environmental factors at the start of 
the pathogenic process [1, 2].

The most widely known monogenic AIDs 
are familial Mediterranean fever (FMF), the 
most frequent autosomal recessive (AR) auto-
inflammatory condition caused by mutations in 
the Mediterranean fever (MEFV) gene that 
encodes for pyrin, a protein associated with the 
inflammasome, an intracellular multiprotein 
complex involved in the maturation of interleu-
kin (IL)-1β and IL-18; mevalonate kinase defi-
ciency (MKD), the second AR disease caused 
by MVK mutations and loss of function of the 
mevalonate kinase enzyme, the first in the cho-
lesterol biosynthesis enzymatic pathway; tumor 
necrosis factor (TNF) receptor-associated peri-
odic fever syndrome (TRAPS), an autosomal 
dominant (AD) disorder related to mutations 
involving type 1 TNF receptor (TNFRSF1A); 
cryopyrin-associated periodic syndrome 
(CAPS), a group of AD disorders associated 
with mutations in the NLRP3 gene that encodes 
for cryopyrin, a component of the NOD-like 
receptor- related protein 3 (NLRP3) inflamma-
some; and Blau syndrome/early-onset sarcoid-
osis, an AD disease caused by mutations in the 
NOD2 gene, encoding for a key regulator of 
innate immunity which works as bacterial 
detector in the inflammatory signaling response 
[1, 3, 4].

The number of multifactorial AIDs is quickly 
increasing: indeed, during the last decade, the 
innate immune system has been found to partici-
pate in a wide range of systemic disorders previ-
ously recognized as metabolic disorders or 
degenerative conditions, including diabetes mel-
litus type 2, atherosclerosis, Alzheimer’s disease, 
and fibrosing lung diseases. In a genuine rheuma-
tologic context, Behçet’s disease, systemic juve-
nile idiopathic arthritis, adult-onset Still’s 
disease, gouty arthritis, and chondrocalcinosis 
are all recognized as polygenic and multifactorial 
autoinflammatory entities in which the innate 
immune system plays a crucial role in both patho-

genesis and clinical expression. In addition, 
Schnitzler’s disease and periodic fever, aphthous 
stomatitis, pharyngitis, and cervical adenitis 
(PFAPA) syndrome represent further disorders 
with an autoinflammatory basis [1, 5, 6].

 Pathogenesis

From a pathogenic point of view, most AIDs are 
characterized by overproduction of IL-1, a mas-
ter proinflammatory cytokine involved in a host 
of inflammatory reactions, apoptosis and pyrop-
tosis, a specific type of cell death. For these rea-
sons, inhibition of IL-1 with biologic agents has 
proved to be an effective therapeutic option in the 
vast majority of AIDs [7].

 Monogenic AIDs

At a clinical level, monogenic AIDs share the 
recurrence of apparently inexplicable febrile epi-
sodes associated with increase of acute-phase 
reactants. High body temperature combines with 
a protean spectrum of inflammatory manifesta-
tions, including variable involvement of the skin, 
joints, gastrointestinal tract, serosal membranes, 
and central nervous system. More specifically, 
FMF is characterized by fever generally lasting 
1–3 days, mono- or polyserositis presenting with 
chest and/or abdominal pain, arthralgia or arthri-
tis often involving one large joint of the lower 
limbs, and erysipelas-like erythema [8]. Patients 
with MKD show recurrent febrile episodes last-
ing 4–7 days, different types of rashes, oral aph-
thosis, vomiting, diarrhea, abdominal pain, 
lymph node enlargement, arthralgia, and head-
ache [8]. TRAPS) manifests with fever lasting 
up to 3 weeks, migratory erythematous plaques 
with underlying myalgia owing to monocytic 
fasciitis, painful periorbital edema, conjunctivi-
tis, and diffuse joint symptoms. Serosal mem-
brane inflammation may also occur, mainly in 
the form of pericarditis [8]. The clinical spec-
trum of CAPS ranges from familial cold autoin-
flammatory syndrome (FCAS), which is the 
mildest phenotype, to Muckle-Wells syndrome 
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(MWS) which is characterized by intermediate 
severity, and chronic infantile neurological cuta-
neous articular syndrome (CINCAs), the most 
severe phenotype, also defined neonatal-onset 
multisystem inflammatory disease (NOMID). In 
particular, FCAS presents with recurrent fevers, 
urticarial rash, arthralgia, and conjunctivitis typ-
ically triggered by generalized cold exposure. 
Ocular abnormalities and progressive sensori-
neural deafness add to FCAS symptoms in 
patients with MWS, while children with 
CINCAs/NOMID are also characterized by 
destructive arthropathy, chronic aseptic menin-
gitis, intracranial hypertension, and different 
sequelae of neurological involvement [9]. Blau 
syndrome and early-onset sarcoidosis are, 
respectively, the familial and sporadic forms of 

pediatric granulomatous arthritis, which displays 
noncaseating epithelioid granulomas inducing 
arthritis, macular-papular-nodular dermatitis, 
and granulomatous uveitis [10] (Table 28.1).

Renal amyloid A (AA) amyloidosis is the most 
serious long-term complication of monogenic 
AIDs, occurring in 2–25% of patients based on 
the specific disease, clinical severity, and different 
penetrance of specific mutations. Although ini-
tially confined to the pediatric world, monogenic 
AIDs are a current matter for adult care physi-
cians. In addition, adult-onset monogenic AIDs 
can be often related to low-penetrance mutations 
and manifest with incomplete and/or atypical 
manifestations. In this context, recurrent acute 
pericarditis resistant to conventional treatments 
may arise as unique manifestation of TRAPS, and 

Table 28.1 General details and clinical clues of the most frequently recognized monogenic autoinflammatory 
diseases

Autoinflammatory disease Gene, locus Protein mutated Specific clinical peculiarity
Familial Mediterranean 
fever

MEFV, 
16p13.3

Pyrin (marenostrin) Fever, serositis, erysipelas-like 
erythema, recurrent arthritis, 
amyloidosis in untreated or 
noncompliant patients

Tumor necrosis factor 
receptor-associated periodic 
syndrome

TNFRSF1A, 
12p13.3

Tumor necrosis factor receptor 
1 (p55) or CD120a

Fever, migrating erythematous 
skin rash, conjunctivitis, 
periorbital edema, arthralgia, 
serosal involvement, 
amyloidosis

Cryopyrin- 
associated 
periodic 
syndrome

FCAS NLRP3, 1q44 Cryopyrin Fever, urticaria-like rash, 
conjunctivitis, headache, joint 
symptoms

MWS Fever, urticaria-like rash, 
conjunctivitis, arthralgia, 
neurosensorial deafness, 
amyloidosis

CINCAs/
NOMID

Fever, urticaria-like rash, 
chronic arthropathy, chronic 
aseptic meningopathy, 
neurosensorial deafness, uveitis, 
papilledema, amyloidosis

Mevalonate kinase 
deficiency

MVK, 12q24 Mevalonate kinase Fever, polymorphous skin rash, 
abdominal pain, diarrhea, lymph 
node enlargement, joint 
symptoms, oral aphthosis

Blau syndrome/early-onset 
sarcoidosis

CARD15 
(NOD2), 
16q12.1–13

Caspase recruitment domain- 
containing protein 15 
(CARD15) or nucleotide- 
binding oligomerization 
domain 2 (NOD2)

Typical triad of granulomatous 
arthritis, dermatitis and 
panuveitis

CINCAs/NOMID chronic infantile neurological cutaneous and articular syndrome/neonatal-onset multisystem inflam-
matory disease, FCAS familial cold autoinflammatory syndrome, MWS Muckle-Wells syndrome
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atypical joint involvement or unusually long-
lasting inflammatory attacks may be observed 
even in FMF patients: this requires a careful clini-
cal evaluation in referral centers for complex 
patients with ambiguous presentation [2, 3, 11].

 Polygenic AIDs

Polygenic AIDs are a large group of diseases with 
heterogeneous clinical manifestations. Systemic 
juvenile idiopathic arthritis (sJIA) and adult-onset 
Still’s disease, the adult counterpart to sJIA, are 
clinically characterized by high- grade fever, 
arthritis/arthralgia, salmon-colored rash, neutro-
phil leukocytosis, changes in liver function, and a 
significant increase in serum ferritin with reduced 
glycosylated ferritin (<20%). sJIA and Still’s dis-
ease course may be also complicated by hemo-
phagocytic lymphohistiocytosis, potentially lethal 
if not adequately treated [12, 13].

PFAPA syndrome is characterized by recurrent 
fever accompanied by aphthous stomatitis, phar-
yngitis, and cervical lymphadenitis. Erythematous 
or papular skin rash, abdominal pain, arthralgia, 
and headache have been also reported as addi-
tional manifestations. Although more commonly 
identified before the age of 5, PFAPA syndrome 
has been more recently described as a possible 
adult-onset febrile entity [14].

Schnitzler’s syndrome manifests more fre-
quently between 40 and 50 years with fever, urti-
carial rash, arthralgia, headache, increased 
inflammatory markers, and monoclonal gam-
mopathy, especially of IgM type: skin biopsy in 
these patients usually shows a marked neutrophil 
infiltration. The clinical picture may progress to a 
lymphoproliferative disorder, and monoclonal 
components tend to increase over time; however, 
risk factors for hematologic progression have not 
yet been identified [15].

 The Role of Infections in AIDs

Systemic inflammation characterizing AIDs is 
independent of adaptive immune disorders and 
infections. Conversely, AIDs clinical manifesta-

tions are due to hyperactivation of the innate 
immune system that plays a pivotal role in first- 
line host defense against infections and in the 
early healing of tissue injury in a physiologic 
context [16]. Innate immunity system activity 
depends on specific sensors defined as pattern 
recognition receptors (PRR), developed in the 
inflammatory cells to detect pathogens or stress 
factors. Both membrane and cytoplasm sensors 
are known, with toll-like receptors (TLR) being 
the prototype of transmembrane receptors and 
nucleotide-binding and oligomerization domain 
(NOD)-like receptors being the intracellular ones 
[17]. PRR may be activated by pathogen- 
associated molecular patterns (PAMPs), respon-
sible for infectious agent-induced inflammation, 
and damage-associated molecular patterns 
(DAMPs), which are involved in sterile inflam-
mation related to any tissue lesion. The former 
are components of pathogens such as muramyl 
dipeptide, flagellin/rod proteins, bacterial toxins, 
nucleic acids, and other structural parts of patho-
gens; the latter are part of damaged cells or extra-
cellular matrix released or degraded after tissue 
injury. PAMPs and DAMPs do not work indepen-
dently, as infections may induce cell death with 
consequent release of DAMPs, resulting in 
amplification of inflammation. PRR work by 
inducing the formation of inflammasome, a mul-
timeric protein complex that activates caspase-1. 
In turn, this results in the activation of IL-1β and 
IL-18, on one hand, and the induction of highly 
inflammatory cell death pyroptosis, on the other. 
Pyroptosis is a key defense against microbial 
infections, as it is thought to halt the replication 
of intracellular pathogens by eliminating infected 
immune cells and amplifying the inflammatory 
response and presence of phagocytes [18–20].

In addition, the innate inflammatory response 
activated through the inflammasome may also 
promote protective adaptive immunity to patho-
gens. In this regard, it has been demonstrated 
that the NLRP3 inflammasome is required for 
protective immunity against Streptococcus 
pneumoniae respiratory infections, Listeria 
monocytogenes and chlamydial infections. On 
the other hand, pathogens try to contain the 
inflammasome activity to guarantee their own 
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survival, as for Legionella pneumophila and 
Yersinia enterocolitica

Also viruses interact with the inflammasome. 
Indeed, NLRP3-deficient mice were shown to 
have increased mortality to influenza infection 
when compared to wild-type mice. Moreover, 
influenza A virus and many other viruses have 
been found to inhibit inflammasome- mediated 
cytokine production. Equally, NLRP3 inflam-
masome has also been reported to play an active 
role against fungal pathogens, such as Candida 
albicans, and helminths, such as Schistosoma 
mansoni [21].

 The Role of the Microbiome in AIDs

Great interest has been directed to the role of the 
microbiome in the development of “sterile” 
inflammation. Recent studies have proved that 
either depletion or elimination of the microbiome 
or changes in diet with accompanying changes in 
gut microbiota lead to the improvement of 
inflammasome-mediated osteomyelitis and gouty 
arthritis. Indeed, recent studies have claimed that 
sterile inflammation is at least partially depend-
ing on the presence of PAMPs derived from com-
mensal microbes, while the autoinfectome, a 
term used to describe the history of infectious 
and commensal microbes encountered over time, 
seems to be deeply involved in the development 
of systemic inflammatory diseases. In this con-
text, the disruption of intestinal milieu and the 
impairment of gut homeostasis have been thought 
of as main contributors for susceptibility to 
inflammatory bowel diseases and also AIDs [22].

In the case of FMF, restructuring of the gut 
microbiome during febrile attacks has been 
described with depletion of total numbers of bac-
teria, loss of diversity, and shift toward 
Bacteroides, Firmicutes, and Proteobacteria. 
Conversely, during symptom-free periods the 
number of bacteria seems to be comparable to the 
control group, though bacterial diversity is 
already deviant from the norm [23]. Of note, gut 
bacterial diversity has been found to depend on 
the allele carrier status, while treatment with col-
chicine, the mainstay of FMF therapy, does not 

normalize these profiles [24]. Also, a systemic 
reactivity against commensal gut microbiota has 
been found in FMF patients as a potential conse-
quence of hypersensitivity of the inflammasome, 
leading to inflammation and secondary transloca-
tion of bacteria and bacterial antigens through the 
gut barrier [25].

A few data are currently available on the role 
of the microbiome on other monogenic AIDs, as 
for adult-onset Still’s disease and Schnitzler’s 
disease. In this context, chronic recurrent multi-
focal osteomyelitis (CRMO) represents a para-
digm of AIDs conditioned by the microbiome. 
This is a rare autoinflammatory bone disorder 
characterized by a wide clinical spectrum rang-
ing from asymptomatic inflammation of single 
bones to CRMO.  Especially among adults, 
CRMO is frequently associated with skin neutro-
philic manifestations and might occur in the con-
text of SAPHO, an acronym indicating CRMO 
associated with synovitis, acne, pustulosis, 
hyperostosis, and osteitis. Although the patho-
genesis is unknown, recent findings have shown 
that disturbances in the gut microbiome may con-
tribute to sterile bone inflammation. In detail, 
CRMO mice on a high-fat diet have shown a pro-
tection from the development of aseptic osteomy-
elitis. Accordingly, a high-fat diet exhibited a 
shift toward Lactobacillus spp. in the gut micro-
biome along with a reduced IL-1β expression, 
while mice on a low-fat diet exhibited a number 
of inflammation-associated microbes, including 
Prevotella spp. Interestingly, fecal transplant 
from high-fat diet mice to young mice resulted in 
protection from CRMO, while transplant from 
low-fat diet mice accelerated the development of 
osteomyelitis. Data on the effects of diet or other 
environmental factors on CRMO are currently 
lacking in humans. However, although bone cul-
tures are typically sterile and antibiotic therapy is 
usually unsuccessful, an aberrant response to 
bacteria, especially Propionibacterium acnes, 
has been postulated in adults with SAPHO syn-
drome [26, 27] (see also Chap. 33).

In the case of PFAPA syndrome, the curative 
role of tonsillectomy has led to explore the micro-
biome of tonsils as an inflammatory stimulus or 
disease modulator. In particular, tonsils from 
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PFAPA patients seem to contain more likely 
Candida albicans, cyanobacteria, Prevotella and 
Synergistetes and less likely (or with less abun-
dance) Staphylococcus aureus and varicella- zoster 
virus than controls. Conversely, to date no differ-
ences have emerged in the frequency of nasopha-
ryngeal pathogens in PFAPA patients [28].

 Conclusions
Current data on the role of the microbiome in 
AIDs are lacking. However, the few studies 
performed on this issue seem to suggest that 
commensal microbes may consistently influ-
ence both pathogenesis and clinical manifes-
tations of these diseases. Although further 
studies are required, these clues have been 
glimpsed at in patients with FMF and PFAPA 
syndrome along with animal models of 
CRMO. However, they need to be investigated 
in all other monogenic AIDs. Therefore, how 
microbes may influence disease onset, clinical 
course, severity, and response to treatments 
are all topics for research in the near future. 
In the same way, how microbial components 
and metabolites in the blood may serve as sur-
rogate markers in daily clinical practice and 
whether reorienting the gut microbiome may 
represent a therapeutic opportunity in some 
cases are also attractive sparks for future 
research.
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Abbreviations

CNS Central nervous system
CTLs Cytotoxic T cells
ECD Erdheim-Chester disease
HHV6 Human herpesvirus 6
HIV Human immunodeficiency virus
HLH Haemophagocytic lymphohistiocytosis
IFN-y Interferon-y
IFNα Interferon-α
IL-12 Interleukin-12
LCH Langerhans cell histiocytosis
MRI Magnetic resonance imaging
mTOR Mammalian target of rapamycin
NK Natural killer

PET Positron emission tomography
RDD Rosai-Dorfman disease
Th1 T-helper 1

 Introduction

Histiocytoses are rare, often systemic diseases 
hallmarked by tissue infiltration by abnormal his-
tiocytes bearing peculiar morphological and 
immunohistochemical characteristics. Despite 
the significant advances made in the past decades 
in defining the clinical and molecular profile of 
this spectrum of diseases, the cells of origin of 
the different forms of histiocytosis are still 
incompletely understood. The abnormal histio-
cytes that infiltrate target organs or tissues share 
the phenotype of dendritic cells and 
monocytes/macrophages. Macrophages are usu-
ally large ovoid cells with pleiotropic functions 
(e.g. clearance of apoptotic cells and pathogens), 
whereas dendritic cells are stellate cells special-
ised in antigen presentation and T-cell activation. 
Langerhans cells are a subset of dendritic cells 
physiologically residing in the skin; they express 
characteristic antigens such as CD1a and possess 
Birbeck granules that can be seen on electron 
microscopy [1].

Until recently, the histiocytoses were classi-
fied as Langerhans cell, non-Langerhans cell and 
malignant. Studies performed during the past few 
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years have revolutionised the field: in particular, 
the discovery of recurrent somatic mutations of 
some proto-oncogenes shed light on the aetio-
pathogenesis of several histiocytic disorders and 
provided the rationale for targeted treatments that 
have now largely replaced previous empirical 
approaches. In parallel, large cohort studies have 
been performed; these have allowed a better 
understanding of the natural history of the dis-
ease, contributed to a better phenotyping of these 
disorders and their subsets and led to the identifi-
cation of previously unrecognised overlap forms 
of Langerhans and non-Langerhans cell histiocy-
toses [2], which suggest a common ontogeny of 
the pathologic histiocytes. These significant 
advances have culminated into a new classifica-
tion of histiocytoses and neoplasms of the 
macrophage- dendritic cell lineages (Table 29.1) 

that comprises five distinct groups: the “L” 
group, including classical Langerhans cell histio-
cytosis (LCH), Erdheim-Chester disease (ECD) 
and overlap forms; the “C” group, mainly includ-
ing cutaneous and mucocutaneous forms; the 
“M” group, encompassing primary malignant 
and secondary malignant forms, the latter occur-
ring after or sometimes simultaneously with 
another haematologic neoplasm; the “R” group, 
covering Rosai-Dorfman disease (RDD) and 
other non-cutaneous, non-Langerhans cell histio-
cytoses; and the “H” group, comprising haemo-
phagocytic lymphohistiocytosis (HLH), either 
primary or secondary to infectious or immune- 
mediated diseases [3].

Since this textbook focuses on systemic rheu-
matic disorders and their relationships with infec-
tions, this chapter will mainly deal with systemic 
forms of histiocytosis of the L, R and H groups, 
as they may share clinical features with rheu-
matic diseases or recognise, in some cases, infec-
tious triggers.

 Langerhans Cell Histiocytosis

LCH is an often systemic histiocytic disorder 
characterised by tissue infiltration by CD1a+/
CD207+ histiocytes (Fig.  29.1). The pathologic 
histiocytes in LCH are mononucleated cells with 
coffee bean- or kidney-shaped nuclei that dif-
fusely infiltrate target tissues, often accompanied 
by abundant eosinophils and multinucleated 
giant cells [3]. Electron microscopy may reveal 
the presence of Birbeck granules, although the 
search for this hallmark ultrastructural feature 
has been replaced in clinical practice by immu-
nohistochemical analysis on paraffin-embedded 
samples for typical Langerhans cell markers such 
as CD1a and CD207 (Figs.  29.1 and 29.2) [3]. 
Elegant studies have explored the origin of patho-
logic histiocytes in LCH: transcriptional profiling 
showed that LCH cells are more similar to their 
bone marrow-derived monocyte and dendritic 
cell precursors than to epidermal Langerhans 
cells [4]. In line with this view, studies tracking 
the BRAFV600E mutation (which is found in LCH 
lesions in approximately 55% of the cases) in 

Table 29.1 Revised classification of histiocytoses 
according to Emile et al. (adapted from Ref. [3])

L group
Langerhans cell histiocytosis
Erdheim-Chester disease
Indeterminate cell histiocytosis
Mixed Langerhans cell and Erdheim-Chester (overlap 
histiocytosis)
C group
Cutaneous non-Langerhans cell histiocytosis
  Xanthogranuloma family (e.g. juvenile 

xanthogranulomatosis, adult xanthogranuloma)
  Non-xanthogranuloma family (e.g. cutaneous 

Rosai-Dorfman disease)
Cutaneous non-Langerhans cell histiocytosis with a 
major systemic component
R group
Familial Rosai-Dorfman disease
Sporadic Rosai-Dorfman disease (e.g. classical and 
extra-nodal, associated with neoplasia or autoimmune 
disease)
M Group
Primary malignant histiocytoses
Secondary malignant histiocytoses (e.g. following or 
associated with another haematologic malignancy)
H group
Primary haemophagocytic lymphohistiocytosis (e.g. 
monogenic inherited conditions)
Secondary haemophagocytic lymphohistiocytosis 
(non-Mendelian)
Haemophagocytic lymphohistiocytosis of unknown/
uncertain origin
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Fig. 29.1 Main histopathologic characteristics of 
Erdheim-Chester disease (ECD) and Langerhans cell his-
tiocytosis (LCH). (a) Perirenal tissue biopsy from a 
patient with ECD showing fibrosis with histiocytes (some 
of which have a foamy cytoplasm) and small lymphocytes 
(inset). Haematoxylin and eosin (H&E), original magnifi-

cation 200× (400× in the inset). (b) CD68+ immunostain-
ing decorates the histiocytes in an ECD case. (c) Skin 
biopsy from an LCH patient shows infiltration by histio-
cytes with small, round or oval nuclei (H&E, 400×). In (d) 
the histiocytes shown in C are CD207+ (200×)

haematopoietic precursors were able to detect 
this mutation in CD34+ bone marrow cells in 
some (although not all) cases [5]. These data sug-
gest that LCH derives from aberrant progenitor 
cells that acquire somatic mutations such as 
BRAFV600E and that eventually infiltrate target tis-
sues. Mutations other than BRAFV600E have been 
detected in LCH, such as those involving 
MAP2K1, which encodes MEK1; BRAF and 
MAP2K1 mutations seem to be mutually exclu-
sive [6]. Overall, the genetic abnormalities 
encountered in LCH lead to activation of the 
RAF-MEK-ERK pathway.

LCH is more frequent in children; its annual 
incidence is 5–9 cases/million in subjects younger 
than 15 years of age and declines to 1 case/million 
in patients older than 15 years of age [7]. In adults, 

LCH with lung involvement is strongly associated 
with smoking. LCH may vary from organ-limited, 
clinically silent forms to disseminated and life-
threatening forms. Although nearly all organs or 
systems can be involved, the most frequently 
affected sites are the bone (80% of patients), the 
skin (30–40%), the pituitary gland (25%), the 
bone marrow, the liver, the spleen and the lungs 
(all around 10–15%) [8]. Lung involvement is 
more frequent in adults [1]. The main “risk organ” 
is the haematopoietic system, whose involvement 
is commonly associated with liver and spleen 
infiltration.

Bone lesions are very common in LCH and 
frequently involve the skull, the jaw, the spine 
(especially the cervical tract), the ribs, the pelvis 
and the long bones. Bone lesions in LCH are usu-
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ally lytic (Fig. 29.3) but may be accompanied by 
soft tissue masses. They may cause fractures or 
vertebral collapse, or when localised to the max-
illofacial bones or the skull base, they can cause 
scalp or facial swelling, otitis media, hearing 
loss, mastoiditis, loss of teeth and other cranial or 
central nervous system (CNS) manifestations [1].

CNS involvement may be severe and usually 
consists of either tumour-like or degenerative 
lesions, which may coexist. Patients with 
tumour- like lesions have a wide spectrum of 
neurological manifestations, ranging from focal 
neurological deficits to cranial nerve palsies, sei-
zures and symptoms secondary to intracranial 

hypertension. Conversely, neurodegenerative 
complications of LCH lead to progressive cere-
bellar syndrome, cognitive impairment, tetrapy-
ramidal syndrome and other slowly progressive 
manifestations. Focal CNS lesions may mimic 
primary or metastatic CNS neoplasms, granulo-
matous or infectious diseases, and can involve 
almost every portion of the CNS, with particular 
tropism for the hypothalamic-pituitary axis and 
the brainstem [1].

Skin lesions include brown to purplish pap-
ules, eczematous rashes resembling Candida 
infections and pustular, purpuric, vesicular or 
papulo-nodular lesions; oral lesions such as intra- 

a b

c d

Fig. 29.2 Main histopathologic features of Rosai- 
Dorfman disease and of a case with overlap Langerhans 
cell histiocytosis (LCH) and Erdheim-Chester disease 
(ECD). (a) Lymph node biopsy in a patient with RDD 
showing small lymphocytes, plasma cells and histiocytes 
with images of emperipolesis (see text for details) (H&E, 
400×). (b) In an RDD biopsy, the histiocytes are S-100+ and 
show emperipolesis (400×). (c, d) Showing images of a 

patient with overlap LCH-ECD. (c) Tissue biopsy showing 
LCH histiocytes which stain positive for CD1a (H&E, 
400×, CD1a staining in the inset, 200×). (d) Skin biopsy 
from an ECD lesion showing diffuse infiltration by foamy 
histiocytes with large cytoplasm and small nuclei; multi-
nucleated Touton giant cells are also observed (H&E, 
100×); the histiocytes are CD1a negative (inset, 200×)
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Fig. 29.3 Imaging findings in patients with Erdheim- 
Chester disease (ECD) and overlap Langerhans cell his-
tiocytosis and ECD (LCH-ECD). (a, b) Showing thoracic 
involvement in LCH-ECD cases: (a) CT scan showing 
interstitial lung fibrosis, well represented in interlobular 
septa; (b) CT scan of thoracic aorta involvement (periaor-
titis) (arrow). (c, d) Showing abdominal involvement in 
patients with ECD: (c) abdominal CT scan shows infiltra-

tion of both kidneys around the renal pelvis; (d) CT scan 
showing perirenal infiltration with typical “hairy kidney” 
appearance. (e, f) Showing bone involvement in ECD and 
overlap LCH-ECD: (e) plain radiograph of osteosclerotic 
bone lesions localised in the diaphysis of the tibia in ECD 
(arrows); (f) plain radiograph of osteolytic bone lesion 
localised in the tibia in a LCH-ECD overlap case (arrow)

29 Histiocytoses



384

oral masses, gingivitis, ulcers and loose teeth 
may also occur. The involvement of the haemato-
poietic system represents an adverse prognostic 
factor in LCH.  Patients with bone marrow 
involvement often show peripheral blood count 
abnormalities such as anaemia and thrombocyto-
penia, but some patients may have no abnormali-
ties at all. Importantly, bone marrow involvement 
is usually associated with liver and spleen infil-
tration leading to organomegaly, tumour-like or 
cystic lesions and eventually organ failure.

Among the other LCH-associated manifesta-
tions, it is worth mentioning that diabetes insipi-
dus is the most frequent endocrinopathy; it can 
precede or be the sole clinical manifestation of 
LCH in many cases. About 15% of patients with 
an apparently isolated diabetes insipidus were 
found to have LCH [9]. Lung involvement is rare 
and is best diagnosed using high-resolution com-
puted tomography, which usually reveals intersti-
tial thickening (Fig. 29.3) as well as small cysts 
and nodules especially in the upper and mid lung.

The diagnosis of LCH relies on histological 
examination of the affected tissue and immuno-
histochemical confirmation of the nature of the 
infiltrating histiocytes. Biopsy of the bone or skin 
lesions is usually preferred, but its interpretation 
must be in the context of the systemic disease 
manifestations and the possible differential diag-
noses, which include ECD (that can also overlap 
with LCH), juvenile xanthogranuloma, other 
forms of histiocytosis and multiple myeloma.

Treatment of LCH is based on the use of sev-
eral chemotherapeutic drugs along with glucocor-
ticoids and, in some cases, surgery. Among the 
most used chemotherapeutic agents are vinblas-
tine (particularly in the induction phase, in combi-
nation with glucocorticoids) and cladribine [1]. 
Response to treatment is better for symptomatic 
tumour-like lesions than for degenerative lesions, 
for which treatment options are mainly empirical 
and include all-trans retinoic acid and intravenous 
immunoglobulins. LCH patients bearing the 
BRAFV600E mutation have an increased frequency 
of risk organ involvement and show poorer 
response to standard therapy with glucocorticoids 
and vinblastine; additionally, they are more prone 
to relapse and more frequently experience perma-

nent sequelae of disease and treatment [8]. To 
date, selective inhibition of BRAFV600E with vemu-
rafenib or other agents is not yet of proven effi-
cacy. Further studies are needed to evaluate the 
efficacy of targeted therapies and to tailor treat-
ment on the basis of the underlying mutations.

 Erdheim-Chester Disease

ECD is a rare histiocytosis of the L group mainly 
occurring in adulthood, hallmarked by the accu-
mulation of “foamy” histiocytes staining posi-
tive for CD68, negative for CD1a and CD207 
(Langerin) (Figs.  29.1 and 29.2) and usually 
negative for S100. In addition to tissue accumu-
lation of foamy, lipid-laden macrophages, the 
pathology of ECD also shows abundant fibrosis, 
chronic lymphoplasmacytic infiltrates and often 
Touton giant cells. ECD is usually a multisys-
temic disease, with its hallmark feature being 
the symmetric involvement of the long bones 
that typically produces osteosclerotic lesions 
(Fig. 29.3) [10].

ECD was initially thought to be a primary 
inflammatory disease: in the affected tissues, the 
pathologic histiocytes express several chemo-
kines and their receptors and also produce pro- 
inflammatory cytokines. In addition, serum 
cytokine profiling of ECD patients showed a 
prominent T-helper 1 (Th1) polarisation, with 
upregulation of interleukin (IL)-12, interferon 
(IFN)-g-inducible protein-10 and monocyte che-
motactic protein-1 [11]. However, the recent 
identification of mutations or translocations in 
several proto-oncogenes or genes controlling cell 
proliferation such as BRAF, MAP2K1, NRAS and 
KRAS supports the hypothesis that ECD is a 
clonal disease [12]. The infiltrating histiocytes in 
ECD also show activation of the mammalian tar-
get of rapamycin (mTOR) pathway, which is 
involved in the control of cell metabolism and 
proliferation [13]. The clinical relevance of these 
findings is strongly supported by the evidence 
that targeting the mutated kinases and mTOR 
often leads to objective responses in ECD patients 
[14]. Overall, a new concept of inflammatory 
myeloid neoplasia is emerging for ECD as well 
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as for LCH [1]. However, the cell of origin of the 
ECD histiocytes is still unclear.

ECD is an extremely rare disease, with no 
more than 800 cases reported up to 2016; how-
ever, its prevalence has dramatically increased in 
the last decade, mainly due to increased recogni-
tion of the disease. ECD usually occurs in adults 
with only few paediatric cases reported in the lit-
erature; it affects men more frequently than 
women (M:F ratio of approximately 3:1), and its 
incidence peaks in the fifth decade [1].

Among the clinical complications of ECD, 
involvement of the long bones is definitely the 
most common as it occurs in nearly 90% of the 
cases. The diaphyses and metaphyses of long 
bones (particularly of the lower limbs) are usu-
ally involved symmetrically (Fig.  29.3). They 
show increased 99Tc uptake on bone scans; X-rays 
or other imaging studies such as computed 
tomography or magnetic resonance imaging 
(MRI) demonstrate that these lesions are gener-
ally osteosclerotic. Bone pain is common in ECD 
patients, as it occurs in 50% of the cases.

Another typical finding in ECD is retroperito-
neal infiltration, which usually involves the adi-
pose surrounding the kidneys, the renal pelvis 
and the proximal ureter, giving rise to the so- 
called hairy kidneys; peri-ureteral infiltration is a 
common cause of ureteral obstruction (Fig. 29.3) 
with consequent hydronephrosis and sometimes 
renal failure. The abdominal aortic wall and the 
surrounding retroperitoneum are also commonly 
infiltrated, and so is the adventitia of thoracic 
aorta (Fig. 29.3) and of the origin of the epiaortic 
arteries; the involvement of the whole (thoraco- 
abdominal) aorta is usually referred to as “coated 
aorta” and is found in 30% of the cases [10]. 
Heart involvement is also a prominent feature of 
ECD (40% of patients) and is also considered an 
adverse prognostic factor. ECD affects the peri-
cardium (often with pericardial effusion which 
can lead to tamponade) and the myocardium, 
where the infiltration almost invariably involves 
the right atrium and the right atrioventricular sul-
cus (Fig. 29.4). Entrapment of the right coronary 
artery is not uncommon. Interestingly, heart 
involvement is usually associated with a dissemi-
nated disease [15].

The CNS is involved in 25–50% of the cases. 
ECD lesions are often located in the brainstem 
and in the dentate nuclei of the cerebellum but 
may develop almost anywhere in the CNS and 
also involve the meninges; these lesions are usu-
ally tumour-like and gadolinium enhancing on 
MRI (Fig. 29.4) and may mimic meningiomas, 
granulomatous diseases or even CNS infiltration 
by LCH or Rosai-Dorfman disease. Spinal cord 
infiltration is also reported. As in LCH, CNS 
infiltration in ECD can also cause degenerative 
lesions especially in the cerebellum. Overall, 
CNS lesions clinically cause a variety of neuro-
logical syndromes, the most frequent of which 
include cerebellar (ataxia and dysarthria) and 
brainstem symptoms. Interestingly, ECD 
patients also have diffuse grey matter reduction 
and may progressively develop cognitive dys-
function [16].

Other manifestations of ECD include skin 
lesions, particularly xanthelasmas, neuroendo-
crine abnormalities such as diabetes insipidus, 
other endocrine dysfunctions (e.g. hypogonad-
ism, adrenal insufficiency), infiltration of serosa 
and effusion, interstitial lung disease and orbital 
infiltration with consequent exophthalmos 
(Fig. 29.4) [10].

The diagnosis of ECD relies on the demon-
stration of typical long bone lesions and compat-
ible histology, according to the criteria proposed 
by Veyssier-Belot et  al. [17]. Biopsies of the 
affected lesions are currently required not only 
for the diagnosis but also for molecular testing of 
the aforementioned mutations involving BRAF 
and other genes. Skin and perirenal tissue lesions 
are the easiest to biopsy and usually yield repre-
sentative material. A thorough evaluation of dis-
ease extent and severity is based on a combination 
of imaging techniques dedicated to the study of 
specific organs or systems (e.g. cardiac or CNS 
MRI, bone scintigraphy) and laboratory tests; 
however, metabolic imaging studies such as posi-
tron emission tomography (PET) have become 
crucial in the evaluation of disease activity and 
response to therapy [13, 14].

The treatment of ECD has been empirical for 
several years, based on the use of various chemo-
therapeutic or immunosuppressive agents and 
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glucocorticoids. A major breakthrough was the 
discovery of the efficacy of interferon-α (IFNα), 
which is thought to induce terminal differentia-
tion or immune-mediated killing of immature, 
pathologic histiocytes. IFNα (or its pegylated 
form, peg-IFNα) has largely been used for ECD; 
it is able to induce objective responses and still 
represents the first-line therapy for ECD in BRAF 
wild-type patients, although its use is limited by 
significant toxicity [18].

The discovery of the high prevalence of 
BRAFV600E mutations in ECD (approximately 

55–60% of the cases) led to the use of its specific 
inhibitor vemurafenib, which proved dramati-
cally effective in inducing rapid and sustained 
objective responses [14]. Vemurafenib is there-
fore considered the first-line therapeutic option in 
BRAFV600E patients with multisystemic or organ- 
threatening disease [1]. A panoply of other drugs 
have been proposed for ECD, including biologic 
agents targeting the IL-1 receptor [19], the MEK 
inhibitor cobimetinib [20] and the mTOR inhibi-
tor sirolimus [15]. Overall, the advances made in 
the diagnosis and management of ECD have dra-

a b
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Fig. 29.4 Brain and cardiac imaging findings in patients 
with Erdheim-Chester disease (ECD) and overlap 
Langerhans cell histiocytosis and ECD (LCH-ECD). (a, 
b) Central nervous system involvement in an ECD patient: 
(a) brain MRI (sagittal) showing pathologic and increased 
gadolinium uptake in the hypothalamus (upper arrow) and 
pons (lower arrow). (b) Brain MRI (axial): irregularly 
increased intensity in the pons (right-hand arrow), para- 
hippocampal region (lower left-hand arrow) and retro- 
orbital space (upper left-hand arrow), where the pathologic 

solid tissue surrounds the optical nerve. (c, d) Heart 
involvement in ECD and in an overlap LCH-ECD: (c) car-
diac MRI (four-chamber view) in a case of LCH-ECD 
overlap form: solid tissue in the posterior wall of the right 
atrium (thick arrow) and in the right atrium-ventricle sul-
cus, surrounding the right coronary artery (thin arrow); 
(d) cardiac MRI in a ECD case: pericardial thickening 
with effusion (upper arrow) and a round mass within the 
right side of the atrial septum wall (lower arrow)
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matically changed its prognosis: while in the late 
1990s the 3-year mortality associated with the 
disease was reported to be up to 60% [17], it has 
dropped to approximately 20% in most recent 
years [1]. However, long-term follow-up studies 
are needed to ascertain the efficacy and safety of 
newer agents for the treatment of ECD.

 Rosai-Dorfman Disease

RDD, also known as “sinus histiocytosis with 
massive lymphadenopathy” since Rosai’s and 
Dorfman’s seminal description, is another rare 
form of non-Langerhans cell histiocytosis char-
acterised by tissue (often lymph node) infiltration 
by CD68+/CD1a−/S100+ histiocytes; the infiltrat-
ing histiocytes show emperipolesis, a non- 
destructive form of phagocytosis of lymphocytes 
and erythrocytes (Fig. 29.2) [21]. In the affected 
lymph nodes, there is marked sinusoidal dilation 
containing histiocytes, plasma cells and lympho-
cytes. In the affected extra-nodal sites, pathologic 
examination discloses increased amounts of 
fibrosis and fewer histiocytes; as IgG4+ plasma 
cells are not uncommon in RDD lesions, RDD- 
and IgG4-related disease may be in differential 
diagnosis.

RDD is hallmarked by heterogeneity both in 
its phenotype and clinical course. Patients with 
RDD may have concurrent haematologic (e.g. 
Hodgkin and non-Hodgkin’s lymphoma) or auto-
immune disorders (e.g. systemic lupus erythema-
tosus, juvenile idiopathic arthritis) and 
overlapping histiocytic diseases such as LCH and 
ECD [1]. Interestingly, systemic lesions whose 
pathology is compatible with RDD can be found 
in patients with autoimmune lymphoproliferative 
syndromes and hereditary histiocytic conditions 
[22]. This broad spectrum of RDD-associated 
disorders suggests that RDD has an uncertain 
pathogenesis and that multiple mechanisms can 
be involved. Unlike LCH and ECD, RDD does 
not seem to be driven by BRAFV600E mutations; 
evidence supporting the role of other somatic 
mutations is lacking. Only in extremely rare 
cases of familial RDD have germline mutations 
in the SLC29A3 gene been described [23]. 

Therefore, it has been hypothesised that immune- 
mediated mechanisms leading to the accumula-
tion of pathologic histiocytes in the tissue are 
involved. Infectious triggers have also been pos-
tulated; this topic will be discussed below in the 
paragraph on infections and histiocytoses.

RDD arises more commonly in children or 
young adults, although it can really occur at any 
age; it seems to be more frequent in African- 
Americans than in Caucasians and has male pre-
dominance. Most RDD patients present with 
symptoms of fever, sometimes night sweats, 
weight loss and massive, usually non-painful, 
cervical lymphadenopathy, which raises the sus-
picion of lymphoma. Actually, the diagnostic 
work-up of RDD is similar to that of lymphoma; 
in addition, autoimmune diseases and viral infec-
tions must be searched for [24].

According to the revised classification of 
histiocytoses by the Histiocyte Society [3] 
(Table  29.1), classic RDD (with isolated 
involvement of single or regional lymph nodes) 
must be distinguished from RDD involving the 
skin or other organs. Extra-nodal RDD accounts 
for up to 40% of all RDD cases, the most fre-
quently involved sites being the skin, the head 
and neck region, the bone (with mostly osteo-
sclerotic lesions) and the CNS. Intracranial 
RDD has an intriguing presentation as it often 
develops without extracranial lymphadenopathy 
and may present as masses involving the menin-
ges (commonly with pleocytosis in the cerebro-
spinal fluid); unlike in LCH and ECD, 
intracranial lesions in RDD do not cause neuro-
degenerative complications [1].

The clinical course of RDD is extremely vari-
able: sustained phases of remission and disease 
flares may alternate, and the disease is often con-
sidered to be self-limiting. However, extra-nodal 
RDD, involving particularly the brain or the head 
and neck and therefore potentially causing life- 
threatening manifestations, requires prompt 
treatment that can be surgical (debulking or com-
plete resection) and/or medical, using a variety of 
chemotherapeutic or immunosuppressive drugs. 
Given the rarity of the disease and its extremely 
protean clinical manifestations, no trials have 
been performed. Among the drugs most fre-
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quently reported in the literature are vinca alka-
loids, anthracyclines, alkylating agents and 
cladribine but also IFN-α, methotrexate and the 
anti-CD20 rituximab [24].

 Haemophagocytic 
Lymphohistiocytosis

HLH includes a spectrum of diseases character-
ised by excessive immune activation and tissue 
infiltration by macrophages and histiocytes that 
clinically presents with fever, cytopenias, hepato- 
splenomegaly and hyperferritinemia. Other com-
mon abnormalities include hypertriglyceridemia, 
coagulopathy, low fibrinogen levels, high trans-
aminase levels and neurological symptoms. 
Although not routinely available, testing soluble 
CD25 (soluble IL2-receptor) serum levels may 
be of diagnostic help and denotes lymphocyte 
activation [25].

HLH has traditionally been divided into primary 
and secondary forms, where the former are due to 
disorders with Mendelian inheritance linked to gene 
mutations affecting immune function, while the lat-
ter occur as a consequence of infections, solid or 
haematologic malignancies or autoimmune disor-
ders (e.g. rheumatoid arthritis, systemic lupus ery-
thematosus). HLH associated with systemic 
rheumatic disorders is usually referred to as macro-
phage-activation syndrome (MAS) (also see 
Chap. 14); for this HLH subset, the term MAS-
HLH has been suggested [3]. Actually, infections 
may trigger both primary and secondary HLH, and 
genetic defects have also been found in patients 
with suspected secondary HLH. In clinical practice, 
the distinction between primary and secondary 
HLH is not essential for the diagnosis and initial 
management of the disease, while it becomes cru-
cial for the subsequent follow-up.

The pathology of HLH shows a diffuse accu-
mulation of lymphocytes and macrophages with 
frequent evidence of haemophagocytosis in the 
affected tissues, particularly the spleen, the liver 
(where the disease mimics chronic persistent 
hepatitis) and the bone marrow [26].

Although a review of the pathogenic mecha-
nisms of the different forms of HLH is beyond 

the scope of this chapter, it is worthwhile men-
tioning that the main cell types involved in the 
development of the disease are natural killer 
(NK) cells, cytotoxic T cells (CTLs) and macro-
phages. In HLH, NK cells and CTLs are defi-
cient, and activated macrophages accumulate. 
As a result, there is excessive macrophage acti-
vation and production of cytokines (particularly 
IFN-γ), which are thought to be main mediators 
of damage in HLH.  NK- and CTL-mediated 
destruction of macrophages is usually a perfo-
rin-dependent mechanism; this enables NK cells 
and CTLs to release cytotoxic granules (con-
taining proteases, granzyme B) into the macro-
phage. Genetic defects involving this cell death 
pathway may be involved in primary forms of 
HLH [26]. Infectious triggers are also usually 
necessary to initiate the disease and will be dis-
cussed below in the following paragraph.

The diagnostic work-up of HLH requires the 
exclusion of cancer using appropriate laboratory 
and imaging studies; MRI of the brain as well as 
cerebrospinal fluid evaluation is also required in 
almost all cases. Bone marrow aspiration or 
biopsy is warranted to investigate the cause(s) of 
cytopenia and demonstrates haemophagocytosis 
and macrophage infiltration and can also be sent 
for culture. Molecular analysis of mutations in 
genes involved in primary HLH forms should be 
performed in specialised centres, particularly in 
cases occurring in childhood and with no evi-
dence of an associated rheumatological disorder.

If left untreated, HLH is a life-threatening dis-
order with a survival of weeks to months, but 
HLH-specific therapy is able to dramatically 
improve prognosis and overall survival [27]. 
Clinically stable patients should be carefully 
screened and receive treatment for potential 
underlying conditions (e.g. infection, autoim-
mune disorder). Conversely, acutely ill and rap-
idly deteriorating patients should receive 
cytolytic therapy with etoposide and dexametha-
sone, with intrathecal steroids and methotrexate 
for those with severe CNS involvement. The use 
of cyclosporine is debated. Other options include 
alemtuzumab (anti-CD52 antibody). Patients 
with HLH gene mutations or with refractory dis-
ease, haematologic malignancies that cannot be 
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cured, or severe CNS involvement usually require 
allogeneic haematopoietic cell transplantation.

 Infections and Histiocytoses

There is no clear evidence supporting a role for 
infections in the pathogenesis of LCH and 
ECD. The hypothesis that these two forms of his-
tiocytosis are clonal disorders is now well 
accepted, especially after the discovery of recur-
rent somatic mutations (particularly BRAFV600E) 
impacting on the activation of the RAS-RAF- 
MEK-ERK pathway. It must also be acknowl-
edged that both LCH and ECD show intense 
inflammation and fibrosis in addition to histio-
cyte proliferation, which has led to the concept of 
inflammatory myeloid neoplasia. Whether an 
accompanying infectious trigger drives inflam-
mation is still unknown.

On the other hand, the clinical presentation and 
the disease associations of RDD and HLH sug-
gest, at least in some cases, a “reactive” nature of 
these conditions. In RDD, some evidence suggests 
a role of viruses in disease pathogenesis. In par-
ticular, the human herpesvirus 6 (HHV6) antigen 
has been demonstrated in RDD histiocytes [28], 
although HHV6 is so common in lymphoid tissues 
that its pathogenic significance in RDD remains 
questionable. In addition, immunohistochemistry 
for parvovirus B19 antigens VP1/VP2 was found 
to be positive in some cases of RDD [29], although 
this finding has not been consistently replicated. 
Other viral infections, caused by Epstein-Barr and 
polyoma viruses, have been implicated, but there 
is no solid evidence supporting these data. Finally, 
RDD-like changes in draining lymph nodes were 
also found during the course of bacterial infections 
(e.g. Salmonella) [30].

With regard to HLH, clear evidence supports a 
causal role for infections. In fact, although infec-
tions can act as triggers also in primary forms of 
HLH, secondary forms may recognise a purely 
infectious aetiology and are therefore divided into 
secondary to viral, bacterial, parasitic and fungal 
infections. Epstein-Barr virus, Cytomegalovirus, 
influenza virus and human immunodeficiency 
virus (HIV) are the most common causes of HLH 

associated with viral infection. It is interesting to 
note that HLH may develop soon after the initiation 
of antiretroviral therapy for HIV infection. Among 
the bacterial causes, mycobacteria certainly play 
a central role, as do Leishmania and different 
plasmodia species among parasitic infections. 
Finally, histoplasmosis is probably the main cause 
of secondary HLH associated with fungal infec-
tions [3]. Notably, infections with Mycobacterium 
tuberculosis, cytomegalovirus or Histoplasma can 
occur in patients with rheumatological conditions 
(which may predispose to HLH per se) after spe-
cific immunosuppressive therapies such as those 
with antitumour necrosis factor-α antibodies [31].

It is also important to underline that the condi-
tions predisposing to HLH include various types 
of immunodeficiency, which can in turn expose 
patients to an increased risk of infections. These 
can therefore activate a vicious circle that pro-
motes infections, and infections can act as trig-
gers of HLH.

 Conclusions
Histiocytoses encompass a broad spectrum of 
conditions characterised by accumulation of 
pathologic histiocytes in the affected tissues. 
These syndromes can be due to primary his-
tiocytic neoplasia such as LCH or ECD, which 
can be multisystemic and recognise recurrent 
mutations activating the RAS-RAF-MEK-
ERK pathway as main drivers; however, as is 
the case of HLH or RDD, these can be of 
inherited monogenic origin, or associated with 
infections or other immune-mediated disor-
ders, and probably have a “reactive” origin. 
Further studies investigating the potential role 
of infectious triggers are warranted.
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Subacute Bacterial Endocarditis
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Abbreviations

AAV ANCA-associated vasculitis
ACL Anticardiolipin antibodies
ANA Antinuclear antibodies
ANCA Antineutrophil cytoplasmic 

antibodies
ARF Acute renal failure
CAE Community-acquired IE
cANCA/PR3 cANCA/proteinase 3
CGN Crescentic GN
CNS Central nervous system
CRF Chronic renal failure
CSGN Chronic sclerotic GN
HACEK Haemophilus species, 

Aggregatibacter actinomycetem-
comitans, Cardiobacterium 
hominis, Eikenella corrodens, 
and Kingella kingae

HAE Healthcare-associated IE
IE Infective endocarditis

MGN Mesangial GN
pANCA Perinuclear anti-neutrophil 

 cytoplasmic antibodies
pANCA/MPO pANCA/myeloperoxidase
PCR Polymerase chain reaction
PVE Prosthetic valve endocarditis
RPGN Rapidly progressive 

glomerulonephritis
SBE Subacute bacterial endocarditis
SNGN Segmental necrotizing GN
TRF Terminal renal failure

 Introduction

Subacute bacterial endocarditis (SBE) is causally 
related to infective agents. Its inclusion in this text 
dealing with rheumatic diseases is however predi-
cated on two features it can present with: (1) vas-
cular manifestations either due to direct invasion 
of the vessel wall by the causative microorganism 
or through immunological mechanisms and (2) a 
multitude of autoimmune phenomena. The clinical 
course of illness is also capable of displaying a 
constellation of rheumatic manifestations making 
it mandatory to consider SBE in many settings.

These two features of SBE were considered 
among the minor criteria of Duke’s diagnostic 
criteria and again confirmed by the more recent 
European modifications [1].
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 Definition

Infective endocarditis (IE) is defined as a micro-
bial infection of the endocardium, heart valves, 
or intravascular device. The disease is rare among 
community dwellers. Incidence ranges from 5 to 
15 cases per 100,000 person/year in most western 
communities [2], with no reliable figures reported 
from third world nations. The major risk factors 
for the community-acquired type of this disease 
are older age, IV drug abuse, poor dental health, 
structural heart disease (essentially rheumatic 
valve disease in developing countries) [3], pros-
thetic heart valves [4], and HIV infection. Up to 
30% of IE cases are healthcare associated [5]. 
These are often associated with intravascular 
devices, cardiac pacemaker/defibrillators, central 
or peripheral venous lines, and hemodialysis [6].

 Major Pathogens

The major pathogens for community-acquired IE 
(CAE) are Staphylococcus aureus, Streptococci, 
and the HACEK group of Gram-negative bacilli 
(Haemophilus species, Aggregatibacter actinomy-
cetemcomitans, Cardiobacterium hominis, 
Eikenella corrodens, and Kingella kingae) [4]. 
Streptococcus bovis is a common pathogen 

associated with inflammatory and neoplastic bowel 
disease. Zoonotic infections due to Brucella, 
Coxiella, and Bartonella species are infrequent, but 
they are important to identify, as they require spe-
cific antibiotic therapy [7]. Community-acquired IE 
in intravenous drug abusers is commonly due to 
staphylococci, and a sizable minority is caused by 
non-HACEK Gram-negative bacilli and fungi. 
Anaerobic bacteria are very rare causes of IE. 
Healthcare-associated IE (HAE) is often due to 
much more antibiotic-resistant organisms, mainly 
methicillin-resistant Staphylococcus aureus 
(MRSA), enterococci, non-HACEK Gram- negative 
bacilli, and fungi [6].

 Clinical Presentations

Fever is the most constant feature, being the 
leading symptom in over 90% of patients. It var-
ies widely in magnitude, pattern, and duration 
prior to diagnosis. Common patterns are persistent, 
hectic, and intermittent fever. Prostration and 
anorexia are also very common. Petechiae on 
the skin, nails (splinter hemorrhage), conjunc-
tiva, or palate may be present in up to 40% of 
patients. Osler’s nodes and Janeway lesions are 
given great emphasis among the clinical signs of 
bacterial endocarditis but are seldom seen in 

a
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Fig. 30.1 (a–d) Janeway lesions. Classically start as 
purple-colored patches on palm and sole and may prog-
ress in severe forms to patches of superficial gangrene. (e, 

f) Osler’s nodes. Appear as small painful nodules  
(Courtesy of Dr. Marwa Mashaal, Lecturer, Cardiology 
Department, Cairo University)
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practice [8] (Fig.  30.1). They are considered 
among the autoimmune phenomena which will 
be discussed in detail. Retinal Roth spots may 
be observed. Skin lesions are more commonly 
observed in cases of late diagnosis [1].

Complications may be the presenting clini-
cal manifestation in a sizable portion of 
patients. Heart failure complicates about 50% 
of patients. Stroke may be the presenting symp-
tom in about one third. Septic emboli occur in 
about 25% of patients; renal or splenic infarc-
tions, acute limb ischemia, and septic pulmo-
nary emboli in patients with right-sided 
endocarditis are common examples. Metastatic 
infection, e.g., vertebral osteomyelitis, is some-
times encountered [9].

Owing to the diversity of clinical presenta-
tion, the differential diagnosis of IE includes 
influenza- like illness, rheumatic fever, atrial 
myxoma, primary neurological disease, occult 
cancer, pneumonia, prosthetic valve malfunc-
tion, fever of unknown origin, systemic lupus 
erythematosus, acute limb ischemia, and unex-
plained anemia [10].

 Prosthetic Valve Endocarditis (PVE)

Infection involving prosthetic heart valves 
may occur early  (within the first postopera-
tive year) or later than this. Early PVE is often 
a surgical infection. It is caused by 
Staphylococcus aureus, coagulase-negative 
staphylococci, and rarely fungi. Late PVE is 
caused by organisms similar to community-
acquired native valve IE.  Prosthetic valve 
infection is commonly associated with valve 
ring abscess, dehiscence, and prosthesis mal-
function. Vegetations are less frequently 
observed than in those cases involving native 
valve disease. Medical treatment failure and 
need for surgery are more frequent in 
PVE. Almost all patients with early PVE, par-
ticularly over metallic prostheses, as com-
pared to bioprosthetic valves, will require 
early surgery [11, 12].

 Diagnostic Evaluation

 Microbiological Diagnosis

The mainstay of laboratory work-up is the blood 
culture. Culture methods may not be helpful, 
however, when bacterial species are difficult to 
isolate or following the administration of antibi-
otics [13]. Molecular techniques can help in these 
circumstances. Habib and Lancellotti et  al. [1] 
proposed a diagnostic algorithm where in sus-
pected blood culture-negative infective endocar-
ditis, specific serological tests should be done. If 
these are negative,  blood polymerase chain reac-
tion (PCR) is the following step.

 Imaging

Echocardiography: the essential imaging tech-
nique in case of suspected IE is transthoracic and 
commonly transesophageal echocardiography 
[11]. The echocardiographic findings are consid-
ered among diagnostic criteria [1, 14] (Fig. 30.2).

Other imaging techniques: neuroimaging 
using either CT scans or magnetic resonance 
imaging can help to detect subclinical central 
nervous system (CNS) emboli. CT scan can also 
help to detect other sites of embolization 
(Fig. 30.3). PET scanning with fluorodeoxyglu-
cose (FDG) may show evidence of inflamma-
tion around valves or other structures [14].

 Diagnosis

The diagnosis of IE requires a high index of sus-
picion. The presence of any two of the following 
findings should alert the clinician to the possibil-
ity: (a) fever lasting more than a few days, (b) 
heart murmur or known structural heart disease, 
or (c) evidence of systemic or pulmonary emboli. 
Clinical suspicion should lead to appropriate 
blood cultures and echocardiographic examina-
tion. Repeating clinical examination at close 
intervals is necessary since findings may change, 
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Fig. 30.2 Echocardiographic findings in SBE: (a) Mitral ring abscess (yellow arrow), severe mitral regurgitation 
(white arrow); (b) Vegetations of the posterior mitral leaflet (arrows). (Courtesy of Dr. Marwa Mashaal, Lecturer, 
Cardiology Department, Cairo University)

a

b

a

Fig. 30.3 Mycotic aneurysms : (a) Angeographic abdominal CT scan with contrast showing inferior mesenteric artery mycotic 
aneurysm (arrow); (b) Chest CT scan with contrast showing pulmonary artery mycotic aneurysms (arrows); (c) Reformatted 
angiography CT scan of the aorta and iliac arteries showing mycotic aneurysms of lower segment of aorta (left arrow) and left 
internal iliac artery (right arrow) (Courtesy of Dr. Marwa Mashaal, Lecturer, Cardiology Department, Cairo University)
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often due to development of complications such 
as valvular regurgitation, prosthesis malfunction, 
heart failure, atrioventricular conduction defects, 
renal failure, new skin or eye lesions, and sys-
temic or pulmonary emboli [15].

The case definition of IE as currently based on 
the modified Duke’s criteria has been previously 
appraised [16]. The later modification of these 
criteria adopted by the latest European Society of 
Cardiology guidelines [1] helps to increase the 
sensitivity of Duke’s criteria.

 Microbiota and SBE

 Oral Sources

It has been shown that professional dental 
treatments as well as oral practices such as 
tooth brushing, flossing, and food chewing can 
cause bacteremia [17]. Nakano et  al. studied 
bacterial DNA from 35 surgically obtained 
heart valve specimens extirpated under diagno-
sis of aortic, mitral, or tricuspid regurgitation 

b

Fig. 30.3 (continued)

C
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from patients with treated bacterial endocardi-
tis. Streptococcus mutans was detected in 
77.8% of cases. They speculated that it was 
due to bacteremia caused by oral infection 
[18]. Nomura and Nakano et  al. [13] studied 
nine heart valve specimens from infective 
endocarditis: six SBE and three acute cases. 
Bacterial species were identified by two molec-
ular methods and compared with a culture 
technique. Multiple species were detected in 
most of the cases by both molecular tech-
niques, although they were not the same by the 
two methods. Also, the species determined by 
blood culture were not always detected by the 
molecular methods. The significance of such 
findings needs to be investigated further. 
Dental plaque specimens were collected from 
three of their patients who were referred to the 
department of dentistry and oral surgery before 
their cardiovascular operations. Comparison of 
bacterial profiles between heart valve and den-
tal plaque specimens in this small number 
failed to show a clear correlation. The authors 
related this to the fact that plaque specimens 
only represent the bacterial profiles of the col-
lection site, whereas saliva specimens represent 
the profile of the entire oral cavity. The authors 
recommended focusing on bacterial profiles in 
saliva specimens in future studies [13].

Other sources of infective agents include the 
gastrointestinal tract (GIT) [19–21], the skin 
[22–27], mastoiditis complicating otitis media 
[28], upper respiratory tract [29], blood access 
[22], as well as ventriculoatrial shunts [30].

 Immunological Phenomena

Many serological abnormalities are described. 
These include rheumatoid factor [31], antinuclear 
antibodies (ANA) [31, 32], low serum complement 
C3 and C4 [31, 32], anticardiolipin antibodies, and 
anti-β2 glycoprotein 1 of the IgM and IgG isotypes 
[31, 32], as well as mixed cryoglobulinemia types 
II and III [32–35]. Antineutrophil cytoplasmic anti-
body (ANCA) positivity has been repeatedly 

described (Table 30.1). This deserves special con-
sideration under the vasculitic manifestations.

 Rheumatological Manifestations

 Musculoskeletal Manifestations

These include myalgia [30], arthralgia [32], 
and arthritis [36]. Even if it is caused by direct 
infectivity, SBE is a great mimicker, and its 
diagnosis can be mistaken for nonspecific 
back pain [37], pyomyositis which can some-
times be confused with sciatica [38], septic 
arthritis [29, 39], or polymyalgia rheumatica 
[40, 41].

 Renal Manifestations

Renal involvement may be the earliest manifes-
tation of SBE in about 20% of patients. 
Hematuria and mild proteinuria are common, 
while hypertension and nephrotic syndrome are 
rare [42]. The spectrum of renal involvement is 
broad in its presentation and diverse in its labo-
ratory features. It includes acute nephritis [40, 
43], shunt nephritis with nephrotic syndrome 
[30], rapidly progressive glomerulonephritis 
(RPGN) with cANCA/proteinase 3 (cANCA/
PR3) association [44], as well as cANCA/
MPO (Table  30.1). Interestingly, diffuse pro-
liferative GN with a “full-house” deposition in 
immunofluorescence study (positive for C3, 
C4, C1q, IgG, IgA, and IgM) resembling class 
IV lupus nephritis has also been reported [35]. 
The last case reported by Lee and Lam et al. 
[35] improved after antibiotics. Other histo-
pathological findings include mesangial GN 
(MGN), segmental necrotizing GN (SGN), 
crescentic GN (CGN), and chronic sclerotic 
GN (CSGN) [32].

The pathogenic role of circulating immune 
complexes in causing proliferative lesions is sup-
ported by the presence of immunoglobulins and 
complement components in immunofluorescence 
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studies and also by the detection of deposits by 
electron microscopy [42].

The association of renal involvement with 
ANCA is discussed in more detail in Table 30.1.

 Vasculitic Manifestations

These are common in SBE and are included 
among the diagnostic minor criteria [1]. The 
microorganisms can involve the vessel wall 
directly resulting in mycotic aneurysms (Fig. 30.3) 
or indirectly through immune mechanisms.

The chronic peripheral signs of SBE include 
Osler’s nodes and Janeway lesions [45]. Clinically, 
Osler’s nodes and Janeway lesions describe small 
vessel disease (Fig. 30.1). Osler’s nodes are viola-
ceous tender nodules on fingers or toes. Janeway 
lesions are non-tender plaque-like lesions on 
palms and soles. Dermatopathologically, they are 
both leukocytoclastic vasculitis but without micro-
abscess formation [8]. Gunson and Oliver [8] pre-
sumed, however, that the histological picture 
depends on the nature of causative organisms, 
while the clinical appearance varies according to 
the anatomical site. Palpable purpura [36, 46–48], 
interlobular arteritis of the kidney, and also alveo-
lar capillaritis [46] have all been reported.

 The Special Case of ANCA Positivity

Although ANCA/PR3 and ANCA/myeloperoxi-
dase (ANCA/MPO) are serological markers for 
ANCA-associated vasculitis (AAV), the interpre-
tation of their positivity should consider the pos-
sibility of protracted infection [32], as these 
antibodies have been described with many infec-
tious agents [31].

Autoimmune manifestations of SBE associ-
ated with ANCA positivity have been repeatedly 
reported. We conducted a PubMed search in 
December 2016 for the preceding 10 years that 
was updated in May 2017 entering keyword 
“Subacute Bacterial Endocarditis.” The search 
yielded 182 publications. We identified 18 stud-
ies citing ANCA positivity. A meta-analysis of 
the 18 studies is displayed in Table  30.1. The 

results showed that there were 22 cases: 10 
(45.5%) with PR3 and 4 (18.2%) with MPO posi-
tivity. Six cases (27.3%) had PR3 and MPO dual 
positivity, while two cases were not specified. 
Renal involvement was reported in 17 (77.3%) 
cases with variable clinical, serological, and his-
topathological presentations, making the kidneys 
the most frequent target. The lung was involved 
in three cases including one case that was due to 
embolization. There were four cases with cutane-
ous vasculitis. Apparently, the causative organ-
ism did not have an impact on the presentation.

In spite of sharing similar features, AAV 
patients and ANCA-positive cases with pro-
tracted infections have different serological pro-
files. Patients with protracted infection more 
frequently have concomitant PR3 and MPO- 
ANCA positivity, ANA, IgM anticardiolipin 
(ACL), IgG and IgM anti-β2 glycoprotein 1 
(GP1), cryoglobulins, and low C3 and/or C4. 
Concomitant presence of ANCA, cryoglobulins, 
and complement consumption with infections 
was associated with a severe course of GN [32].

In summary, SBE is a great vasculitis mim-
icker and should always be part of the broader 
differential diagnosis of vasculitis [49].

 Is There an Indication 
for Immunosuppression in SBE 
with Rheumatologic Features?

The immunological features and rheumatological 
façade that clinicians encounter when dealing 
with SBE raise the issue of immune suppression. 
There are few reports on the use of steroids in the 
context of SBE. Addition of steroids before the 
correct diagnosis of SBE was established has 
resulted in either deterioration [50] or serological 
improvement [36]. In some reports, after estab-
lishing the diagnosis, a good result could only be 
achieved after adding corticosteroids and cyclo-
phosphamide to antibiotics [51]. We do not cur-
rently have sufficient data to recommend this 
practice. We believe that a decision regarding the 
use of corticosteroids or other immunosuppres-
sive medications should be made on a case-to- 
case basis.
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 Conclusion

SBE is a great mimicker of many rheumatic 
diseases. Maintaining a high index of suspi-
cion, especially in high-risk patients, will 
allow for timely management and avoidance 
of unnecessary or potentially harmful immune 
suppression.
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CMO Chronic multifocal osteomyelitis
CNO Chronic nonbacterial osteomyelitis
DIRA Deficiency of the IL-1 receptor 

antagonist
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NBO Nonbacterial osteomyelitis
NLRP3 Nlr family pyrin domain containing 3
NSAID Nonsteroidal anti-inflammatory 
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PSTPIP2 Proline-serine-threonine 

phosphatase- interacting protein 2
SAPHO Synovitis, acne, pustulosis, hyperos-

tosis, osteitis
WB-MRI Whole-body magnetic resonance 

imaging

 Background and Clinical 
Manifestations of Chronic Recurrent 
Multifocal Osteomyelitis

 Nomenclature

Chronic recurrent multifocal osteomyelitis 
(CRMO) is a painful chronic inflammatory dis-
ease that predominantly affects children. Unlike 
infectious osteomyelitis, which is usually unifocal, 
most cases of CRMO are multifocal [1]. The dis-
ease was first described by Giedion in 1972 as a 
symmetric sterile multifocal form of osteomyelitis 
[2]. The term CRMO was later coined due to the 
recurrent nature of the disease [3]. More recently, 
the terms chronic nonbacterial osteomyelitis 
(CNO) and nonbacterial osteitis (NBO) have been 
used in the literature due to the observation that 
some individuals only have unifocal disease [1, 4]. 
Yet, if followed over time, most patients ultimately 
develop multifocal disease. Further complicating 
the nomenclature is that the term synovitis, acne, 
pustulosis, hyperostosis, osteitis (SAPHO) syn-
drome is used to describe adults with an autoin-
flammatory bone disease that phenotypically and 
histologically closely resembles CRMO [5]. In 
this chapter, the term CRMO will be utilized.

 Distribution and Incidence

CRMO has a worldwide distribution and can 
affect all races and ethnicities, but the majority of 

P. J. Ferguson  
University of Iowa Carver College of Medicine,  
Iowa City, IA, USA
e-mail: polly-ferguson@uiowa.edu

31

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-79026-8_31&domain=pdf
mailto:polly-ferguson@uiowa.edu


404

cases are Caucasians with Western or Northern 
European ancestry. It is a rare disease. In 
Germany, the incidence of CRMO is estimated at 
0.4/100,000 [6]. The incidence in other popula-
tions is not well delineated.

 Clinical Characteristics of CRMO

CRMO is predominantly a disease of childhood 
although it can occur at any age. There is a slight 
predilection for females (2 to 4:1 female to male 
ratio), and the peak age of onset is around 9 years 
of age [1, 7–13]. Bone pain is the typical pre-
senting symptom. The pain may be acute in 
onset, but more often, it is insidious. Fever is 
present in a minority of patients. Objective evi-
dence of inflammation may be present on the 
physical examination including localized swell-
ing, warmth, erythema, or tenderness overlying 
one or more bones. However, the physical exam-
ination may be completely normal, even in the 
presence of active bone disease. Laboratory 
studies are nondiagnostic. Inflammatory markers 
may be anywhere from normal to markedly ele-
vated. Complete blood counts are often normal. 
The symptoms often wax and wane in severity or 
be unremitting. Nearly any bone in the body can 
be involved, but involvement of the long bones, 
vertebral bodies, clavicles, and pelvis predomi-
nates [8, 10].

CRMO is most frequently accompanied by 
inflammatory disease of the skin, intestine, and 
joints. Palmar plantar pustulosis, psoriasis vul-
garis, and Crohn’s disease are the most com-
mon comorbid inflammatory conditions of the 
skin and gut. Synovitis is common. It can be 
near the site of bone inflammation or less fre-
quently at sites distant from active osteitis. 
When looked at rigorously in a pediatric CRMO 
cohort, inflammatory arthritis occurs in up to 
80% of children [4] initially or during the 
course of the disease, and 17% satisfied the 
European Spondyloarthropathy Study Group 
criteria for spondyloarthropathy [4]. In SAPHO 
syndrome, up to 33% had spondylodiskitis or 
spondylitis [14, 15]. Maugars et  al. reported 
that 43% of patients with SAPHO in their 

cohort (n  =  19) met criteria of the European 
Spondyloarthropathy Study Group for spondy-
loarthropathy [16]. With long-term follow-up, 
CRMO and SAPHO may evolve into a classic 
spondyloarthropathy [9, 16–20]. Synovial biop-
sies show histologic synovitis in CRMO [4]. 
Cutaneous involvement occurs in 1/3 of cases 
usually as palmar-plantar pustulosis or psoria-
sis vulgaris [1, 8, 9]. Crohn’s disease occurs in 
~10% of children with CRMO [1, 9, 21], and 
nearly half of the 1st- and 2nd-degree relatives 
of children with CRMO have psoriasis, inflam-
matory bowel disease, or inflammatory arthritis 
(psoriatic arthritis or rheumatoid arthritis), 
demonstrating a substantial genetic component 
to the disease [1, 22].

Radiologic studies are a critical part of evalu-
ating a patient with CRMO.  One reason that 
imaging is so helpful is that asymptomatic lesions 
are common in CRMO. Typical imaging findings 
include osteolytic and sclerotic bone lesions 
involving the metaphyses of the long bones, clav-
icles, vertebrae, and pelvis seen on plain radio-
graphs [23, 24]. However, plain films may be 
normal. In the past, Tc99 bone scans have been 
used to assess for multifocal disease which have 
largely been replaced by whole-body MRI 
(WB-MRI) which is more sensitive [25–28]. 
WB-MRI often provides key information to 
establish a diagnosis of CRMO and for guiding 
therapy as it can establish that the disease process 
is multifocal rather than unifocal. It also allows 
one to identify if the spine is involved which may 
lead to the use of more aggressive treatment.

Bone biopsy is performed to rule out infec-
tious osteomyelitis and malignancy when the 
diagnosis is not clear based on other features. 
Histologic features mimic infectious osteomyeli-
tis with acute, chronic, or mixed inflammatory 
infiltrate present depending on the timing of the 
biopsy. Neutrophilic infiltration tends to be domi-
nant in early lesions, whereas a chronic lympho-
cytic infiltrate with sclerosis, fibrosis, new bone 
formation, and scattered granulomas may be seen 
in longer-standing disease [29]. Cultures are 
 typically negative, and antibiotics rarely result in 
improvement [4, 30]. However, in adults with 
SAPHO syndrome, bone cultures positive for 
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Propionibacterium acnes, a skin commensal, has 
been reported by several groups [31], and there 
are reports of improvement with azithromycin in 
a few cases [32]. When assessed with molecular 
biology tools, there was no microbial signature in 
pediatric CRMO [4].

The treatment of CRMO remains largely 
empiric. Nonsteroidal anti-inflammatory drugs 
(NSAIDs) are first-line treatment, but many 
patients have an incomplete response [33]. 
Practice varies widely regarding how to treat 
NSAID failures [34]. Disease-modifying anti-
rheumatic medications, cytokine-blocking 
agents, and bisphosphonates are utilized with 
variable success [35]. For severe disease, particu-
larly if the spine is involved, tumor necrosis 
factor- blocking agents or bisphosphonates are 
typically utilized with reported success [35–40].

 Etiology, Pathogenesis, 
and Genetics of Human CRMO

CRMO is an immunologically mediated disorder 
that can have a strong genetic basis. The syn-
dromic forms of the disease are driven by dysreg-
ulation of the interleukin-1 (IL-1) pathway due to 
single gene defects and fit the classification of 
autoinflammatory disorders [41]. Deficiency of 
the IL-1 receptor antagonist (DIRA) is an autoso-
mal recessive disorder caused by mutations in 
IL1RN, which encodes the IL-1 receptor antago-
nist [42, 43]. This results in the absence of func-
tional IL-1 receptor antagonist causing unfettered 
signaling through the IL-1 receptor [42]. Onset is 
in infancy with pustular rash and multifocal osteo-
myelitis, typically without fever. There is marked 
systemic inflammation in DIRA and, if undiag-
nosed and untreated, results in death from sys-
temic inflammatory response syndrome [42]. 
Treatment is with anakinra, the recombinant IL-1 
receptor antagonist, which is given subcutane-
ously and replaces the very protein that these chil-
dren are missing [42–46]. Majeed syndrome is 
due to mutation in LPIN2 [47] which encodes 
LIPIN2, a phosphatidate phosphatase that plays 
an important role in lipid metabolism. It presents 
with CRMO and dyserythropoietic anemia that 

may be accompanied by periodic fever, neutro-
philic dermatosis, and failure to thrive [48]. The 
CRMO in Majeed syndrome is usually of early 
onset, severe, and less likely to relent. Most pres-
ent prior to the age of 2 years old; however, there 
can be phenotypic variability with later, milder 
presentation [49]. Labs show elevated inflamma-
tory markers, and radiographs resemble those of 
non- syndromic CRMO.  Translational studies 
demonstrate that the osteomyelitis in Majeed syn-
drome is IL-1β-driven disease as there is sustained 
clinical, laboratory, and radiologic improvement 
with therapeutic agents that antagonize the IL-1 
receptor or block IL-1β [50]. Consistent with the 
clinical response to IL-1 blockade, Lorden et al. 
demonstrated that Lipin-2 regulates the Nlr fam-
ily pyrin domain containing 3 (Nlrp3) inflamma-
some by affecting P2X7 receptor activation [51]. 
The most recently identified CRMO susceptibility 
gene, filamin-binding LIM protein 1 (FLBIM1), 
was identified utilizing genomic information from 
the cmo mouse model of the disease and is dis-
cussed below [52].

There is a report of a CRMO susceptibility 
locus on chromosome 18  in non-syndromic 
CRMO, but this has not been replicated [53]. 
Mutations in LPIN2, IL1RN, and FBLIM1 explain 
only a fraction of the genetic susceptibility in 
CRMO. For the majority of patients that present 
with typical CRMO (with age of onset late in the 
first decade), the genetic basis is yet to be defined. 
Hofmann et  al. reported an association with 
CRMO and impaired specificity protein 1 signal-
ing, reduced IL-10 promotor phosphorylation, and 
reduced IL-10 secretion by lipopolysaccharide 
(LPS)-stimulated myeloid cells [54]. This sug-
gests that epigenetic differences may play a role in 
disease susceptibility. Decreased IL-10 production 
could explain the imbalance in pro- and anti-
inflammatory cytokines seen in CRMO [55].

 Animal Models of CRMO

There are murine models of CRMO that are due to 
recessive mutations in Pstpip2, a gene that encodes 
the proline-serine-threonine phosphatase- 
interacting protein 2 [56–58] that results in either 
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absence of or significantly reduced protein. The 
chronic multifocal osteomyelitis (cmo) mouse is 
the best characterized model [56, 59–62]. The dis-
ease manifests itself as tail kinks and paw deformi-
ties by 3 months of age. Both sexes are affected. 
Disease in the cmo mouse is IL-1 mediated as cmo 
mice that lack a functional IL-1 receptor (cmo.
IL-1R−/−) are protected from disease. The dis-
ease is IL-1β-, not IL-1α-, driven disease and can 
occur in the absence of a functional Nlrp3 inflam-
masome [61, 62]. The neutrophils, not bone mar-
row-derived macrophages, hyper-produce IL-1β 
and are critical for disease pathogenesis [61, 63]. 
Beyond this, little is known about the role of 
proline- serine- threonine phosphatase-interacting 
protein 2 (Pstpip2)  in the process of regulating the 
IL-1 pathway. This data supports the role of 
Pstpip2 as an anti-inflammatory molecule in an 
Nlrp-3 inflammasome-independent pathway.

Gene expression studies performed on tissues 
from cmo mice and cmo.IL-1R-deficient mice 
identified Fblim1 as the most differentially 
expressed gene in the cmo mouse [52]. Fblim1 
encodes filamin-binding LIM protein-1 that is 
described as an anti-inflammatory molecule that 
is regulated by STAT3 and involved in bone 
remodeling [64, 65]. Utilizing whole exome 
sequencing, we identified two unrelated children 
with CRMO and mutations in FBLIM1. A homo-
zygous mutation in the filamin-binding domain 
was found in a child with consanguineous healthy 
parents and another in an unrelated child with 
compound heterozygous mutation in FBLIM1 
including a novel frameshift mutation and a 
mutation that alters enhancer activity [52].

 Microbiota in CRMO

The role of the microbiota in human CRMO 
remains unexplored, yet Lukens et al. reported that 
sterile osteomyelitis in the cmo mouse can be pre-
vented by diet-induced alterations in the microbi-
ota [63]. They fed newly weaned cmo mice a 
high-fat diet (HFD) and discovered that it provided 
nearly complete protection from the development 
of osteomyelitis. By 100 days of age, mice fed 
standard low-fat chow (LFD) had developed dis-

ease, whereas 100% of mice fed the HFD had yet 
to develop disease. With further aging, a few mice 
did develop evidence of inflammatory bone dis-
ease, but by 125 days, >90% of the HFD-fed cmo 
mice remained disease-free [63]. Radiologic and 
histologic analysis confirmed the near-complete 
protection from inflammatory bone disease in 
mice on the HFD. At 10–12  weeks of age, the 
HFD-fed cmo mice had marked alterations in their 
microbiota compared to cmo mice fed the normal 
LFD. Notably, the disease-prone cmo mice on a 
standard LFD had relative enrichment of inflam-
mation-associated microbes including Prevotella 
accompanied by reductions in Lactobacillus spe-
cies, compared to those on a HFD. Pro-IL-1β lev-
els are upregulated in cmo mice fed a LFD 
compared to those on a HFD [63].

Proof that this protection was mediated by 
alterations in the microbiota came from fecal 
transplant studies. Specifically, fecal transplant of 
stool from cmo on a LFD into young unaffected 
cmo mice accelerated the development of osteo-
myelitis, whereas stool from a cmo fed a HFD 
transplanted into young unaffected cmo mice was 
associated with relative decreases in Prevotella 
and with relative protection from disease [63]. 
Replication followed by determination of the spe-
cific components in the diet that alter disease sus-
ceptibility in the mouse will be important prior to 
taking these observations from the bench to the 
bedside. The diets used by Lukens et al. differed 
not only in fat content but also in other dietary 
components such as gluten (present in LFD but not 
HFD). Data on the effect of diet on CRMO disease 
in humans is lacking. It is  premature to offer any 
advice on dietary changes for human CRMO.
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Abbreviations

ABT Abatacept
ACIP Advisory Committee on Immunization 

Practices
HAV Hepatitis A virus
HBV Hepatitis B virus
HPV Human papilloma virus
HZ Herpes zoster
JIA Juvenile idiopathic arthritis
LAIV Live attenuated influenza vaccine
MMR Measles mumps and rubella (vaccine)
MSM Men who have sex with men
MTX Methotrexate
PCV Pneumococcal conjugate vaccine
PPSV Pneumococcal polysaccharide vaccine
PsA Psoriatic arthritis
Pso Psoriasis
PY Person-years
RA Rheumatoid arthritis
RD Rheumatic diseases

RTX Rituximab
SLE Systemic lupus erythematosus
TAC Tacrolimus
TNF-I Tumor necrosis factor inhibitors
VZV Varicella zoster virus

 Introduction

Treatment modalities for the rheumatic diseases 
(RD) have vastly improved over the past decade 
with the increased use of biological therapies. 
But, as a consequence of these therapies, the risk 
of infection is increased. The implementation of 
immunization strategies for a large number of 
infectious agents has brought about substantial 
progress in disease prevention. Vaccinations tar-
geted at high-risk populations, such as in those 
with aberrant immune function, have led to 
decreases in infection-related morbidity and 
 mortality [1].

Recommended immunization schedules for 
healthy adults and children are published periodi-
cally by the US Centers for Disease Control and 
other organizations [2, 3]. While well studied in 
healthy populations, vaccine efficacy and safety 
in those with RD on immunosuppressive medica-
tions have been less well characterized. Few 
studies have evaluated clinical outcomes follow-
ing immunization, and several have sought to 
characterize the immune response as a surrogate 
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marker [4] and provide data on short-term safety 
issues following vaccine administration. This 
chapter will focus on vaccination among patients 
with RD.

 Vaccine Immune Response

The development of an enduring antibody 
response, mediated by the humoral immune sys-
tem, is the hallmark of vaccine protection, 
although the exact mechanisms that underpin 
durable antibody production remain unclear [5]. 
Vaccine antigens are delivered via draining lym-
phatics to secondary lymphoid tissues. Within 
these tissues, non-cognate B cells load vaccine 
antigens onto follicular dendritic cells for subse-
quent antigen presentation and activation of cog-
nate B cells [6]. With co-stimulatory help from 
follicular T helper cells, cognate B cells undergo 
serial rounds of maturation in the dark zone of 
lymphoid follicles, in order to increase affinity 
for vaccine antigens. This process, termed the 
germinal center reaction [7], produces long-lived 
plasma cells that home to the bone marrow and 
generate durable, lifelong antibodies to vaccine 
antigens as well as long-lived memory B cells 
that form a second wave of defense against infec-
tious challenge by rapidly differentiating into 
new antibody-secreting cells. Direct interroga-
tion of long-lived plasma cells or memory B cells 
after vaccination is not the standard of current 
vaccine clinical trials, precluding our ability to 
mechanistically understand how vaccine-induced 
humoral immune responses change with endog-
enous immunocompromised or exogenous 
immunomodulatory agents. However, in  vitro 
data, serologic responses, and the characteriza-
tion of short-lived, largely antigen-specific plas-
mablasts after vaccination can provide some 
mechanistic insights into the impairments of 
humoral immunity after vaccination of patients 
with rheumatologic diseases [8].

The breakdown of peripheral immune toler-
ance, as manifested by the development of auto-
antibodies from self-reactive B cells, contributes 
to the development of rheumatologic diseases. A 
recent, novel study of plasmablasts from 

influenza- vaccinated systemic lupus erythemato-
sus (SLE) subjects demonstrates that self- reactive 
B cells may be recruited into germinal center 
responses against vaccine antigens and generate 
flu antibodies that have an increased avidity and 
neutralizing capacity compared to flu antibodies 
from vaccinated healthy controls. In this study, 
there was no correlation between immunosup-
pressive regimen and generation of high avidity 
flu antibodies, suggesting that the endogenous 
immune deficits associated with SLE pathogene-
sis may have solely contributed to altered humoral 
immune responses to flu vaccine antigens [9].

In the context of humoral immunity, cytokines 
promote B cell differentiation into antibody- 
secreting cells [10]. Prednisone and other disease- 
modifying rheumatologic agents (DMARDs), 
like TNF-alpha inhibitors (TNF-I), methotrexate 
(MTX), and newer biologics like tocilizumab, 
modify the cytokine microenvironment as part of 
their therapeutic mechanism of action. Therefore, 
it follows that these agents may abrogate the 
cytokine signals B cells require to become 
antibody- secreting cells after vaccination. For 
example, recent in  vitro data suggest a critical 
role for the cytokine IL-6 in sustaining a positive 
feedback loop between plasmablasts and follicu-
lar T helper cells, both critical to forming vaccine- 
induced humoral responses. Tocilizumab acts by 
inhibiting IL-6, and in  vitro assays of PBMCs 
from rheumatoid arthritis (RA) patients on tocili-
zumab demonstrate impaired cross talk between 
plasmablasts and follicular T helper cells [11].

Disruption of B cell homeostasis is another 
mechanism by which immunomodulatory agents 
compromise vaccine responses. For example, 
rituximab (RTX) is a monoclonal anti-CD20 
antibody that depletes the B cell pool. It is FDA 
approved for the treatment of refractory RA and 
is often used off-label for the treatment of other 
autoimmune rheumatologic diseases, including 
SLE. Vaccine response after RTX likely varies by 
efficacy of B cell ablation and repopulation of 
peripheral memory B cell subsets after treatment. 
RTX may selectively deplete tissue-specific 
memory B cells poised to differentiate into 
antibody- secreting cells for several years after 
drug receipt and thus may significantly impair 
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the development of both peripheral and mucosal 
humoral immunity after vaccination [12, 13]. 
Similarly, TNF-I, like etanercept, reduces periph-
eral memory B cells, germinal center B cells, and 
follicular dendritic cells, compromising the 
development of affinity-matured memory B cell 
responses to vaccines [14, 15].

Vaccination remains the mainstay of infection 
prevention. Novel adjuvants, vaccine prime- 
boost schedules, and delivery platforms are being 
developed for optimal immune responses after 
vaccination. Although the mechanisms that may 
impact humoral immune responses after vaccina-
tion of patients with rheumatologic diseases are 
reviewed above, certain vaccines, like live attenu-
ated influenza vaccine (LAIV), protect an indi-
vidual by inducing mucosal cytolytic T cell 
responses to limit infection [16, 17]. Future vac-
cines and particularly vaccines against complex 
pathogens (e.g., CMV and HIV) may utilize 
cytolytic T cell responses as a prime means to 
contain disease [5]. The effects of DMARDs and 
the underlying immune deficits of rheumatologic 
diseases on the development of cytolytic T cell 
responses after vaccination are not completely 
known. Further research into the development, 
maintenance, and alteration of vaccine-induced 
immune responses in patients with rheumato-
logic diseases is needed to facilitate future ratio-
nal vaccine designs for this patient population.

 Vaccine Timing and Indications

In general, killed or surface moiety vaccines 
(e.g., influenza, pneumococcus) are safe for those 
individuals with altered immunocompetence. In 
contrast, live vaccines (e.g., measles, mumps, 
and rubella (MMR), zoster) may be contraindi-
cated due to risks of vaccine-related infection or 
underlying disease exacerbation, depending on 
the degree of immunosuppression [2, 3]. In gen-
eral, live vaccines should be administered 
≥4  weeks prior to immunosuppression and 
should be avoided within 2 weeks of initiation of 
immunosuppression [2, 3]. Recommendations 
for vaccination in RD patients as related to degree 
of immunosuppression are outlined in Table 32.1.

 Inactivated Vaccines

 Influenza

Several influenza vaccine formulations (trivalent 
or quadrivalent) are currently available in the 
USA.  Influenza virus vaccine is well studied in 
terms of safety and immunogenicity and is rec-
ommended for all individuals ≥6 months of age 
without contraindications, according to the US 
Advisory Committee on Immunization Practices 
(ACIP). There is increased effort placed on vac-
cinating high-risk individuals such as the elderly, 
healthcare workers, and immunocompromised 
persons [18, 19]. Over the past decade, several 
studies have investigated the use, efficacy, and 
safety of seasonal influenza vaccination in RD 
patients.

 Safety and Efficacy
Influenza vaccination in RD patients has been 
shown to be safe and immunogenic; however, 
there are limited data regarding clinical efficacy 
[2, 3]. Patients with RA have been studied more 
frequently with regard to vaccine safety and 
immune response, compared to other rheumatic 
diseases [3, 20–24]. A 2006 Israeli study evalu-
ated seroconversion and disease activity in 82 RA 
patients and controls following administration of 
split-virion inactivated influenza vaccine contain-
ing three antigens [20]. Both groups saw a sig-
nificant rise in mean antibody titers to all antigens 
tested, but the vaccine was not uniformly immu-
nogenic. One of the three antigens provided a sig-
nificantly higher rate of response (defined as at 
least a fourfold rise in titers by 6 weeks) in con-
trols compared to RA patients (87% vs. 67%, 
p  =  0.05). Overall, humoral response was ade-
quate in both groups. In addition, no increase in 
RA disease activity was noted by 6  weeks. 
Response also appeared to be independent of RA 
therapy, including corticosteroids, MTX, inflix-
imab, etanercept, and other DMARDs. An Italian 
study that same year compared SLE/RA patients 
vaccinated with a non-adjuvanted flu vaccine to 
non-vaccinated SLE/RA patients and vaccinated 
healthy controls [21]. There was a significant 
increase in antibody response in all groups, with 
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no difference observed in either response or rate 
of adverse events. The study participants all had 
low-level or stable disease activity, and most 
were taking corticosteroids plus MTX or cyclo-
sporine. The two patients that were on a TNF-I at 
the time of vaccination showed good tolerability, 
with no reported adverse events.

More recent studies have evaluated the effect 
of newer biological therapies. A small Israeli 
study demonstrated that RTX use in RA patients 
partially blunts the humoral response with flu 
vaccination compared to those patients on tradi-
tional DMARDs [22]. However, some protective 
benefit was achieved depending on the antigen 
tested, and there was no difference between 
groups in terms of disease activity. A similarly 
powered Dutch trial also showed decreased 
humoral response to influenza antigens in RTX- 
treated RA participants, but a restored response 
6–10  months after RTX had been discontinued 
[23]. There was no laboratory or clinically mea-
sured increase in RA disease activity during the 
postvaccination follow-up period.

An Italian case-control study further evaluated 
non-adjuvanted flu vaccination in RA patients on 
TNF-I during 2005–2008 [24]. Patients were 
receiving TNF-I plus prednisone and MTX. RA 
patients fulfilled criteria for full protection in the 
2007–2008 season, whereas they only achieved a 
protective response to influenza A vaccine in the 
first two seasons. The healthy controls only met 
criteria in the second season. No significant 
increase in RA disease activity score or antinu-
clear antibody titer was observed as a conse-
quence of the vaccine [19, 20].

More promising results were obtained in a 
recent analysis evaluating the effects of influenza 
vaccine in patients with psoriatic arthritis (PsA) 
(n = 63) and psoriasis (Pso) (n = 4) [25]. Just over 
half of patients were on TNF-I, and approxi-
mately 30% were treated with a traditional 
DMARD.  A similar immune response was 
achieved in healthy controls and all PsA/Pso 
patients regardless of their prescribed treatment 
modality. There was no increase in disease activ-
ity. Similarly, a prospective, Japanese pediatric 
study evaluated 49 children with juvenile idio-
pathic arthritis (JIA) (n = 23), SLE (n = 12), juve-

nile dermatomyositis (n  =  6), and other RD 
(n = 8) who received a trivalent flu vaccine. No 
difference in immunogenicity or safety was 
observed among all groups, but in this study only 
one patient was on biological therapy [26].

The 2009–2010 influenza A/H1N1 pandemic 
resulted in statements by the World Health 
Organization encouraging the development of 
vaccines containing adjuvant [27, 28]. Adjuvants, 
such as aluminum, are frequently added to vac-
cines to boost immunogenicity [29, 30]. 
Adjuvanted influenza vaccine administered dur-
ing the 2009–2010 flu pandemic showed similar 
results in terms of safety and efficacy [31–38] 
compared to the seasonal flu vaccine, with two 
studies recommending a booster vaccine in RD 
patients to produce an adequate antibody 
response [34, 35]. Studies with adjuvanted pan-
demic flu vaccine have produced variable yet still 
favorable results in terms of immunogenicity and 
safety, with one study noting a mild increase in 
RA-related symptoms [38].

 Influenza Vaccination and Newer 
Biologics
Few studies have addressed influenza vaccine use 
in patients on newer biologic agents [39–41]. A 
small Japanese study showed that flu vaccination 
in JIA patients treated with tocilizumab was safe 
and effective compared to healthy controls [39]. 
A randomized trial with RA patients on the TNF- 
I certolizumab pegol or placebo showed compa-
rable humoral responses to influenza vaccination 
but somewhat diminished responses with con-
comitant MTX use [40]. Similar results have 
been reported for the soluble fusion protein 
abatacept (ABT), in moderate-to-severe RA [41]. 
There are no studies to date that report a drastic 
difference in immunogenicity or tolerability to 
influenza vaccination with the newer biologics.

 Clinical Outcomes and Influenza 
Vaccination
Incidence rates of viral infections and secondary 
bacterial complications are reduced in RD 
patients following influenza vaccination [19]. In 
RA and SLE patients, influenza vaccination has 
been shown to decrease the number of viral and 
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secondary bacterial infections while also reduc-
ing the risk of RA/SLE exacerbations that result 
as a consequence of infection [42]. Milanovic 
et al. showed in a 2013 study that SLE patients 
had a significantly lower rate of total viral infec-
tions (including influenza) with 26% vs. 91% 
(p  <  0.01) in the vaccinated and unvaccinated 
subgroups, respectively [43]. The RA and 
Sjögren’s syndrome groups had similar results, 
although postvaccination antibody titers were 
lower in these groups. Likewise, a large cohort 
study of RA patients in Japan showed a decreased 
influenza attack rate in vaccinated patients mea-
sured over four flu seasons from 2000 to 2007 but 
included few patients on biologics [44].

 Streptococcus pneumoniae

There are two FDA-approved vaccines available 
in the USA for protection against invasive pneu-
mococcal disease: a polysaccharide vaccine 

(PPSV23) and a conjugate vaccine (PCV13). In 
the USA, PPSV23 is indicated for all adults 
aged  >  65  years of age and in individuals 
>19 years of age with select chronic or immuno-
compromising conditions (Table  32.1, [45]). 
PCV13 carries the same indications but is also 
recommended for infants >6 weeks old, children, 
and adolescents to prevent otitis media and inva-
sive pneumococcal disease and is part of the rou-
tine childhood immunization series [45]. Both 
vaccines should be routinely administered to 
patients with autoimmune RD, as these patients 
are at increased risk for pneumococcal disease, 
with especially higher rates of respiratory infec-
tions and mortality in RA and SLE patients [46–
49]. In addition, these vaccines are indicated in 
patients on long-term corticosteroids or other 
immunosuppressive medications such as biolog-
ics or traditional DMARDs (Table 32.1). Of note, 
the PCV13 vaccine replaced the previously 
administered PCV7 in 2010. Many of the studies 
evaluating use of the conjugate pneumococcal 

Table 32.1 Adult and pediatric vaccine recommendations for rheumatic disease patients based on degree of immuno-
suppression [2, 3]

Vaccine
Low-level 
immunosuppressiona

High-level 
immunosuppressionb

Influenza (inactivated) R R
Influenza (live attenuated) X X
Pneumococcal polysaccharide (PPSV23) R R
Pneumococcal conjugate (PCV13) R R
Hepatitis A R R
Hepatitis B R R
Human papillomavirus (HPV) R R
Diphtheria, tetanus, acellular pertussis (DTaP); tetanus, 
diphtheria, acellular pertussis (Tdap); or Td booster

R R

Measles, mumps, rubella (live) X X
Varicella (live) Vc X
Zoster (live) R X
Haemophilus influenzae b conjugate R R
Rotavirus (live) X X
Polio (inactivated) R R
Meningococcal conjugate R R

R routine, per usual guidelines for immunocompetent individuals, X contradicted, V variable
aLow-level immunosuppression includes prednisone <2 mg/kg/day (maximum 20 mg/day), methotrexate ≤0.4 mg/kg/
week, azathioprine ≤3 mg/kg/day, or 6-mercaptopurine ≤1.5 mg/kg/day
bHigh-level immunosuppression includes medication dosages higher than those listed in the low-level immunosuppres-
sion category as well as biologic agents such as TNF inhibitors
cThe Infectious Diseases Society of America (IDSA) recommends varicella vaccination to chronic inflammatory disease 
patients on low-dose immunosuppression. This deviates from ACIP recommendations
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vaccine use this earlier formulation, as will be 
discussed.

 Safety and Efficacy of Polysaccharide 
Vaccine (PPSV23)
Most studies have used humoral immune 
response as a marker of efficacy, with few reports 
on clinical outcomes following vaccination 
against pneumococcus in RD patients. Patients 
with RA and SLE have been more rigorously 
evaluated, with older reports using polysaccha-
ride vaccine and confirming safety [50–52].

PPSV23 is tolerable in SLE and RA patients, 
but immunogenicity is variable, with a study in 
2002 revealing no or poor (i.e., to only one sero-
type) response in 33.3% and 20.8% of RA 
(n = 42) and SLE (n = 15) patients, respectively. 
All controls responded (p = 0.004) [53]. Type of 
immunosuppressive agent did not influence 
response, but patients receiving biologics were 
not included [53, 54]. Moreover, disease activity 
did not increase from baseline, and no major 
adverse events were reported. A larger study in 
2006 including 149 RA patients treated with a 
TNF-I plus MTX (n  =  50), TNF-I alone or in 
combination with other DMARDs (n = 62), or 
MTX alone (n = 37) showed that PPSV23 anti-
body responses were present in all groups but 
were significantly impaired when MTX was 
used, regardless of TNF-I presence [55]. 
Similarly, an analysis of PsA patients receiving 
the TNF-I etanercept or placebo showed similar 
responses to PPSV23, but concomitant MTX 
use was associated with lower mean antibody 
titers [56].

Migita and colleagues evaluated 133 RA 
patients immunized with PPSV23 who were on 
therapy with tacrolimus (TAC) (n  =  29), MTX  
(n = 55), or TAC/MTX (n = 14). Controls were 
classified as being treated with other DMARDs 
or corticosteroids (n = 35) [57]. Patients receiv-
ing TAC alone had comparable rates of IgG anti-
body response to the serotypes tested (6B, 23F), 
compared to RA controls. Of note, rates of 
response for patients on TAC monotherapy were 
significantly higher than for those on MTX. Mori 
et al. conducted a similar study with RA patients 
on tocilizumab that demonstrated adequate IgG 

response to the same serotypes of PPVS23, com-
pared to RA controls [58]. There were no serious 
adverse events noted in the treatment groups. In 
addition, MTX use was associated with decreased 
vaccine efficacy, consistent with other reports 
[55–57]. A larger study, consisting of 130 RD 
patients, 51.5% of whom had RA followed in fre-
quency by PsA, ankylosing spondylitis, or 
inflammatory bowel disease-associated spondy-
loarthritis, reported on the long-term efficacy of 
PPSV23 [59]. Of the 88 patients who had long- 
term (0–10  years) data available, there was no 
association between expected decreases in anti-
body titers and TNF-I, tocilizumab, or low-dose 
prednisone. However, MTX use was associated 
with significantly lower antibody levels.

A nested immunogenicity study was recently 
conducted within a randomized trial evaluating 
PPSV23 efficacy in RA patients, with incidence 
of pneumonia as the primary endpoint [60]. The 
focus of this 2015 Japanese study was to evaluate 
the effect of ABT on PPSV23 response in 
RA. The design was similar to other studies with 
three main groups: RA controls (non-ABT 
DMARDs; n  =  35), MTX (n  =  55), and ABT 
(n = 24). ABT produced no decrease in antibody 
functionality (measured as an opsonization 
index), despite leading to overall decrease in total 
IgG produced, and this appeared to be indepen-
dent of MTX use. No safety issues were reported. 
Alten et al. showed that 83.9% of RA patients on 
ABT (with most also receiving MTX) achieved a 
protective level of antibodies postvaccination 
with PPSV23, but no control group was available 
for comparison [41]. RTX has also been shown to 
reduce humoral immune responses to polysac-
charide vaccine [4, 61, 62] and conjugate vaccine 
[63], although tocilizumab was not shown to 
impair antibody response.

 Conjugate Pneumococcal Vaccine 
(PCV7 and PCV 13)
As previously mentioned, most studies evaluat-
ing the conjugate pneumococcal vaccine in per-
sons with RD have used the PCV7 formulation. 
These have primarily reported on pediatric 
patients. Studies involving the newer conjugate 
pneumococcal vaccine (PCV13) use are lacking.
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Pediatric JIA patients undergoing treatment 
with TNF-I plus conventional DMARDs com-
pared to DMARDs alone achieved protective 
antibody levels to PCV7  in a 2010 study [64]. 
While the mean antibody titers were lower in the 
TNF-I group, none of the patients developed a 
serious respiratory tract infection or proven inva-
sive pneumococcal disease at 24 months of fol-
low- up. In a recent study involving 302 adult 
patients with RA or spondyloarthritis on stable 
medication for 18 months who received PCV7, 
only concomitant TNF-I and MTX use were neg-
ative predictors of persistent antibody protection 
[65]. Long-term clinical efficacy was further 
evaluated in a cohort of 497 RA/PsA patients 
4.5 years after a single dose of PCV7 and showed 
that development of serious infections was asso-
ciated with older age and steroid use, rather than 
TNF-I or MTX [66].

There is a lack of data on use of the PCV13 
vaccine in RD populations. A 2016 study included 
22 RA patients on etanercept monotherapy or in 
combination with MTX and showed comparable 
immunogenicity and safety profile compared to 
osteoarthritis controls not on treatment [67].

 Hepatitis A

 Safety and Efficacy
ACIP recommends hepatitis A vaccine for all 
individuals >12  months of age and in select 
unvaccinated adult populations such as men who 
have sex with men (MSM) or those traveling to 
countries with high or intermediate levels of 
endemic hepatitis A (Table 32.1; [68]). A study 
from Turkey included 47 children with JIA who 
received the hepatitis A virus (HAV) vaccination 
series and reported that the vast majority of 
patients reached the study’s definition of protec-
tive anti-HAV IgG levels [69]. While no increases 
in disease activity or serious adverse events were 
reported, four children who had active disease 
and were on TNF-I therapy did not respond. In 
contrast, patients on MTX and steroids mounted 
an appropriate immune response to a two-dose 
series. A more recent report included 53 nonim-
mune adult RA patients on active therapy with 

TNF-I, TNF-I plus MTX, or MTX alone [70]. 
While 86% of the participants reached protective 
antibody levels by 24  months following a two- 
dose series, protection was not adequate after 
only one dose early in the series. This is consis-
tent with a prior study showing lack of protection 
after only one dose of HAV vaccine in patients on 
immunosuppressive medication [71]. Of note, 
the level of seroprotection was much higher in 
the TNF-I-only group compared to both groups 
that included MTX as part of the treatment regi-
men [70]. No increase in disease activity was 
observed.

 Hepatitis B

 Safety and Efficacy
ACIP recommends hepatitis B vaccine for all 
neonates prior to hospital discharge, unvacci-
nated children, and unvaccinated adults, espe-
cially those with high-risk behavior such as MSM 
or injection drug users, medical workers, travel-
ers to endemic countries, and certain medical 
conditions such as diabetes or chronic renal dis-
ease (Table  32.1; [72, 73]). Hepatitis B virus 
(HBV) vaccination was shown to produce a pro-
tective immune response in an earlier study 
involving RA patients, with approximately 68% 
(15/22 patients) developing protective antibodies 
1 month following the third dose in a complete 
series [74]. Furthermore, 80% (16/20) of JIA 
patients were later shown to achieve an adequate 
level of seroprotection following completion of 
the vaccine series, compared to 100% of healthy 
controls [75]. The response did not appear to be 
influenced by immunosuppressive regimen; how-
ever, no children on biologics were included in 
the study. Likewise, another small study showed 
that SLE patients could achieve a response rate of 
93%, but in this particular study only patients 
with stable disease not on immunosuppressants 
(except low-dose prednisone) were included 
[76]. A recent study suggests a blunting of HBV 
vaccine response in patients on TNF-I [77].

Prior case reports have suggested that there is 
a risk of developing autoimmune disease follow-
ing vaccination for HBV [78–80], but a larger, 
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retrospective study [81] found no association 
between HBV vaccine and development of 
RA.  In the previously discussed studies, no 
 disease flares or adverse reactions from the vac-
cine itself were reported [74–76].

 Human Papillomavirus (HPV)

 Safety and Efficacy
ACIP currently recommends routine vaccina-
tion for HPV in females and males aged 11–12, 
for the prevention of cervical, anal, vulvar, and 
penile cancer, as well as possibly decreasing 
risk of male to female transmission (Table 32.1; 
[82–84]). Genital HPV is the most common 
sexually transmitted infection in the USA [85], 
and HPV types 16 and 18 are considered to be 
high risk, as they predispose to cervical cell 
abnormalities that can lead to cervical cancer 
[86–88]. SLE patients are at particular risk for 
infection with high-risk HPV types [89, 90], 
with a recent meta-analysis reporting a pooled 
odds ratio of 8.66 (95% CI, 3.75–20.0) for the 
risk of high-grade squamous intraepithelial 
lesions in SLE patients compared to controls 
[90], similar to a previous Canadian cohort 
analysis [91].

The bivalent HPV vaccine has been evaluated 
in two studies by Heijstek et al. [92, 93] and one 
by Esposito et al. [94]. It was initially suggested 
in a small pilot study that a high proportion of 
female SLE and juvenile dermatomyositis 
patients could attain seropositivity following vac-
cination [92]. In a larger prospective, cohort anal-
ysis, 68 female JIA participants and healthy 
controls all achieved seropositivity to either 
HPV16 or 18, or both [93]. While patients had 
consistently lower antibody concentrations than 
controls, this difference was not statistically sig-
nificant. Immunosuppressive therapy did not 
appear to affect seropositivity, but the number of 
patients on TNF-I was too low to draw any defini-
tive conclusions. Esposito et al. reached similar 
conclusions with a smaller number of female JIA 
participants [94]. No increase in underlying dis-
ease activity or flares could be attributed to 
vaccination.

The quadrivalent HPV4 vaccine (including 
types 6, 11, 16, 18) was shown to be immuno-
genic in SLE patients when compared to controls 
in an analysis by Mok et al. [95]. After 12 months, 
the seroconversion rate for HPV types 6, 11, 16, 
and 18 was 82%, 89%, 95%, and 76% for patients 
and 98%, 98%, 98%, and 80% for controls, 
respectively. There was no difference in SLE dis-
ease activity between the two groups at the end of 
the study. Similarly, a smaller study showed sero-
positivity rates >94% to all four HPV types in 
SLE patients [96].

Case series and epidemiological studies have 
shown an association between the HPV4 vaccine 
and increased risk of certain autoimmune adverse 
events such as SLE development or flares, vascu-
litis, and RA [97, 98] but no increased risk of 
Guillain-Barré syndrome [98]. The previously 
mentioned studies did not report an increased 
risk of underlying disease activity or flares fol-
lowing vaccination against HPV [92–96].

 Live Vaccines

 Measles, Mumps, and Rubella

 Safety and Efficacy
ACIP recommends beginning the MMR vaccine 
series in all children aged 12 months and select 
unvaccinated adults such as healthcare workers 
(Table 32.1; [99]). A retrospective study on 207 
JIA patients receiving MMR vaccination demon-
strated no increase in disease activity or need for 
medication dose adjustment after 6 months [100]. 
This included a subset analysis of patients on 
MTX, where no major differences were noted 
relative to those that were unvaccinated. A small 
number of patients experienced mild joint aggra-
vation (n = 9), fevers or malaise (n = 6), or rash 
(n = 2). No cases of measles, mumps, or rubella 
were reported in the follow-up period. 
Immunogenicity was assessed in a study by 
Heijstek et  al., in which 400 patients with JIA 
who had previously received a single dose of the 
MMR vaccine were given an MMR booster and 
compared to healthy controls [101]. Vaccine- 
specific protective antibody concentrations were 
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lower in JIA patients for mumps (OR 0.4; 95% 
CI 0.3–0.6) and rubella (OR 0.4; 0.3–0.7) but did 
not differ significantly for measles (OR 1.4; 0.8–
2.5) compared to controls. The use of 
 glucocorticoids or MTX did not appear to influ-
ence immune response. Importantly, this study 
did not assess the safety of administering the ini-
tial dose of the MMR vaccine to children on 
immunosuppressive medications.

 Varicella

 Safety and Efficacy
ACIP recommends varicella vaccination for all 
persons 12 months and older, especially for non-
immune persons with close contact with children, 
as well as healthcare workers, travelers, and close 
contacts of immunocompromised patients 
(Table  32.1; [102]). While the varicella zoster 
virus causes both primary infection (chickenpox) 
and reactivation following primary infection 
(shingles), varicella vaccine formulation contains 
a much lower dose of antigen than the zoster vac-
cine [102].

While varicella (chickenpox) vaccine is safe 
and effective in patients with certain pediatric RD 
(e.g., SLE, vasculitis, juvenile dermatomyositis) 
[103], most experience has been in patients with 
JIA [104, 105]. A 2010 study evaluated 25 
patients (predominantly with JIA) compared to 
controls following varicella vaccination [104]. 
All patients were receiving MTX (mean dosage 
of 16.4 mg/m2/week, range 10–27) with 13 also 
on prednisone (mean total dosage of 4.2 mg/day, 
range 3–20), while five received other DMARDs. 
None were on TNF-I.  Varicella zoster virus 
(VZV) IgG titers were similar in patients and 
controls during the 32-month median follow-up 
period, and no increase in disease activity was 
noted even in those on higher doses of prednisone 
and MTX. One patient developed severe, compli-
cated varicella, but this patient had been started 
on TNF-I therapy during the follow-up period 
and was also exposed to an active case of vari-
cella. A smaller prospective study with six JIA 
patients on biologics (TNF-I or tocilizumab) 
showed that five of six participants were able to 

seroconvert following vaccination, but one 
patient developed mild varicella 4 months later, 
even with evidence of low level of protective 
antibodies [105]. No increase in disease activity 
was observed.

 Herpes Zoster Virus

In adults, the prevention of herpes zoster (HZ), or 
shingles, due to reactivation of latent varicella 
zoster virus has been shown to improve quality of 
life and decrease morbidity from postherpetic 
neuralgia [106, 107]. Several studies report an 
increased risk for VZV reactivation in RD 
patients compared to age-matched controls, espe-
cially those on immunosuppressive therapy 
[108–128]. A study by Zhang and colleagues 
demonstrated that vaccinated RD patients have 
lower rates of HZ compared to unvaccinated RD 
controls [129]. This was followed in 2012 by a 
larger, retrospective cohort study evaluating 
administrative data. In this cohort, consisting of 
over 460,000 patients with RA, Pso, PsA, anky-
losing spondylitis, and/or inflammatory bowel 
disease, the risk of HZ in the immediate postvac-
cination period, as well as the vaccine’s long- 
term efficacy, was evaluated [130]. Approximately 
4% of the patients received HZ vaccine during 
the 2-year follow-up period. Of the 633 vacci-
nated RD patients who were exposed to TNF-I or 
other biologics, none developed varicella or HZ 
in the 42 days following receipt of the live zoster 
vaccine. Overall, the incidence of HZ in the vac-
cinated group during the 2-year median follow-
 up period was 6.7 cases per 1000 person-years 
(PY) compared to 11.6 cases per 1000 PY in the 
unvaccinated group (rate ratio of 0.58; 
p  <  0.0001). The most common adverse event 
reported was injection site reactions.

A novel subunit vaccine for zoster, HZ/su, has 
recently been approved. It contains 50  ug of 
recombinant VZV glycoprotein E formulated 
with ASO1 adjuvant. To date, there are limited 
data of its use in immunosuppressed patients. 
However, data from early trials in HIV or autolo-
gous stem cell transplant recipients suggest that 
the vaccine is safe and immunogenic [131, 132].

32 Vaccinations in Rheumatology



420

 Travel-Related Vaccinations

Travel-related vaccinations in the immunosup-
pressed RD patient present unique challenges 
depending on the travel destination (Table 32.2; 
[3, 133]). Vaccines such as hepatitis A, MMR, 
and varicella are commonly recommended for 
nonimmune patients prior to international travel. 
Certain vaccines, such as yellow fever or Japanese 
encephalitis virus vaccine, are recommended 
only for travelers to specific endemic countries 
(Table 32.2).

There is a lack of published data on safety, 
efficacy, or clinical outcomes in immunosup-
pressed RD patients with use of the Japanese 
encephalitis virus [134] or typhoid vaccines 
[135]. However, a single retrospective safety 
study has been published assessing the live virus 
yellow fever vaccine in these patients [136]. 
This study evaluated 70 patients with RD (RA, 
SLE, spondyloarthritis) on immunosuppression 

(including nine on biologics) and found that 22.5% 
of participants reported a mild adverse effect, such 
as an injection site reaction. No adverse events 
were reported. ACIP recommends immunocom-
promised persons not to travel to yellow fever-
endemic countries if at all possible [137].

 Conclusion
Patients with rheumatic diseases, especially 
those on immunosuppressive therapy, are at 
increased risk for a wide range of both com-
mon and opportunistic infections. In general, 
vaccination appears to be an appropriate strat-
egy to reduce overall infectious risk in these 
patients. While large, prospective trials are 
limited, killed vaccines appear to be safe and 
pose little risk in terms of disease exacerba-
tion or induction compared to unvaccinated 
controls. Among the  traditional DMARDs, 
MTX in particular may blunt the immune 
response, as has been observed in studies 

Table 32.2 Recommendations for travel vaccines not included in routine immunization schedules

Vaccine
Low-level 
immunosuppressiona

High-level 
immunosuppressionb Comments

Japanese encephalitis 
virus (inactivated)

Caution, 
theoretically safe

Caution, 
theoretically safe

No safety/efficacy data available in RD 
patients. Indicated for travelers to 
endemic areas for >1 month stay, mainly 
Southeast Asia, Indonesia, and parts of 
Australia

Japanese encephalitis 
virus (live, attenuated, 
not available in the 
USA)

X X No safety/efficacy data available in RD 
patients

Typhoid (oral, live), 
from the Ty21a strain 
of Salmonella typhi

X X Indicated for travelers to endemic areas, 
close contacts of potentially exposed 
individuals, and laboratory workers with 
exposure

Typhoid (IM, 
inactivated), Vi 
capsular 
polysaccharide vaccine

Caution, 
theoretically safe

Caution, 
theoretically safe

No safety/efficacy data available in RD 
patients. May be safe for 
immunosuppressed RD patients

Yellow fever (live) X X Limited data in RD patients. Indicated for 
travelers to endemic areas in South 
America and Africa

X = contraindicated
aLow-level immunosuppression includes prednisone <2 mg/kg/day (maximum 20 mg/day), methotrexate ≤0.4 mg/kg/
week, azathioprine ≤3 mg/kg/day, or 6-mercaptopurine ≤1.5 mg/kg/day
bHigh-level immunosuppression includes medication dosages higher than those listed in the low-level immunosuppres-
sion category as well as biologic agents such as TNF inhibitors
cRecommendation to consider vaccine “Contraindicated” is based on general ACIP recommendations for live vaccines, 
as specific data for most travel-related vaccines in RD patients are not available
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involving PPSV23 and persons with RA and 
SLE.  TNF-I therapy appears to only affect 
immunogenicity to a small degree depending 
on the drug, while other biologics such as 
RTX and ABT may negatively impact the 
humoral response. Analyses of clinical out-
comes following vaccination are more lim-
ited, but some prospective studies suggest that 
despite a decrease in mean antibody titers in 
certain immunosuppressed groups, overall 
incidence rates of infection are similar to vac-
cinated controls.

While live vaccines are generally avoided 
in immunosuppressed groups, the available 
data suggest that patients with stable rheu-
matic disease on low-dose immunosuppres-
sion may be candidates to receive certain 
vaccines, such as herpes zoster. The general 
approach for use of live vaccines in these indi-
viduals, if unavoidable, is to administer the 
vaccine ≥4  weeks prior to immunosuppres-
sion and avoid administration within 2 weeks 
of initiation of immunosuppression [2, 3]. A 
risk-benefit analysis prior to giving live vac-
cines to immunosuppressed patients should be 
made on a case-by-case basis.

While immunizations should continue to 
be administered according to national guide-
lines, additional data regarding long-term 
immunogenicity and clinical outcomes are 
needed. Vaccine adherence in patients with 
RD should be encouraged given the efficacy 
and excellent safety profile of most vaccines.
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 Managing Autoimmune Disorders 
in the Setting of Acquired Infection

 Rheumatoid Arthritis

Infection risk is increased in rheumatoid arthritis 
(RA), primarily in the context of high disease 
activity and intercurrent use of corticosteroids [1, 
2]. Risk of joint sepsis is increased due to hyper-
vascular, proliferative synovium permitting easy 
access of circulating microbial pathogens into 
affected joints. RA patients with Felty’s syn-
drome may be at even greater risk due to the leu-
copenia and hypersplenism associated with this 
RA complication. Traditional disease-modifying 
antirheumatic drugs (DMARDs) as well as bio-
logic DMARDs targeting inflammatory media-
tors in RA are highly effective in suppressing 
synovial inflammation and attendant structural 
damage due to RA. With the possible exception 
of anti-TNF antibodies, DMARDs have not been 
shown to significantly increase overall incident 
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infection risk in RA [3–5]. However, traditional 
DMARDs such as methotrexate and biologic 
DMARDs may nonetheless impact host responses 
to acquired infection.

As a general rule, management of RA in the 
setting of suspected intercurrent infection entails 
withholding dosing of therapies known to impact 
phagocytic cell functions, minimizing corticoste-
roid dosing to the levels required for avoidance of 
adrenal crisis, assiduous attention to the possibil-
ity of joint seeding by bacteria, and prompt insti-
tution of antimicrobial therapy with joint drainage 
as needed. Nonsteroidal anti-inflammatory drugs 
(NSAIDs) or intra-articular corticosteroids can 
be used as needed to manage synovitis flares until 
infection has resolved. If NSAIDs are contraindi-
cated, low-dose prednisone (5–10 mg/day) and/
or non-acetylated aspirin (salsalate) which does 
not inhibit cyclooxygenase activity can be used 
for managing generalized joint flares. 
Considerations in this setting with respect to 
commonly used RA DMARDs and biologics are 
summarized below (see Chap. 34 for individual 
drugs and risk of infection).

 Methotrexate

The clinical efficacy of methotrexate (MTX), one 
of the most commonly employed DMARDs in 
the management of RA, is attributed primarily to 
the inhibitory effects of intracellular MTX poly-
glutamates on AICAR transformylase, resulting 
in increased levels of adenosine which is inhibi-
tory for trafficking of phagocytic cells into joints 
[6]. As such, it is prudent to hold treatment with 
methotrexate until intercurrent bacterial infec-
tions affecting the lungs, skin, joints, or other tis-
sues have clinically resolved. The presumed 
effect of MTX on immune cell trafficking has 
traditionally proscribed MTX use perioperatively 
with conflicting expert opinion on whether MTX 
should be held in the context of joint replacement 
procedures. However, recent studies have shifted 
expert opinion toward not withholding MTX 
around the time of elective joint replacement sur-
gery, citing the increased morbidity associated 
with disease flare in this setting [5].

 TNF Inhibitors

TNF promotes a variety of phagocytic cell activa-
tion responses including expression of adhesion 
molecules and activation of the respiratory burst in 
neutrophils. Although in vitro studies with etaner-
cept showed no direct effect on neutrophil phago-
cytic cell or microbicidal activity [7], inhibition of 
TNF locally by etanercept or anti-TNF monoclo-
nal constructs may nonetheless impair phagocytic 
cell-mediated host defenses to microbial patho-
gens. Indeed, treatment with TNF inhibitors has 
been shown to confer increased infection risk in 
multiple cohorts of patients with disorders in 
which treatment with these agents is included 
among the employed therapeutic options [4]. TNF 
also appears to be an important cytokine in main-
taining the integrity of granulomas, and the asso-
ciation of anti-TNF therapies with reactivation of 
tuberculosis and disseminated fungal infections is 
also well recognized [8, 9]. Thus, prescribing 
guidelines include testing for latent tuberculosis in 
all patients newly started on TNF inhibitors. The 
risk for non-viral opportunistic infection, includ-
ing tuberculosis, appears to be higher in patients 
treated with anti-TNF monoclonal reagents such 
as infliximab relative to that noted in patients 
treated with sTNFR:Fc /etanercept [10].

Given the increased risk and morbidity of 
infection complications observed in patients on 
TNF inhibitor therapy, it is therefore appropriate 
to withhold and not initiate anti-TNF therapy in 
the setting of any active infection. Moreover, 
patients with RA who have comorbidities such as 
diabetes have a demonstrated increased risk for 
bacterial infections as well as increased infection- 
related morbidity during treatment with TNF 
inhibitors [11]. An alternative to anti-TNF therapy 
with less direct impact on phagocytic cell 
responses might therefore best be considered for 
managing RA in patients with pre-existing comor-
bidities associated with increased infection risk.

 IL-6 Inhibitors

Due to signaling that can occur through the inter-
leukin (IL)-6 receptor (IL-6R) and trans- signaling 
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through gp130 receptors that recognize 
IL-6:sIL-6R heterodimer, inhibitors of IL-6 such 
as tocilizumab have pleomorphic effects on 
immune as well as nonimmune cells. IL-6 medi-
ates activation of macrophages, terminal prolifera-
tion and differentiation of B-cells, differentiation 
of Th17 cells, and also homeostatic processes 
including granulopoiesis, induction of some anti-
inflammatory cytokines, and mucosal integrity 
[12, 13]. Given these considerations, it is generally 
prudent to withhold treatment with IL-6 inhibitors 
such as tocilizumab (anti-IL6R) or sirukumab 
(anti-IL6) in the setting of intercurrent infection. 
Since IL-6 signaling appears to govern homeosta-
sis of the enteric mucosal epithelium, and anti-
IL-6 therapy has been associated with increased 
risk of intestinal perforations [14], treatment with 
IL-6 inhibitors is not recommended in the setting 
of inflammatory bowel disease, diverticular dis-
ease, or recent colitis in which the integrity of the 
enteric mucosa may become compromised.

 Janus Kinase Inhibitors

Janus kinase inhibitors such as tofacitinib block 
signal transduction mediating the effects of inflam-
matory cytokines such as TNF and IL-6, with 
potent inhibitory effects on the functions of phago-
cytic cells. Reported rates of infection in patients 
on treatment with tofacitinib are comparable to 
those reported in patients on anti-TNF or anti-IL6 
therapies [15]. The considerations alluded to above 
for these respective biologics are therefore equally 
applicable to tofacitinib, and it is advisable to 
withhold its use in the setting of intercurrent infec-
tion, resuming treatment once the infection is 
deemed resolved. The experience with other Janus 
kinase inhibitors is limited, but in the absence of 
data indicating otherwise, treatment with the 
newer agents is also advisably withheld in the set-
ting of intercurrent bacterial infection.

 Abatacept

Effective in blocking T cell co-stimulation and 
associated acquired responses to neo-antigens, 

abatacept does not have direct impacts on phago-
cytic cell responses. Serious bacterial infection 
occurs less commonly during treatment of RA 
with abatacept than with TNF inhibitors [16, 17], 
and risk of reactivation or acquired infection with 
tuberculosis is lower among RA patents treated 
with abatacept relative to those treated with TNF 
inhibitors [18]. Whether it is necessary to with-
hold treatment with abatacept in the setting of 
acute bacterial infection has not been established. 
Since the occurrence of serious infections does 
not appear to be increased in RA patients treated 
with abatacept, this may be a preferred biologic 
option in patients with RA deemed to have 
increased risk for bacterial infection.

 Rituximab

Depletion of CD20+ lymphocytes impacts pri-
marily B cell-mediated acquired immunity and 
has little if any impact on the function of phago-
cytic cells. However, infection risk among RA 
patients treated with rituximab is nonetheless 
comparable to that observed among patients 
treated with TNF inhibitors [17, 19]. This may be 
due to the not insignificant numbers of patients 
who develop hypogammaglobulinemia with 
recurrent dosing of rituximab, with occurrence of 
serious infection events noted to be higher in 
such patients [20]. Management of intercurrent 
infections in patients treated with rituximab or 
other B cell-depleting reagents (such as obinutu-
zumab, ofatumumab) is therefore best directed 
toward ensuring antecedent B cell depletion ther-
apy has not rendered the recipient hypogamma-
globulinemic. Should severe infection occur with 
IgG levels less than 500  mg/dL, consideration 
should be given to supportive immunoglobulin 
replacement therapy (usually 0.4  g/kg every 
4 weeks as needed). Whether to initiate prophy-
lactic immunoglobulin replacement therapy at 
lower levels of serum IgG in the absence of infec-
tion is subject to debate. Hypogammaglobulinemia 
in the setting of B cell depletion therapy may be 
transient, and provided the patient can produce 
adequate neutralizing antibodies, IgG replace-
ment therapy in such patients may not be required. 
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Assessment of responses to pneumococcal vac-
cination may be informative in this setting. With 
this caveat of needed vigilance for hypogamma-
globulinemia, given the absence of its effects on 
phagocytic cell functions, rituximab may be 
another preferred option for managing patients 
with RA who either have comorbidities placing 
them at increased risk for infections or who have 
experienced recurring episodes of bacterial infec-
tions on anti-TNF biologics.

 Seronegative Spondyloarthropathies

Patients with seronegative spondyloarthropathies 
(SNSA) are at some increased risk for infection 
due to chronic arthropathy as well as enteric 
complications due to underlying inflammatory 
bowel disease (IBD) or subclinical inflammation 
of the enteric mucosa that may occur in non-IBD- 
associated SNSA (see Chap. 16). A noted 
increased occurrence of mannose-binding lectin 
(MBL) deficiency in patients with SNSA may 
also confer increased risk for infection [21, 22].

Methotrexate, sulfasalazine, and TNFα inhibi-
tors are commonly employed in the management 
of SNSA, and the same considerations with 
regard to the use of these therapies in patients 
with RA are applicable and relevant to patients 
with SNSA with intercurrent infection. As dis-
cussed below, use of alternative biologics target-
ing the IL-23/IL-17 pathway that are primarily 
used in the management of psoriasis and SNSA 
may also need to be curtailed in the setting of 
intercurrent infection. Apremilast, a phosphodi-
esterase- 4 inhibitor that is used primarily for the 
management of psoriasis and psoriatic arthropa-
thy, does not have any direct effects on phago-
cytic cell function and has not been shown in 
clinical trials to confer increased infection risk 
[23]. As such, it is usually not necessary to curtail 
the use of apremilast during episodes of infec-
tion. The majority of joint manifestations in 
SNSA can otherwise be adequately managed 
with NSAID therapy during episodes of intercur-
rent infection when anti-TNF biologics or bio-
logics targeting the IL23/IL17 axis need to be 
appropriately withheld.

 Ustekinumab and IL-23 Inhibitors

Ustekinumab is a monoclonal reagent targeting 
the shared p40 subunit of the IL-12 and IL-23 
receptors. Both IL-12 and IL-23 impact primarily 
T cell lineage development, with minimal if any 
direct effects on phagocytic cell functions. In 
clinical trials using ustekinumab in psoriasis as 
well as ankylosing spondylitis and inflammatory 
bowel disease, there have been no increased 
occurrences of serious infections in the 
ustekinumab treatment arms relative to the pla-
cebo treatment arms [24]. While there is no evi-
dence to support holding ustekinumab or 
IL-23-specific therapies during intercurrent bac-
terial infection, given the identified role of IL-12 
and IL-23 in mediating host defense against 
mycobacterial, fungal, and Salmonella infec-
tions, it is prudent to withhold ustekinumab and 
agents targeting IL-23 (tildrakizumab and gusel-
kumab) in the setting of infection with these 
pathogens.

 Inhibitors of IL-17 and IL-17R

IL-17 is derived from both innate and lymphoid 
cells, promoting the induction and release of 
IL-6, TNF, CCL2, CCL3, and matrix metallopro-
teinase (MMPs) from macrophages as well as the 
proliferation, maturation, and chemotaxis of neu-
trophils. In trials with secukinumab and ixeki-
zumab (inhibitors of IL-17A) as well as trials 
with brodalumab (an inhibitor of the IL-17R), 
infection rates were increased over those observed 
in patients randomized to placebo but compara-
ble to what has been observed in similar popula-
tions of patients enrolled in trials with TNF 
inhibitors [25]. Candida infections occurred more 
frequently in studies with the IL-17 inhibitor bro-
dalumab [26]. It is prudent to withhold therapies 
targeting IL-17/IL-17R in the setting of active 
infection with these classes of microbial patho-
gens. For patients with SNSA who have experi-
enced recurrent serious infections, consideration 
should be given to use of alternative therapies 
associated with less infection risk such as apre-
milast or ustekinumab. Although the therapeutic 
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benefits of ustekinumab in SNSA may be attrib-
utable in large part to decreases in the number 
and survival of Th17 lymphocytes which com-
prise a significant source of IL-17, there are other 
(innate) cellular sources of IL-17 and therapies 
that specifically target IL-17 or its receptor may 
therefore confer greater infection risk than thera-
pies targeting the Th17 lineage.

 Systemic Lupus Erythematosus

For a variety of reasons, patients with systemic 
lupus erythematosus (SLE) may be at increased 
risk for infection (see Chap. 21). Defects in innate 
immunity related to opsonization functions 
known to also predispose to SLE include defi-
ciencies in early components of the classic com-
plement pathway (C1q, C2, and C4) and 
mannose-binding lectin [27, 28]. Lymphopenia is 
a common disease manifestation and a demon-
strated risk factor for infectious complications in 
lupus [29]. Autoreactive T cell clones and/or 
autoantibodies may potentially target molecules 
required for appropriate production of granulo-
cytes [30] or the ability of B cells to appropri-
ately mature, proliferate, and secrete high-affinity 
antibodies capable of neutralizing microbial 
pathogens [31]. Autoimmunity with SLE features 
may be the presenting feature of patients with 
common variable immune deficiency or immu-
noglobulin IgG subclass deficiency [32]. 
Although therapies required to suppress autore-
active inflammatory disease are becoming 
increasingly selective and targeted (one example 
being belimumab), many of the current therapies 
required to effectively manage moderate to severe 
SLE activity result in some degree of nonselec-
tive immune suppression impacting innate and/or 
acquired immune functions.

Due primarily to their direct effects on the 
function of phagocytic cells as well as the pro-
duction and survival of T lymphocytes, chronic 
corticosteroid therapy constitutes one of the 
major risk factors for infection-related morbidity 
and mortality in SLE patients. For patients who 
require ongoing treatment with corticosteroids, 
the dosing of steroids during intercurrent bacte-

rial infection should be the lowest deemed suffi-
cient to avoid SLE-related acute organ damage. 
In the setting of overwhelming confirmed micro-
bial sepsis deemed life-threatening, it is usually 
prudent to decrease the dose of steroids to that 
required to avoid adrenal crisis, even if this 
entails a risk of SLE-related organ damage. The 
exception may be in the setting of active lupus- 
related CNS or pulmonary disease (notably dif-
fuse alveolar hemorrhage) where corticosteroid 
dosing at high levels may be necessary to avoid 
imminent demise or brain injury. High-dose 
intravenous immunoglobulin (IVIG) (2.0  g/kg/
day) is often effective in ameliorating acute 
lupus-related CNS vascular injury [33, 34] or 
alveolar hemorrhage [35] and should be consid-
ered as an alternative to high-dose steroid therapy 
when these entities require treatment in the set-
ting of serious bacterial infection.

Dosing with cyclophosphamide or azathio-
prine, both of which may impact the numbers 
and production of phagocytic cells, is best with-
held in the setting of bacterial infection. 
Moreover, should lupus patients develop signifi-
cant granulocytopenia (<500/mcl) during treat-
ment with either of these agents, prophylactic use 
of levofloxacin (500 mg/day) is recommended to 
decrease the risk of gram-negative sepsis until the 
absolute neutrophil count recovers to >500/mcl 
[36]. Treatment with recombinant granulocyte 
colony-stimulating factor (rCSF) can be consid-
ered if serious intercurrent bacterial infection 
occurs in this setting, but use of rCSF is other-
wise not recommended due to increased risk of 
lupus flare associated with its use [37]. Since 
mycophenolate and mycophenolic acid target 
primarily the proliferation of lymphoid cells with 
minimal, if any, impact on the proliferation of 
phagocytic cells, it may not be necessary to with-
hold treatment with these agents during episodes 
of bacterial infection. Antimalarials (chloroquine, 
hydroxychloroquine, quinacrine), dapsone, and 
thalidomide have no significant impact on host 
responses to microbial pathogens and can be con-
tinued as needed to suppress lupus activity during 
episodes of infection. Since belimumab primarily 
impacts the maturation, proliferation, and sur-
vival of autoreactive B cells and has no known 
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effects on phagocytic cell function, it is usually 
not necessary to withhold scheduled dosing with 
this biologic during periods of intercurrent infec-
tion. Provided patients who may be hypogamma-
globulinemic (due to immunosuppression or 
underlying associated immunodeficiency) are 
receiving appropriate immunoglobulin replace-
ment treatment in the setting of acute infectious 
complications, it may also not be necessary to 
withhold dosing with B cell-depleting agents 
such as rituximab or obinutuzumab if needed for 
managing acute disease complications such as 
immune thrombocytopenia or hemolytic anemia. 
However, temporizing measures using a course 
of high-dose IVIG (2 g/kg) may be a more pru-
dent intervention for treating acute exacerbations 
of immune cytopenias in lupus patients with 
intercurrent serious microbial infection [38, 39].

 Sjogren’s Syndrome

Patients with Sjogren’s syndrome may require 
immunosuppressive therapy for pulmonary 
complications such as acute interstitial lung 
disease or organizing pneumonia or neurologic 
complications such as transverse/longitudinal 
myelitis. Although corticosteroids and cyto-
toxic agents are often employed in the initial 
acute management of these complications, 
early initiation of steroid-sparing therapy with 
agents such as mycophenolate with minimal 
impact on phagocytic cell function may help 
mitigate infection risk. For patients with inter-
current infection who still have acute myelitis 
or other central nervous system disease, tem-
porizing measures with use of high-dose IVIG 
may permit prompt lowering of the employed 
use of corticosteroids and holding of cytotoxic 
therapy without increasing the risk of clinical 
relapse [40]. For patients who develop infec-
tion in the setting of active interstitial lung dis-
ease or organizing pneumonia, lowering the 
dose of corticosteroids and use of IVIG with 
rituximab or mycophenolate may be an effec-
tive therapeutic alternative with minimal 
impact on host defenses required to clear inter-
current infection [41–43].

 Systemic Sclerosis

Immunosuppressive therapy is being utilized 
more frequently in the management of patients 
with systemic sclerosis who have evidence of 
alveolitis or who have early active skin disease 
with dermal edema. Cyclophosphamide is used 
most commonly for patients with active intersti-
tial lung disease and evidence of active alveolitis 
on high-resolution CT scan, with concomitant 
improvements also noted in selected patients 
with active skin disease. Notably, improvements 
have also been noted in both lung and skin mani-
festations among patients treated with mycophe-
nolate [44]. Although not yet assessed in 
randomized trials, a number of small case series 
have reported improvements in both lung and 
skin manifestations following treatment with 
high-dose (2  g/kg) IVIG [45]. As such, for 
patients with active lung and skin disease who 
have ongoing infection complications that would 
best preclude use of cyclophosphamide, consid-
eration can be given to using IVIG as a suitable 
alternative for managing acute lung inflammation 
and/or transitioning to mycophenolate for long- 
term management of these disease 
complications.

 Polymyositis and Dermatomyositis

The standard management of inflammatory 
myopathies entails initial use of corticosteroids, 
most often in divided doses, with early initiation 
of steroid-sparing immunosuppressive therapy 
such as mycophenolate, azathioprine, methotrex-
ate, or calcineurin inhibitors. Given the negligi-
ble effects of mycophenolate or calcineurin 
inhibitors on phagocytic cell proliferation and 
function, it may not be necessary to withhold 
these medications during treatment for routine 
bacterial infections. However, withholding 
mycophenolate and other immune suppressants 
is advisable in the setting of infection with oppor-
tunistic infections, whereby host T cell responses 
are critical in effecting clearance of the infecting 
pathogen. IVIG has demonstrated efficacy in 
both the acute and chronic management of poly-
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myositis as well as dermatomyositis (including 
associated acute lung inflammation) and would 
be a preferred option for managing critical weak-
ness and/or pneumonitis in patients with these 
disorders who have infection complications 
requiring attenuation of corticosteroid and other 
immunosuppressive therapy [46].

 Vasculitis

Given the intensity of immune suppression often 
required to induce remission in patients with sys-
temic vasculitis, infectious complications are not 
uncommon occurrences in patients with these 
disorders. Moreover, compromise of vascular 
integrity in patients with disease-involving ves-
sels which supply the dermis and gastrointestinal 
tract may engender septic complications. Disease 
management may be further complicated by the 
propensity of intercurrent infection to trigger 
flares of disease. These considerations require 
careful vigilance for infection as well as careful 
attention to organ-specific disease activity when 
managing patients with systemic vasculitis.

 ANCA-Associated Vasculitis

Infectious complications in patients with granu-
lomatosis and polyangiitis (GPA) or microscopic 
polyangiitis (MPA) are of particular concern not 
only from the standpoint of sepsis-associated 
morbidity but also the possibility of disease flare 
triggered by neutrophil degranulation of target 
antigen (proteinase-3 and myeloperoxidase). 
Flares of ANCA-associated vasculitis and pauci- 
immune glomerulonephritis occurring in the con-
text of bacteremia are well documented [47–49]. 
Vigilance for development of bacterial infection 
as well as antimicrobial prophylaxis is therefore 
a critical component of disease management 
strategies in patients with ANCA-associated vas-
culitis. Daily dosing with trimethoprim- 
sulfamethoxazole (160–800 mg) has been shown 
to decrease flares of GPA and is recommended as 
an adjunct treatment to immune suppression in 
patients with GPA as well as MPA [50]. Use of 

trimethoprim-sulfa would be of even greater 
importance to prevent infection with 
Pneumocystis jirovecii pneumonia in patients 
who may develop CD4+ T cell counts <300/mm3 
as a consequence of sustained treatment with 
immune suppression regimens impacting T cells. 
Leucopenia in association with immunosuppres-
sive therapy is a significant risk factor for sepsis 
and poor outcomes in ANCA-associated glomer-
ulonephritis [51]. Accordingly, for patients 
receiving cyclophosphamide as part of their 
induction treatment or patients managed with 
azathioprine, prophylactic use of levofloxacin is 
recommended during periods of severe neutrope-
nia that may occur as a complication of treatment 
with these immune suppressants [52]. Use of 
recombinant granulocyte colony-stimulating fac-
tor can be considered if intercurrent serious 
infection occurs but is otherwise best avoided due 
to potential increased risk of vasculitis flares that 
may be associated with its use [53].

Since B cell depletion treatments with ritux-
imab, use of cyclophosphamide, or use of azathio-
prine in the management of ANCA vasculitis may 
engender hypogammaglobulinemia, it is impor-
tant to check immunoglobulin levels when patients 
with ANCA vasculitis develop septic complica-
tions. Administration of immunoglobulin replace-
ment therapy (0.4 g/kg) should be considered for 
patients with bacterial infection and serum IgG 
levels less than 500 mg/dL. Continuation of immu-
noglobulin replacement at 3–4-week intervals is 
recommended until the infection has resolved; 
longer treatment duration for patients with sus-
tained hypogammaglobulinemia may decrease the 
likelihood of recurring infection [54].

 Giant Cell Arteritis

The primary treatment for giant cell arteritis 
(GCA) is chronic corticosteroid therapy, placing 
affected patients at risk for routine as well as 
opportunistic infection. Optimal disease man-
agement of GCA during episodes of infection 
depends upon when in the course of disease sep-
tic complications occur. Should bacterial infec-
tion develop within the first month of diagnosis 
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when patients with ophthalmic artery involve-
ment may be at risk for visual loss, it may be 
necessary to continue prescribed steroid treat-
ment in the setting of bacterial infection. 
Subsequent to this initial phase of treatment, 
temporary attenuation of corticosteroid dosing 
to doses required to avoid adrenal insufficiency 
can usually safely be undertaken until the infec-
tion has resolved.

Similar considerations as were discussed in 
RA management apply to the more recent use 
in GCA of anti-IL-6 therapy with tocilizumab, 
shown to increase the likelihood of GCA remis-
sion and lower the cumulative dose of cortico-
steroid required for management. Should 
infectious complications occur, treatment with 
anti-IL-6 therapy is best withheld until infec-
tion has resolved, with use of the lowest dose of 
corticosteroid deemed appropriate to manage 
the GCA at the time infection occurs. Due to 
the association of tocilizumab therapy with 
intestinal perforations and homeostatic role of 
IL-6  in maintenance of mucosal integrity, 
tocilizumab or other anti-IL6 therapies are best 
not resumed in patients with sepsis arising from 
the gastrointestinal tract [13, 14].

 Polyarteritis Nodosa

Optimal management of polyarteritis nodosa 
(PAN) varies depending upon whether the dis-
ease has been demonstrated to develop in the 
context of infection with viral pathogens such as 
hepatitis B (HBV), parvovirus B19, or cytomeg-
alovirus. Induction strategies for HBV-
associated PAN often entail combinations of a 
limited (2-week) course of corticosteroids and 
plasma exchange with antiviral therapy to 
induce remission [55], and CMV-associated 
polyarteritis is best managed with corticoste-
roids, ganciclovir, and either IVIG or anti-CMV 
immunoglobulin [56]. IVIG alone may be suffi-
cient to effect resolution of parvovirus B19-
associated PAN [57]. PAN syndromes in the 
absence of confirmed viral disease are most 
often managed with corticosteroids in combina-

tion with cyclophosphamide. Should septic 
complications occur during the prescribed treat-
ment program, use of high-dose IVIG as a tem-
porary alternative to cytotoxic therapy may 
serve to suppress vasculitis [58, 59]. However, 
for patients with neurologic or visceral compli-
cations of non-viral-associated PAN, the effects 
of IVIG are often just transient, and it is usually 
necessary to resume cytotoxic therapy to achieve 
disease remission.

 Cryoglobulinemic Vasculitis

Similar to PAN, optimal management of cryo-
globulin syndromes is based upon the disease 
process that has engendered the development 
of the cryoprecipitating immunoglobulins. 
Induction strategies entail combinations of 
plasma exchange with B cell depletion or alter-
native cytotoxic therapy for type I cryoglobu-
lins associated with monoclonal gammopathies 
and type III cryoglobulin-associated autoim-
mune disease. Use of antiviral therapies with 
or without a brief course of corticosteroid ther-
apy and plasma exchange constitute the most 
common strategies for management of severe 
or life-threatening type II cryoglobulins asso-
ciated with hepatitis C infection. Rituximab 
may be added after viral clearance for persis-
tent autoimmune manifestations (see Chap. 26). 
Should septic complications occur in the 
course of any of the above cryoglobulin syn-
dromes, high-dose IVIG (2 g/kg) is an effective 
treatment strategy that can be employed to sup-
press vasculitis manifestations until intercur-
rent bacterial infection resolves. Bacterial 
infections occurring as a complication of 
plasma exchange may be due in part to associ-
ated hypogammaglobulinemia, and IVIG 
replacement therapy (0.4  g/kg) should be 
administered to such patients. However, admin-
istration of IVIG is not recommended in 
patients who have cryoglobulins associated 
with rheumatoid factor activity, as severe dis-
ease exacerbations have been reported when 
IVIG is administered in this setting [60, 61].
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 Management of Autoimmune 
Disorders in the Setting of Immune 
Deficiency

Immune deficiency may occur as a consequence 
of prescribed immunosuppressive therapy, 
genetic defects impacting development of 
mature immune responses, autoimmune 
responses targeting cells and/or molecules 
involved in the immune response, or viruses tar-
geting immune effector cells. Since underlying 
immune deficiency may be an important consid-
eration in the overall management strategy of 
autoimmune disease, assessment of underlying 
immune competence should be included in the 
initial if not ongoing assessment of individuals 
presenting with autoimmune manifestations.

 Immune Deficiency Occurring 
as a Consequence of Autoimmune 
Disease Treatment

Although targeted therapies are becoming increas-
ingly available as effective interventions for auto-
immune disease, infectious complications due to 
treatment-related acquired immune deficiency 
remain a significant cause of disease morbidity 
and mortality. Accumulated experience with the 
use of chemotherapeutic agents impacting popu-

lations of immune cells has helped define thresh-
olds below which infection complications are 
likely to occur. When using immune suppressants 
for treatment of autoimmune disease, periodic 
surveillance for acquired immune defects known 
to be associated with their use and employing pro-
phylactic interventions when significant defi-
ciency is recognized may serve to mitigate the 
risk of infection-related morbidity. Management 
of autoimmune disease going forward following 
recognition of treatment- related immune defi-
ciency should include consideration of:

 1. Attenuating the dose of prescribed immuno-
suppressive therapy as disease activity 
permits

 2. Use of prophylactic interventions (Table 33.1)
 3. Alternative therapeutic approaches that are 

least likely to compromise phagocytic cell 
functions as have been discussed for patients 
with autoimmune disease and intercurrent 
infection

 Immune Deficiency Occurring 
as a Consequence of Autoimmunity

Immune deficiency developing as a consequence 
of autoimmunity poses a significant therapeutic 
challenge, as the cell line(s) affected may be 

Table 33.1 Risk mitigation in the setting of immunosuppressive treatment

Immune defect Therapeutic agent(s) Threshold Intervention options
Neutropenia Cyclophosphamide

Azathioprine
6-mercaptopurine
Methotrexate

<500/mm3 Levofloxacin 500 mg/day

T-lymphopenia Corticosteroids
Cyclophosphamide
Azathioprine
6-mercaptopurine
Mycophenolic acid

<500/mm3 Trimethoprim-sulfa 
160/800 mg q.o.d.
Dapsone 100 mg daily

Hypogammaglobulinemia Corticosteroids 
(prolonged use)
Cyclophosphamide
Azathioprine
6-mercaptopurine
Mycophenolic acid
Anti-CD20 (rituximab)

<500 mg/dL (<700 mg/dL 
with infection)

IVIG 0.4 g/kg every 
3–4 weeks
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further impacted by therapies normally required 
to manage the underlying autoimmune process. 
Lymphopenia, neutropenia, and pancytopenia 
not uncommonly occur in the context of SLE. 
Autoimmune neutropenia and aplastic anemia 
occurring in the setting of lupus have been 
effectively managed with therapies primarily 
targeting autoreactive T lymphocytes, including 
cyclosporine, tacrolimus, or anti-thymocyte 
globulin. Severe peripheral lymphopenia is a 
hallmark of lupus activity, but the underlying 
mechanisms giving rise to lymphopenia are not 
well understood and the extent to which the 
noted lymphopenia increases infection risk in 
SLE has not been well defined.

In the presence or absence of lymphopenia, 
hypogammaglobulinemia may occur in patients 
with established SLE [62]. For patients in whom 
low immunoglobulin levels are noted to antedate 
SLE manifestations, the underlying immunopa-
thology may comprise part of the spectrum of 
common variable immune deficiency (discussed 
below). Alternatively, hypogammaglobulinemia 
may develop in the absence of significant immu-
nosuppressive therapy well into the course of 
SLE [63, 64]. In such cases, it is hypothesized 
that autoimmune responses develop that target B 
cells directly or growth factors or cytokines 
 requisite for B cell maturation and survival. 
Notably, it has been observed that in patients who 
develop spontaneous B cell depletion, preceding 
lupus manifestations may remit [65]. For patients 
who otherwise continue to have active disease 
manifestations requiring immune suppression, 
institution of immunoglobulin replacement ther-
apy may permit proceeding as needed with usual 
SLE standard of care interventions [62].

 Immune Deficiency Occurring 
as the Primary Disorder Underlying 
Autoimmunity

Manifestations of autoimmunity are not uncom-
monly an initial presenting clinical feature in 
patients with primary immune deficiencies (PID). 
With the advent of whole genome sequencing, 
increasing numbers of identified mutations 

underlying PID have been identified, many of 
which may be associated with autoimmunity 
(Table 33.2). The temporal relationships underly-
ing the development of infection-related versus 
autoimmune complications arising from the 
underlying immune dysfunction are highly vari-
able, and the mechanisms underlying the devel-
opment of autoimmunity in these disorders 
remain incompletely understood. However, there 
is a developing collection of experience with 
management of autoimmunity associated with 
the more common and better characterized pri-
mary immune deficiencies (see Chap. 4).

Common variable immune deficiency (CVID) 
is the disorder in which autoimmunity is most 
commonly linked to immune deficiency. The 
prevalent immunologic phenotype is hypogam-
maglobulinemia with low levels of IgG and 
inability to generate sufficient IgG antibodies in 
response to pneumococcal or other polysaccha-
ride bacterial antigens. Levels of IgA and/or IgM 
in CVID may also be attenuated. The mecha-
nisms underlying the immune deficiency are vari-
able; those most well described are failures of 
immunoglobulin class switch due to mutations in 
the transmembrane activator, calcium-modulator, 
and cyclophilin ligand interactor (TACI) recep-
tor, but these account for less than 20% of affected 
patients [66]. While most patients with CVID 
have a history of recurring bacterial infections 
dating to childhood, many patients noted to have 
clinical and immunologic features consistent 
with CVID do not develop recurring infections or 
hypoglobulinemia until the third, fourth, fifth, or 
even later decades of life [67], begging the ques-
tion as to whether the immune deficiency in such 
patients develops as a consequence of autoreac-
tive responses targeting the normal production of 
mature neutralizing antibodies.

Preventative strategies are employed to mini-
mize infectious complications associated with 
CVID and to permit management of associated 
autoimmunity with less infection risk. Milder 
variants associated with recurring respiratory 
infections can be successfully managed with 
rotating antibiotic therapy targeting respiratory 
pathogens. For patients with more severe levels of 
hypogammaglobulinemia (less than 500  mg/dL) 

W. W. Chatham



437

and/or those demonstrating failure to mount suf-
ficient titers of neutralizing antibodies in response 
to administered vaccine antigens, intravenous 
(every 3–4 week) or weekly subcutaneous infu-
sions of immunoglobulin replacement therapy are 
recommended. Although complete selective IgA 
deficiency is uncommon in CVID, assessment for 
this is advised to minimize risk of anaphylaxis 
with IVIG administration. For CVID patients 
with significant intercurrent infection complica-
tions or undergoing major surgery, an additional 
dose of IVIG (0.4 g/kg) is recommended.

Immune thrombocytopenia, autoimmune 
hemolytic anemia, neuromyelitis optica, anti- 
GAD65 dystonias, ANCA vasculitis, or other 
CVID-associated autoimmune complications 
associated with defined autoantibodies frequently 
respond favorably to rituximab in combination 

with scheduled IVIG replacement therapy [68–
71]. A similar therapeutic approach may be effec-
tive in managing the granulomatous interstitial 
lung disease that is not uncommonly associated 
with CVID [72, 73]. Lupus-related musculoskele-
tal and cutaneous syndromes that develop on a 
background of CVID can frequently be managed 
effectively with antimalarials, weekly methotrex-
ate, and/or dapsone, without requiring significant 
corticosteroid use. As these drugs do not signifi-
cantly impact B cell proliferation, the use of back-
ground immunoglobulin replacement therapy may 
not be required in patients who have these lupus-
related features in association with milder variants 
of CVID.  The use of immunosuppressive thera-
pies that do impact B cell populations is otherwise 
best undertaken in CVID patients on a background 
of immunoglobulin replacement therapy.

Table 33.2 Primary immune deficiencies associated with autoimmunity

Disorder Mutations Immune defects Autoimmune features
CVID TACI, others Hypogammaglobulinemia AIHA, ITP, SLE, (multiple)
sIgAD Low serum IgA JIA, RA, SLE

Celiac disease
Hashimoto’s thyroiditis
Pernicious anemia
Myasthenia gravis
Dermatomyositis

X-linked 
agammaglobulinemia

btk Hypogammaglobulinemia
FcR, TLR signaling

(rare)

Hyper-IgM [1] CD40, CD40 
ligand

Low serum IgG
T cell co-stimulation

(rare)

Hyper-IgM [2], 
hyper-IgM [3]

AICDA, 
UNG

Low serum IgG Autoimmune hepatitis
RA, IBD, uveitis
Diabetes mellitus

MBL deficiency MBL2 Opsonization SLE
C1q, C2, C4 C1q, C2, 

C4A/C4B
Opsonization SLE

Adenosine deaminase 
deficiency

ADA Th, T reg, variable low IgG AIHA, ITP

PNP deficiency PNP Th, T reg, variable low IgG AIHA, ITP
Wiskot-Aldrich 
syndrome

WAS Th, T reg AIHA, ITP, IBD, vasculitis, 
glomerulonephritis

DiGeorge syndrome 22q11 
deletions

Th, T reg AIHA, ITP, IBD, thyroiditis

LRBA deficiency LRBA T reg, low serum IgG AIHA, ITP, enteritis, arthritis, myasthenia 
gravis, encephalitis, cerebellitis

CHAI CTLA4 Th, T reg, variable low IgG AIHA, ITP, enteritis, pneumonitis

AICDA activation-induced cytodine deaminase, AIHA autoimmune hemolytic anemia, CHAI CTLA-4 haploinsufficiency 
with autoimmune infiltration, CVID common variable immune deficiency, IBD inflammatory bowel disease, ITP immune 
thrombocytopenia, JIA juvenile idiopathic arthritis, LRBA lipopolysaccharide (LPS)-responsive beige-like anchor, MBL 
mannose bonding lectin, PNP purine nucleoside phosphorylase, sIgAD selective IgA deficiency, TACI transmembrane 
activator calcium- modulator and cyclophilin ligand interactor, TLR toll-like receptor, UNG uracil nucleoside glycosalase
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Patients with CVID with or without known 
autoimmunity have been observed to have higher 
than normal levels of B lymphocyte stimulator 
(BLyS, BAFF), a known survival factor for auto-
reactive B cells [74]. Whether and to what extent 
elevated levels of BLyS/BAFF contribute to auto-
immunity in CVID remain an active area of 
investigation. The noted elevations in BLyS/
BAFF in patients with CVID suggest that pres-
ently available biologic reagents which neutral-
ize the effects of BLyS/BAFF may be potentially 
useful in suppressing autoimmune complications 
in this population of patients.

Selective IgA Deficiency (sIgAD) is commonly 
associated with a variety of autoimmune disor-
ders, and case-control cohort studies have dem-
onstrated greater prevalence of autoantibodies in 
IgA deficient patients [75, 76]. The immunopath-
ologic mechanisms underlying noted increases in 
autoimmunity in sIgAD individuals remain 
poorly understood, but associations with defi-
ciencies in the population of Treg cells and class- 
switched memory B cells have been observed in 
sIgAD cohorts with autoimmunity [77]. Since 
the vast majority of patients with sIgAD in the 
absence of IgG or IgG subclass deficiency do not 
have increased prevalence of serious infections, 
management of autoimmune and rheumatic dis-
ease in sIgAD patients can proceed as would be 
custom for patients who are not IgA deficient.

X-linked agammaglobulinemia (XLA), associ-
ated with mutations in Bruton’s tyrosine kinase 
(btk) resulting in absence of circulating CD19+/
CD20+ B cells and hypogammaglobulinemia, is 
rarely associated with autoimmune disease. In 
addition to being critical to normal B cell matura-
tion, btk also mediates monocyte Fc receptor as 
well as toll-like receptor (TLR)-associated signal 
transduction, and in a variety of murine models 
of autoimmune inflammation, btk inhibitors have 
a profound ameliorative effect on tissue inflam-
mation as well as titers of autoantibodies [78, 
79]. The paucity of autoimmune complications in 
patients with btk deficiency is therefore not sur-
prising and selective btk inhibitors are now being 
evaluated in clinical trials of patients with lupus. 
However, should autoimmune complications 
occur in a patient with XLA, treatment with indi-
cated immunosuppressive therapy can proceed 

on a background of immunoglobulin replacement 
therapy.

Hyper IgM syndromes occur most commonly 
in the setting of CD40 or CD40 ligand defi-
ciency, whereby there are observed failures of Ig 
class switching, establishment of effective cell 
memory, and T cell-driven monocyte activation. 
Laboratory correlates include low levels of IgG 
and IgA but normal to elevated levels of serum 
IgM, normal levels of circulating B cells but 
only expressing IgM or IgD, and absence of cir-
culating memory B cells [80]. Clinical features 
include frequent respiratory infections and 
opportunistic infections (histoplasmosis, crypto-
sporidium, pneumocystis). Given the pivotal role 
of CD40-CD40 ligand interactions in T cell co- 
stimulation, it is therefore not surprising that 
autoimmune complications are seen rarely in 
patients with deficiency in CD40-mediated sig-
naling and that interruptions in CD40-CD40L 
signaling can ameliorate autoimmune manifesta-
tions in lupus-prone mice.

In a small minority of cases (<5%), hyper IgM 
syndrome occurs due to deficiencies in either 
activation-induced cytidine deaminase (AICDA) 
or uracil nucleoside glycosylase (UNG). Both 
enzymes are required for B cell class switching, 
and deficiency of either results in low serum lev-
els of IgG and IgA, with normal to high serum 
levels of IgM and normal levels of circulating B 
cells expressing IgM [81, 82]. However, unlike 
CD40/CD40L deficiency, T cell number and 
functions are essentially intact, and a variety of 
autoimmune complications have been reported in 
individuals deficient in AICDA or UNG  including 
autoimmune hepatitis, RA, IBD, uveitis, and dia-
betes mellitus. Provided they are administered on 
a background of scheduled immunoglobulin 
replacement therapy, standard treatments can be 
employed to manage AICDA- and UNG- 
associated autoimmune complications.

Complement (C1q, C2, C4) and mannose- 
binding lectin (MBL) deficiencies are associated 
with increased risk of pyogenic infection with 
encapsulated organisms. Early complement com-
ponents as well as MBL also opsonize and facili-
tate the removal by macrophages of nucleosome 
products of cellular apoptosis, rather than by 
plasmacytoid dendritic cells in a manner that ren-
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ders epitopes in the nucleosomes becoming 
potentially immunogenic [83]. Deficiencies in 
C1q, C2, C4, and MBL have all been associated 
with increased risk of systemic or cutaneous 
lupus, presumably due to associated impairment 
in the noninflammatory, non-immunogenic dis-
posal of apoptotic nucleosomes [28, 84]. 
Management of lupus-related autoimmune dis-
ease in patients with early complement or MBL 
deficiency can proceed with standard lupus thera-
pies. However, it is prudent to monitor for 
treatment- associated lymphopenia, neutropenia, 
and hypogammaglobulinemia in affected 
patients, entertaining a lower threshold for insti-
tuting immunoglobulin replacement therapy or 
prophylactic antibiotic use in patients further 
immunocompromised (Table 33.1).

Adenosine deaminase deficiency (ADA), 
Wiskott-Aldrich syndrome (WAS), and DiGeorge 
(22q11 deletion) syndromes are combined 
immune deficiencies associated with defects pri-
marily in T cell function, with variable defects in 
humoral immunity arising secondarily. 
Autoimmunity occurs in these syndromes likely 
due in large part to impairments in the function 
and/or numbers of T regulatory lymphocytes.

The elevated levels of adenosine and deoxy-
adenosine associated with ADA are toxic primar-
ily to T lymphocytes, engender feedback 
inhibition of ribonucleotide reductase with 
decreased de novo purine synthesis, and inhibit 
phagocytic cell migration. The primary observed 
immunologic abnormalities in ADA are very low 
levels of circulating T cells with variable degrees 
of hypogammaglobulinemia; immune cytopenias 
are the most commonly observed autoimmune 
complications. The noted autoimmunity observed 
in ADA likely occurs as a consequence of imbal-
ances in the proportions of affected regulatory 
versus helper/cytotoxic T cells [85].

WAS develops primarily due to loss of func-
tion mutations of the WASp protein involved in 
the cytoskeletal functions of hematopoietic cells. 
The immunodeficiency develops due to loss of 
formation of lipid rafts required for the formation 
of the immunologic synapse between T lympho-
cytes and antigen-presenting cells. This WASp- 
associated cytoskeletal defect also likely accounts 
for the failure of T regs to form synapses with 

effector T cells, with attendant failure to suppress 
effector functions of autoreactive T lymphocytes 
[86]. As a consequence, autoimmune manifesta-
tions including immune cytopenias, vasculitis, 
IBD, and/or nephritis occur commonly in patients 
with WAS.

Individuals with DiGeorge syndrome due to 
deletions of 22q11 have impaired thymic develop-
ment with low numbers of circulating T lympho-
cytes. Reported autoimmune complications include 
immune cytopenias, endocrinopathies, and inflam-
matory enteropathies [87]. Autoimmunity in 
DiGeorge syndrome likely occurs as consequence 
of impaired development of a sufficiently diverse T 
regulatory cell repertoire [88].

Although management of autoimmune com-
plications in patients with primary immune defi-
ciencies is challenging, the majority of affected 
patients can be effectively managed with stan-
dard therapies employed in the treatment of non-
immune deficient individuals. It is nonetheless 
important to recognize the presence of primary 
immune deficiency in patients presenting with 
autoimmunity so as to appropriately choose and 
minimize the risk of infection that may be height-
ened as a consequence of employed immunosup-
pressive therapy. The development of an 
autoimmune disorder at an unusually early age 
for that condition, the presence of autoimmunity 
affecting multiple organ systems, or atypical 
immune syndromes that cannot be attributed to 
specific rheumatologic diagnosis should prompt 
investigation for possible primary immune defi-
ciency. Assessment of immunoglobulin levels, 
responses to pneumococcal vaccination, and flow 
cytometry studies to quantify numbers of circu-
lating B cells and T cell subset populations may 
serve as useful initial screening assessments for 
many of the immune deficiencies associated with 
autoimmunity.
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 Introduction

The therapeutic choices for patients with rheu-
matic diseases have been greatly expanded over 
the last 20  years. In addition to the traditional 
treatments such as corticosteroids and conven-
tional synthetic disease-modifying antirheumatic 
drugs (csDMARDs), biologic DMARDs 
(bDMARDs) or small molecules have been intro-
duced in daily clinical practice for the treatment 
of various inflammatory rheumatic diseases 
(Table  34.1). These novel therapies have been 
shown to be highly effective in patients with inad-
equate response to conventional treatments. They 
provide alternative choices of equal efficacy or 
function as steroid-sparing agents and have 
greatly improved patients’ ability for work [1].

Despite this progress, infections continue to 
consist one of the most common comorbidities in 
patients with rheumatic diseases and to contrib-
ute significantly to the morbidity and mortality of 
this population. Data from the pre-biologic era 
have shown that patients with inflammatory 
arthritides, mainly rheumatoid arthritis (RA), 
have approximately a two-fold higher risk for 
serious infections in comparison to the general 
population [2]. This risk is increased for patients 

with high disease activity and disability scores, 
indicating that it is partially related to the disease 
itself and not only to the administered antirheu-
matic therapy [3].

The infectious diseases’ burden remains sig-
nificantly high also in patients with systemic 
lupus erythematosus (SLE), in whom the risk for 
hospitalized infections was 12-fold higher com-
pared to the general population in a recent study 
[4], with pneumonia being the most frequent 
infection and bloodstream infection the most 
common infection-related cause of death (also 
see Chap. 24) [5]. Similarly, high risk for serious 
infections and infection-related death has been 
noticed in patients with systemic vasculitides 
[6]. Common bacterial and viral infections con-
stitute the majority of infectious complications 
with the respiratory tract being the most com-
monly affected, whereas other commonly 
described infections involve skin, soft tissues 
and urinary tract [7].

Nevertheless, a number of other bacterial, 
viral, or fungal pathogens have raised concern in 
rheumatic patients, given their potential for reac-
tivation especially in those treated with 
bDMARDs (Mycobacterium tuberculosis; hepa-
titis B virus, HBV; varicella-zoster virus, VZV) 
or the higher incidence of rare opportunistic 
infections, such as Pneumocystis jirovecii. It 
should be noted that the risk for developing such 
infections differs among the several classes of 
bDMARDs and rheumatologists should be famil-
iar with the safety profile of each specific agent.

In this review the individual risk of different 
antirheumatic therapies is critically reviewed and 
presented.

 Infection Risk of Individual 
DMARDs

 Non-biological Therapies

 Corticosteroids
Despite the well-established risks associated 
with their use, corticosteroids still remain the 
most prescribed drug in patients with inflamma-
tory rheumatic diseases. Recent studies have 
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shown that approximately half of RA patients 
are treated with corticosteroids [8], whereas 
almost 90% of patients with SLE have ever 
taken prednisone [5] and approximately 40% of 
elderly patients with giant-cell arteritis (GCA) 

fail to discontinue corticosteroid therapy after 
10 years of treatment [9].

Corticosteroids exert their anti-inflammatory 
and immunosuppressive effects by acting on a 
variety of immune cells, including macrophages, 

Table 34.1 Most commonly used biologic agents and small molecules and their targets in the treatment of rheumatic 
diseases

Target
Agent Rheumatologic and related disorder indications

Approved Off-label use
Biologic agents

TNF-α Adalimumab RA, PsA, AS, JIA, psoriasis, hidradenitis 
suppurativa, Crohn’s disease, ulcerative colitis, 
uveitis

Takayasu arteritis
Behcet’s diseaseCertolizumab 

pegol
Etanercept
Infliximab
Golimumab

IL-1 Anakinra RA, CAPS Gout
Systemic JIA

Canakinumab Systemic JIA (>2 years old)
AOSD
CAPS
Gout

IL-6 Tocilizumab RA PMR
Systemic JIA
Polyarticular JIA (>2 years old)
GCA Takayasu arteritis

CD20 Rituximab RA SLE
Cryoglobulinemic 
syndrome
Catastrophic 
antiphospholipid syndrome

ANCA-associated vasculitides Inflammatory myopathies
CD80/86 Abatacept RA

JIA (>6 years old)
PsA

BAFF Belimumab SLE
IL-17 Secukinumab PsA

AS
Psoriasis

IL-12/23 Ustekinumab PsA
Psoriasis
Crohn’s disease

Small molecules
PDE4 Apremilast PsA Behcet’s disease
JAK Tofacitinib RA

Baricitiniba

aApproved by EMA (European Medicines Agency) only
TNF tumor necrosis factor, RA rheumatoid arthritis, PsA psoriatic arthritis, AS ankylosing spondylitis, IL interleukin, 
JIA juvenile idiopathic arthritis, AOSD adult-onset Still’s disease, CAPS cryopyrin-associated periodic syndromes, 
GCA giant-cell arteritis, PMR polymyalgia rheumatica, CD cluster of differentiation, AAV ANCA-associated vasculitis, 
SLE systemic lupus erythematosus, BAFF B-cell activating factor, PDE4 phosphodiesterase-4, JAK Janus kinase
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neutrophils, and B and T lymphocytes, as well as 
other cells participating in tissue injury including 
fibroblasts and endothelial cells [10].

In a recent population-based study from the 
UK, corticosteroid prescription for various indi-
cations correlated with an increased risk of infec-
tion (hazard ratio (HR) = 2 for cellulitis and 5.8 
for lower respiratory tract infections) [11]. 
Similar data have been derived from observa-
tional studies in patients with RA.  In these 
patients, the risk seems to escalate in a dose- 
dependent manner, although a safe daily dose has 
not been clearly  established. In a large nested- 
controlled study including more than 16,000 
patients with RA, prescription of 5  mg predni-
sone daily did not result in an increased incidence 
of nonserious infections, in contrast with doses 
>20  mg, which were associated with a twofold 
increase [12]. Other  studies have evaluated the 
role of corticosteroids on the risk for serious 
infections and have reported a dose-dependent 
increase [13]. Daily prednisone dose of >10 mg 
was associated with an up to threefold increase in 
the risk for serious infection [14]. Other investi-
gators support that even the daily administration 
of ≤5 mg of prednisone may also pose a risk for 
hospitalization due to pneumonia [15]. Moreover, 
the same low dose may be correlated with a sig-
nificantly increased risk when administered for 
extended time periods [16]. Interestingly, recent 
studies derived from the German registry for bio-
logics (RABBIT) showed that the reduction in 
infection risk observed after 24 months of ther-
apy with biologics may be partly attributed to 
decreases in the daily prednisone dose [17].

In patients with SLE, corticosteroids have 
been suggested to increase the risk for both seri-
ous and nonserious infections in a dose- dependent 
manner. In a study from Spain, a 12% increase in 
the odds for serious infection for each mg 
increase in daily prednisone was noticed. Mean 
daily prednisone dose was significantly higher in 
those SLE patients that experienced a serious 
infection compared with those without such his-
tory (7.5 vs. 2.5 mg) [18]. Another study showed 
that a daily prednisone dose of >20  mg, com-
bined with ever use of cyclophosphamide, was 
independently associated with infection [19]. 

Recently, investigators from the Spanish 
Rheumatology Society Lupus Registry 
(RELESSER) reported that any use of ≥10 mg 
prednisone was associated with 27% increase in 
the risk of severe infection [5].

Regarding patients with vasculitides, cortico-
steroid use seems to predispose patients with 
ANCA-associated vasculitis (AAV) to infections, 
and alternative regimens containing lower cumu-
lative dose of corticosteroids are being investi-
gated [20]. Similarly, patients with giant-cell 
arteritis (GCA) are at increased risk for serious 
infection [21], especially during the first 
12 months after treatment initiation, with an inci-
dence reaching 11  cases/100 patient-years and 
almost 30% of deaths attributed to infectious 
causes. Daily prednisone dose of >10  mg after 
12 months was associated with a 4.6-fold increase 
in the risk of infection-related death [22].

There is a satisfactory amount of evidence for 
the role of corticosteroids and the development of 
opportunistic infections (OIs), although the dose 
that increases the risk differs for each disease. 
Thus, daily prednisone doses of 7.5–10 mg cor-
relate with an increased risk for herpes zoster 
(HZ), whereas the threshold for Pneumocystis 
jirovecii pneumonia (PJP) and tuberculosis (TB) 
seems to be higher (15 and 30 mg, respectively).

HBV reactivation is still a concern in patients 
with chronic HBV infection (who do not receive 
antiviral therapy) treated with corticosteroids for 
>4  weeks (at daily prednisone doses >10  mg). 
Although there is a paucity of data regarding 
rheumatic patients with past HBV infection, this 
risk is believed to be very low (<1%) [23].

 csDMARDs
In contrast to corticosteroids, a risk for infection 
in csDMARD-treated patients has not been estab-
lished. Methotrexate (MTX) is the most widely 
used and best studied csDMARD. Most studies 
do not show an increased risk for infections in 
MTX-treated patients. Older studies have shown 
no correlation between MTX and increased 
infection incidence or surgical infections after 
elective orthopedic surgery. Wolfe et al. studied a 
cohort of 16,788 RA patients to assess the inci-
dence and risk factors for pneumonia. Regarding 
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csDMARDs, only leflunomide (LEF) correlated 
with a slight increase of the risk by 20%, whereas 
MTX use was not associated with any increased 
risk for pneumonia [15].

Regarding HZ, most studies have not shown 
an increased risk with MTX administration. 
Smitten et  al. used two independent cohorts to 
study the effect of csDMARDs (including cyclo-
sporine (CsA) and cyclophosphamide (CYC)) on 
the risk for HZ and found a modestly increased 
risk (OR, 1.27 and 1.37) [24].

MTX and other csDMARDs are not consid-
ered to increase the risk of HBV reactivation in 
patients with chronic or past HBV infection, 
although MTX hepatotoxicity can rarely result in 
severe liver disease in HBV-infected patients [23].

In patients with SLE, antimalarials were found 
to have a protective effect regarding the risk for 
serious infections [5], whereas other csDMARDs 
were not associated with increased infection risk 
[18]. When mycophenolate mofetil (MMF) was 
compared with azathioprine (AZA) as mainte-
nance therapy, the rate of serious infection during 
a 36-month period did not differ between the two 
drugs (9.6% vs. 11.7%) [25].

Overall, these findings suggest a safe profile 
for csDMARDs regarding serious infection risk 
in rheumatic patients.

 Biologic DMARDs

 TNF Inhibitors (TNFi)
TNFi was the first class of bDMARDs introduced 
in daily practice almost 20 years ago (Table 34.1). 
These agents have been found to be highly effec-
tive in patients with RA, psoriatic arthritis (PsA), 
juvenile idiopathic arthritis (JIA), and ankylosing 
spondylitis (AS). Randomized controlled trials 
(RCTs) as well as longitudinal registries of 
bDMARD-treated patients have provided valu-
able data regarding TNFi infection risk.

In RA patients, the serious infection risk in 
RCTs was 4.9/100 patient-years [26], while a 
similar risk was found in registry-derived data 
(2–6.4/100 patient-years) [27–29] compared to 
csDMARDs that represent an almost 30% 
increased risk which in absolute values equals to 
an annual rate of 2.6% compared to 2% with csD-
MARDs alone [30]. The infectious risk appears 
to be lower in PsA (0.9–3.3/100 patient-years) 
and AS (1.3–2.13/100 patient-years) patients 
(Table 34.2).

In TNFi-treated patients, corticosteroid use 
and comorbidities significantly affect this risk. 
Most serious infections are observed during the 
first 12 months after TNFi initiation and subside 
subsequently, which could be partly attributed to 

Table 34.2 Serious infections in rheumatic patients treated with biologics

bDMARD Disease RCT-LTE studiesa Real-world evidence studiesb

TNF inhibitors RA 4.9 [26] 2–6.4 [27–29]
PsA 1.16–2.8 [31–33]c 0.9–3.3 [34, 35]
AS 1.4–2.13 [33, 36, 37]c 1.3 [38]

Rituximab RA 3.9 [39] 2.5–8.2 [40–42]
AAV 21 [43] 6–17 [44–46]
SLE 16.6 [47] 6 [48]

Secukinumab PsA 2.6–2.9 [49, 50] –
AS 1.1 [51] –

Tocilizumab RA 5.45 [26] 4.1–10.7 [52, 53]
Abatacept RA 3.04 [26] 4.1 [54]
Anakinra RA 5.4 [55] 9 [56]
Belimumab SLE 3.9–8.3 [57, 58] –
Ustekinumab PsA 0.7–0.8 [59, 60] 1.1 [61]
Tofacitinib RA 2.93 [26] 3.7 [62]

aIncidence per 100 patient-years, except otherwise indicated
bRegistry data for PsA included patients with psoriasis of whom 36% had PsA
cData only for adalimumab [33], etanercept [32, 36], and golimumab [31, 37]
TNF tumor necrosis factor, RA rheumatoid arthritis, PsA psoriatic arthritis, AS ankylosing spondylitis, AAV ANCA- 
associated vasculitis, SLE systemic lupus erythematosus, RCT randomized controlled trial, LTE long-term extension
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the gradual reduction of corticosteroids [17]. 
Evidence from some, but not all, registries sup-
ports a trend for lower risk for serious infections 
in patients treated with the soluble TNFi etaner-
cept (ETN) in comparison with the monoclonal 
antibodies infliximab (INFL) and adalimumab 
(ADA) (1.66 vs. 3.86 vs. 2.61/100 patient-years, 
respectively) [28]. The lower respiratory system, 
skin, and soft tissues are the most commonly 
affected sites in TNFi-treated patients with seri-
ous infection [15, 40, 63, 64].

Only sparse data are available regarding the 
prognosis of TNFi-treated patients with serious 
infections. Interestingly, a recent study demon-
strated that patients treated with bDMARDs 
(mostly TNFi) were at decreased risk for devel-
oping or dying from sepsis after a serious infec-
tion [64], with the authors suggesting a potential 
role of cytokine blockade in efficient control of 
immune host response, as previously showed in 
experimental models [65].

Post-marketing surveillance has provided 
some early signals for increased rates of infec-
tions caused by intracellular pathogens, such as 
Legionella, Listeria, or Salmonella [66, 67]. 
Monoclonal antibodies were found to correlate 
with higher risk compared with soluble TNFi, and 
the risk was higher during the first 3 months after 
treatment initiation, although the absolute risk for 
these infections still remained quite low [66].

Several opportunistic infections have become 
of particular interest in patients treated with 
TNFi. Rates of tuberculosis (TB) infections were 
increased by 5–20 times in the early era of TNFi 
therapies [68]. The majority of infections 
occurred during the first 12 months, and the risk 
of TB reactivation was significantly higher in 
patients treated with the monoclonal antibodies 
INFL and ADA versus ETN [69]. Fortunately, 
universal screening for latent tuberculosis infec-
tion (LTBI) before TNFi initiation has proved 
highly efficient in reducing the rates of TB reac-
tivation up to 83% in patients with RA [70].

Two methods for LTBI diagnosis are widely 
used, the tuberculin skin test (TST) and the 
interferon- gamma releasing assays (IGRAs) that 
include the T-SPOT.TB test and the 
QuantiFERON-TB test. These methods seem to 

have similar sensitivity for active TB diagnosis 
(~80%), while IGRAs appear to have higher 
specificity (>90%) and are not affected by previ-
ous Bacillus Calmette-Guérin (BCG) vaccina-
tion. Both methods may be negatively affected by 
immunosuppressive therapy [71]. There is no 
universal consensus on the optimal algorithm for 
LTBI screening in rheumatic patients, with some 
authorities suggesting interchangeable imple-
mentation of the two techniques [72], whereas 
others supporting screening with both methods 
[73, 74]. Regular annual rescreening may be of 
benefit in areas of high endemicity or for patients 
at high risk for exposure (Table 34.3).

Nontuberculous mycobacterial (NTM) infec-
tions are not as well studied as TB in rheumatic 
patients, although there is evidence supporting a 
higher incidence in RA patients compared with 
TB infections [68]. Elderly TNFi-treated patients 
with RA and chronic lung disease comprise a 
high-risk group for acquiring NTM infection 
[75].

Another concern regarding TNFi therapy is 
their potential for HBV reactivation (Table 34.3) 
[23]. This risk is significantly higher in patients 
with chronic HBV infection (hepatitis B surface 
antigen (HBsAg) positive, 29–64%) [76–79] than 
those with resolved infection (HBsAg negative/
anti-hepatitis B core antigen (HBc) positive, 
1–2%) [80, 81]. Current guidelines support the 
administration of prophylactic antiviral therapy 
in all TNFi-treated patients with chronic HBV 
infection [82]. Given an up to 70% risk for emer-
gence of resistant HBV strains after long-term 
treatment with lamivudine [83], newer third- 
generation oral nucleos(t)ide analogs with high 
genetic resistance barrier (entecavir or tenofovir) 
are recommended as prophylactic therapies in 
this setting (Table 34.3) [23].

There are conflicting data regarding the risk 
for HZ in patients treated with TNFi, with some 
studies failing to show any difference in the HZ 
incidence between patients treated with TNFi 
and csDMARDs [84] and others demonstrating a 
modest increase (HR = 1.5–2.2), especially dur-
ing the first year after TNFi initiation [85]. The 
risk for HZ does not differ between different 
types of TNFi or between TNFi and other 
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bDMARDs [86, 87]. No data are currently avail-
able regarding the severity of HZ infection and 
postherpetic neuralgia in this group of patients.

 Rituximab
Rituximab (RTX), a B-cell-depleting monoclonal 
antibody that targets CD20 surface antigen, is 
licensed for a variety of hematologic and rheu-
matic diseases, including RA and, more recently, 
AAV, while a steadily increasing number of 
patients with relapsing or refractory SLE are 
being treated off-label with RTX (Table 34.1).

Infection risk among RTX-treated rheumatic 
patients depends on the underlying disease and 
the concomitant immunosuppressives used, cor-
ticosteroids in particular (Table 34.2). Regarding 
RA, a pooled analysis of the safety data from ten 

studies of >3000 patients showed a serious infec-
tion incidence of 3.9/100 patient-years, not dif-
ferent from the cohort that was treated with MTX 
(3.8/100 patient-years), with this rate being rela-
tively stable during follow-up [39]. As observed 
in TNFi-treated patients, the majority of infec-
tions involved lower respiratory tract. In real-life 
settings, the incidence of severe infections has 
been reported to range between 2.5–8.2/100 
patient-years [40–42].

B-cell depletion with RTX has been found to 
be a non-inferior therapeutic alternative to CYC 
for patients with AAV, although infectious com-
plications did not differ in the randomized con-
trolled trials (RCTs) [88, 89]. Apart from RCTs, 
a continuously growing body of real-life-derived 
evidence has been published over the last years. 

Table 34.3 Most commonly used interventions to reduce infection risk in patients with rheumatic diseases treated with 
antirheumatic therapies

Intervention Methods Comments
Screening for latent tuberculosis 
infection (LTBI)

 – TST
 – IGRAs
 – Chest X-ray

 • Dual screening (TST and IGRAs) at baseline before 
starting biologic therapy may increase sensitivity for 
LTBI detection
 • Retesting (for patients negative at baseline) 
recommended only for
  – Recently TB exposed
  – High risk for TB exposure patients

Screening for hepatitis B virus 
(HBV) infection before initiation of
  – bDMARDs
  – High-dose CS or certain 

csDMARDs (i.e., MTX, LEF)

 – HBsAg
 – Anti-HBc
 – Anti-HBs

 • All negative: consider vaccination in high-risk 
patients
 • HBsAg (+): antiviral prophylaxis (pos)
 •  HBsAg (−)/anti-HBc (+): close monitoring for HBV 

reactivation
Chemoprophylaxis against 
Pneumocystis jirovecii pneumonia

TMP/SMX 
administration

 • For AAV patients treated with
  – CYC
  – RTX

Vaccinations Various vaccines 
according to 
National 
Guidelines

 • Inactivated vaccines safely administered during any 
type of therapy and not related with disease flares
 • Live attenuated vaccines not recommended in 
patients
while on
  – bDMARDs
  – High-dose CS
  – --//-- csDMARDs
(although they can be administered prior to treatment 
initiation)

Intravenous immunoglobulin 
(IVIG) administration

IgG 
measurement

 • Only recommended as secondary prophylaxis in 
patients with relapsing infections and IgG levels 
<400 mg/dl

TST tuberculin skin testing, IGRAs interferon-gamma release assays, HBsAg hepatitis B surface antigen, Anti-HBc 
antibody against hepatitis B core antigen, Anti-HBs antibody against hepatitis B surface antigen, bDMARD biologic 
disease-modifying antirheumatic drugs, MTX methotrexate, LEF leflunomide, TMP/SMX trimethoprim/sulfamethoxa-
zole, CYC cyclophosphamide, RTX rituximab, CS corticosteroids, csDMARDs conventional synthetic DMARDs, IgG 
immunoglobulin G
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In a study from the USA, the annual risk for 
severe infection was calculated at 12/100 
person- years for patients treated solely with 
RTX, while the respective rate was 17/100 per-
son-years for those with prior or concurrent 
cyclophosphamide administration. More than 
50% of these infections were located at the 
lower respiratory tract [44].

Renal involvement greatly affects the inci-
dence of serious infections of SLE patients 
treated with RTX.  In a German cohort that 
included SLE patients (37% with lupus nephritis 
(LN)), the incidence of serious infections was 
6/100 patient-years [48]. The infection risk sig-
nificantly increased in patients with LN. An RCT 
compared the efficacy and safety of RTX on top 
of concomitant treatment with mycophenolate 
mofetil (MMF) and corticosteroids. The inci-
dence of serious infections was increased in com-
parison to the previous study, but did not differ 
between RTX and placebo (16.6 and 20/100 
patient-years, respectively) [47].

Two potential complications of RTX treat-
ment, that may predispose patients to infections, 
have been recognized. Late-onset neutropenia 
(LON) was first described in lymphoma patients 
treated with RTX-containing regimens. The 
underlying mechanism still remains unclear, and 
no factors predictive of this complication have 
been identified. Most studies report neutrophil 
count nadir to become more apparent 3–5 months 
after last RTX infusion [90–92]. Interestingly, 
LON is much more common in patients with 
AAV (12–23%) and SLE (20%) [91, 93] than RA 
(1.3–4.6%) [90–92]. Sepsis from non- 
opportunistic pathogens and febrile neutropenia 
are not uncommon sequelae to LON. Re-treatment 
with RTX should not be precluded in patients 
who experienced LON after restoration of nor-
mal neutrophil counts.

The negative impact of immunosuppressive 
therapy on immunoglobulin (Ig) levels has been 
implicated in the infection risk of these patients. 
Again, the risk for hypogammaglobulinemia 
depends on the underlying disease. In a cohort of 
RA patients treated with RTX, 22.4% developed 
low IgM, while the respective rates for low IgG 
and IgA were significantly lower (3.5% and 1%). 

Overall infections did not differ before and dur-
ing or after low IgG or IgM, although patients 
who finally developed hypogammaglobulinemia 
were in significantly higher risk for developing 
serious infections compared with those that never 
had this complication. Older age, longer disease 
duration, lower mean CD19 + count, lower mean 
IgG levels, and history of more csDMARDs were 
predictive factors for hypogammaglobulinemia 
[39].

Regarding AAV, recent studies have reported a 
variable incidence of hypogammaglobulinemia, 
ranging between 10% and 56%, although hypo-
gammaglobulinemia is not rare even before RTX 
initiation and it may involve 26–30% of AAV 
patients [94, 95]. Rates of drug discontinuation 
also vary between 5% and 28% [45, 96, 97], as 
well as the need for intravenous immunoglobulin 
(IVIG) administration for recurrent infections, 
which is reported to range between 3% and 18% 
[46, 95, 96]. A recent retrospective study explored 
the risk for hypogammaglobulinemia and serious 
infections in 283 patients with systemic autoim-
mune diseases treated with RTX (n = 160 with 
AAV) [95]. The proportion of patients with hypo-
gammaglobulinemia (<6.9  g/l) increased from 
26% at the time of RTX initiation to 56% after 
RTX treatment. There was a weak association 
between the previous cumulative dose of CYC 
and nadir IgG after RTX, whereas IgG levels 
before RTX initiation were well correlated with 
nadir IgG levels during RTX therapy. Only a 
small proportion of patients (4.2%) developed 
recurrent infections necessitating IVIG replace-
ment. The incidence of IgM and IgG hypogam-
maglobulinemia in SLE patients treated with 
RTX has recently been found to be 21% and 5%, 
respectively, whereas none of the 57 patients 
needed IVIG replacement [98].

RTX administration has been correlated with a 
substantial risk of HBV reactivation in HBsAg 
(+) patients with hematologic malignancies, and 
this risk has been previously estimated between 
30% and 60%. Although the respective incidence 
in rheumatic patients with chronic HBV infection 
cannot be accurately calculated, this type of bio-
logic therapy is considered a high-risk one [82]. 
Regarding the much larger category of RTX- 
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treated rheumatic patients with past (resolved) 
HBV infection (HBsAg−/anti-HBc+), the risk 
for HBV reactivation probably is less than 1% 
[99, 100], warranting increased vigilance but not 
universal antiviral prophylaxis (Table 34.3).

A 2006 FDA alert, regarding two SLE patients 
that developed progressive multifocal leukoen-
cephalopathy (PML) after RTX therapy, caused 
concerns for a possible correlation between iatro-
genic B-cell depletion and John Cunningham 
virus (JCV) reactivation. PML has been dispro-
portionately reported in patients with SLE in 
comparison with other rheumatic diseases, but it 
still is quite rare in this group of patients [101], 
and regarding RTX-treated RA patients, this risk 
has been estimated to be as low as 1/25,000 
patients [102].

Concerns regarding increased risk for PJP 
during B-cell depletion have been based mainly 
on experimental animal models and the hemato-
logic literature, but the risk appears to be much 
lower in rheumatic diseases (~1.2% for AAV 
[103] and <1/10,000 patient-years for RA) [39]. 
Current evidence does not support prophylaxis in 
RA patients treated with RTX (Table 34.3) [72].

Recently published EULAR/ERA-EDTA rec-
ommendations for the treatment of AAV advo-
cate the initiation of prophylaxis in all patients 
being treated with CYC, although many experts 
extend the indications for prophylaxis in AAV 
patients concurrently treated with RTX, espe-
cially if corticosteroids in daily doses ≥10 mg are 
coadministered [104]. Of note, studies where 
prophylaxis was compulsory reported no cases of 
PJP.

 Abatacept

Abatacept (ABA) is a fusion protein that binds to 
the CD80/86 surface protein of antigen- 
presenting cells (APCs) and inhibits the co- 
stimulation of T-cells. The medication is currently 
licensed for RA, PsA, and JIA and is adminis-
tered either intravenously (IV) or subcutaneously 
(SC). Data from the clinical development pro-
gram that included eight clinical trials of IV ABA 
calculated an incidence rate of 3.7 serious infec-

tions/100 patient-years in the short-term period 
of exposure (compared to 2.6/100 patient-years 
in the placebo arm), while in the long-term exten-
sion studies, the incidence rate fell to 2.9/100 
patient-years [105]. Respiratory and skin infec-
tions comprised the majority of the infectious 
complications. In a recent meta-analysis of all 
published trials, the overall serious infection risk 
was estimated at 3.04/100 patient-years 
(Table 34.2) [26].

The incidence rates of opportunistic infec-
tions, such as TB and candidiasis, were <0.1/100 
patient-years [105]. A project of similar design 
that pooled the clinical trials of SC ABA reported 
a lower incidence of serious infections (1.8/100 
patient-years) [106].

Regarding real-life data, a recent prospective 
French study reported data on ABA safety, out of 
the context of controlled trials. As expected, the 
study population of 976 patients was older than 
the one of clinical trials (58 years) and had lon-
ger disease duration (17.5  years), 76% were 
receiving corticosteroids at ABA initiation, and 
35% of the registered patients had a history of 
serious infection [54]. The incidence rate of seri-
ous infections was slightly higher than that of 
clinical trials (4.1/100 patient-years), although 
opportunistic infections were rare. No case of 
TB was reported, partly supporting data from 
chronic TB animal models showing that, in con-
trast with TNFi, inhibition of co-stimulation 
with ABA does not lead to exacerbation of the 
underlying TB infection [107]. Increased age 
and a history of serious infection, but not con-
comitant csDMARD use, were associated with 
serious infections [54].

 Tocilizumab

Tocilizumab is a fully humanized monoclonal 
antibody that targets the IL-6 receptor. Indications 
for its use in rheumatology include RA, GCA, 
and JIA (Table  34.1). In RA patients, a meta- 
analysis of RCTs showed a serious infection risk 
of 5.45/100 patient-years (Table  34.2) [26]. In 
post-marketing surveillance of TCZ in Japan 
which included >5500 RA patients, the serious 
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infection rate was slightly lower at 4.1/100 
patient-years (similar to TNFi cohorts) [52]. Of 
note, almost 60% of patients that experienced a 
serious infection permanently discontinued 
TCZ. In a real-world study, the safety profile of 
TCZ was compared to TNFi in the context of the 
Japanese real-world registry for biologics 
(REAL) [53]. Patients treated with TCZ were 
older and had higher disease activity and more 
disability than those treated with TNFi. Incidence 
rates for serious infection were 10.7 and 3/100 
patient-years for TCZ and TNFi, respectively. 
After adjusting for several factors, a trend for 
higher incidence of serious infections in the TCZ 
group still remained (HR, 2.2). Respiratory tract 
and bone and joint infections accounted for 
approximately 30% and 20% of the total infec-
tions. In the contrary, in the German registry for 
biologic therapies (RABBIT), TCZ and TNFi 
had similar risks for serious infections [108].

Neutropenia has been found to be more com-
mon in TCZ- compared to placebo-treated 
patients in controlled trials. The underlying 
mechanism by which IL-6 inhibition reduces 
neutrophil counts has yet to be elucidated. Both 
grade 1–2 and 3–4 neutropenia were more com-
mon in patients treated with IV TCZ than with 
placebo, and neither total nor serious infections 
were found to occur more frequently during peri-
ods with low neutrophil counts. Most cases of 
neutropenia were reversed after temporary dis-
continuation of TCZ administration [109].

A signal associated with possible increased 
risk of low intestinal perforation in TCZ-treated 
patients was identified during the clinical devel-
opment program of TCZ.  A recent study from 
Germany reported that, although still rare, TCZ- 
treated patients carry a higher risk for low intesti-
nal perforation than those exposed to csDMARDs, 
TNFi, or other bDMARDs such as RTX or ABA 
(2.7, 0.6, 0.5, 0.2, and 0.5 per 1000 patient-years, 
respectively). In addition to use of TCZ, multi-
variate analysis detected higher age and use of 
corticosteroids and NSAIDs as independent fac-
tors for intestinal perforation [110]. Clinicians 
should be vigilant for clinical symptoms and 
signs of infectious complications in patients 
treated with TCZ, given the fact that these may 

occur in the absence of elevated acute phase reac-
tants, such as CRP, especially during the first 
days after IV TCZ infusion [110, 111]. For the 
moment, respective data regarding the kinetics of 
CRP during infection in patients receiving SC 
TCZ are lacking.

The high morbidity related to corticosteroids 
of patients with GCA, especially during treat-
ment initiation, raised the need for alternative 
steroid-sparing agents, and TCZ has gained inter-
est in this field. Open-label studies have showed 
the efficacy of TCZ in controlling active disease. 
Nevertheless, serious common and opportunistic 
infections were not uncommon [112, 113]. In a 
recent double-blind, placebo-controlled study, 20 
patients treated with TCZ and prednisolone were 
compared to ten patients treated with placebo and 
prednisolone. Combination treatment was supe-
rior in terms of complete remission at week 12 
and relapse-free survival and cumulative pred-
nisolone dose at week 52. Although infections 
were much more common in combination arm, 
only one of them was considered serious [114].

Recently, FDA approved TCZ for the treat-
ment of GCA, based on the positive results of a 
phase 3 RCT which included 250 patients and 
showed higher rates of sustained remission in 
patients treated with a combination of TCZ and a 
6-month corticosteroid regimen than those 
treated with corticosteroids alone for 6 or 
12 months [115]. No differences in the rates of 
serious infections were noted across treatment 
arms. Real-world data is much needed in order to 
clarify the infection risk of this novel treatment in 
this vulnerable population.

 IL-1 Inhibitors

IL-1 inhibitors that are currently used in rheuma-
tology include the recombinant IL-1 receptor 
antagonist anakinra (ANA) and the monoclonal 
antibody targeting IL-1β, canakinumab. 
Approved indications for ANA include RA and 
cryopyrin-associated periodic syndromes 
(CAPS), while canakinumab is licensed for use 
in patients with several periodic fever syndromes, 
gout, and systemic JIA.
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As for infection risk, most available data 
are  derived from cohorts of ANA-treated 
patients with JIA and RA.  A recent study 
assessed the risk for hospitalized infection in 
children with JIA treated with bDMARDs or 
MTX, and the incidence of serious infections in 
those treated with ANA was estimated at 
8.4/100 patient-years, significantly higher than 
the respective rates in MTX and TNFi users 
(1.46 and 1.54/100 patient-years, respectively) 
[116]. These results have to be interpreted cau-
tiously, given the fact that patients in the ANA 
cohort were more likely to have a history of 
serious infection, to be concurrently treated 
with higher doses of corticosteroids, and to 
have more severe disease. No cases of opportu-
nistic infections were recorded in the ANA 
cohort, although the short duration of exposure 
(226 patient-years) precludes from reaching 
definitive conclusions [116]. With the advance 
in biologic therapies, IL-1 inhibitors are not 
widely used in patients with RA; however, they 
are widely used in SoJIA and rare pediatric 
autoinflammatory conditions.

With respect to the risk for serious infec-
tions, a double-blind study comparing ANA 
with placebo followed by a 3-year open-label 
ANA treatment in adult patients with RA, esti-
mated an incidence rate of 5.4/100 patient-
years for patients treated with ANA [55]. In the 
absence of corticosteroid coadministration, 
this rate was significantly lower than in patients 
treated with corticosteroids (2.9 vs. 7.1/100 
patient-years). A slightly higher rate of 9/100 
patient-years was reported in a smaller cohort 
of 111 patients from the British Society for 
Rheumatology Biologics Register (BSRBR), 
not statistically significantly increased com-
pared with the respective rate in csDMARDs-
treated patients (HR  =  1.58) [56]. A 
meta-analysis of RA patients treated with ANA 
revealed an increased infection risk only in 
patients treated with higher doses of ANA 
(≥100  mg/day) and coexisting comorbidities 
[117].

Indications for canakinumab administration 
include several autoinflammatory diseases, with 
JIA being the most common [118]. In two ran-

domized trials, canakinumab was not associated 
with more serious infections than placebo [119].

 Belimumab

Belimumab belongs to a novel class of biologic 
agents that inhibit the B-lymphocyte stimulator 
(BLyS), a cytokine with pivotal role in B-cell 
proliferation and differentiation, and it is the only 
drug approved for the treatment of SLE in the last 
50 years [120].

Belimumab has been studied in two RCTs as 
an add-on to standard of care therapy in patients 
with clinically and serologically active SLE with-
out nephritis or CNS involvement and has shown 
modest effect on musculoskeletal and mucocuta-
neous manifestations [57]. Both studies reported 
similar rates of serious infections among low and 
high dose of belimumab and placebo (8%, 4%, 
and 6% in BLISS-52 and 7%, 7.3%, and 5.8% in 
BLISS-76, respectively). Given that belimumab 
mitigates the differentiation of B-cells to plasma 
cells, decreases in all immunoglobulin classes 
(IgG, IgM, IgA) were more prevalent in patients 
treated with belimumab, although almost none of 
them developed IgG levels of less than 4 g/L. Low 
immunoglobulin levels were not associated with 
increased risk for infection [121, 122]. In the 
long-term extension of one of the aforementioned 
studies, an incidence rate of serious infections of 
3.9–8.3/100 patient-years was estimated [58]. 
Patients treated with combination of belimumab 
and MMF had higher rates of serious infections 
than those treated with belimumab alone (9.4 vs. 
6.3/100 patient-years). Corticosteroid use carried 
a 2.5-fold increased risk for serious infection in 
patients treated with belimumab [58].

 Ustekinumab

Ustekinumab is a human IgG1 monoclonal anti-
body that targets the p40 subunit of IL-12 and 
IL-23. Current indications include plaque psoria-
sis, PsA, and, more recently, Crohn’s disease. 
Although IL-12 and IL-23 are prominent induc-
ers of a Th1 immune response and their role in 
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the cleavage of intra- and extracellular infections 
has been well established, no specific alarming 
signals arose during randomized clinical trials. 
PSUMMIT-1 recruited only bDMARDs-naïve 
patients, and 5 out of 615 participants (0.8%) 
developed serious infection, with all of them 
occurring in ustekinumab-treated patients [59]. 
In a subsequent study that included both 
bDMARDs-naïve and bDMARDs-experienced 
PsA patients, the incidence rate was estimated at 
0.74/100 patient-years [60]. No cases of TB were 
noted throughout both studies [59, 60].

Most real-world evidence derive from post- 
marketing surveillance registries that include 
mainly patients with psoriasis. In the Psoriasis 
Longitudinal Assessment and Registry 
(PSOLAR), 36% of patients had also 
PsA.  Incidence rates for serious infection were 
0.83, 1.47, 1.97, and 2.49/100 patient-years in 
patients treated with ustekinumab, ETN, ADA, 
and INFL [123]. Prescription of INFL and ADA, 
but not ustekinumab, was associated with 
increased infection risk [123]. In a small recent 
cohort of 58 patients with PsA treated with 
ustekinumab, 22 (38%) discontinued the drug but 
none due to infectious complications [124].

Patients with chronic HBV infection carry a 
non-negligible risk for HBV reactivation after 
ustekinumab initiation and therefore should be 
handled as described for patients treated with 
TNFi [23, 125].

 IL-17 Inhibitors

Monoclonal antibodies that target IL-17A consti-
tute a novel therapeutic choice for patients with 
psoriasis, PsA, and AS. The risk for infection in 
patients treated with these agents seems to be 
similar with or lower than the respective risk in 
patients treated with other classes of bDMARDs. 
In RCTs, serious infections were noted in 2.6–
2.9% [49] and 0.7–2.8% [50] of patients during 
52-week follow-up. In a large pooled analysis of 
ten clinical trials of patients with psoriasis, one 
fifth of whom had psoriatic arthritis, serious 
infections in secukinumab arms were recorded in 
1–1.5% of patients after 52 weeks of follow-up, 

similar with the proportion of patients treated 
with ETN [126].

Cytokines implicated in the Th17 pathway are 
considered to contribute substantially in the pro-
tection from fungal infections by several mecha-
nisms (promotion of Th1 response, neutrophil 
recruitment, and defensins production, among 
others). Indeed, single nucleotide polymorphisms 
or genetic defects that lead to impaired Th17 
immune response have been recognized and 
associated with chronic mucocutaneous candidi-
asis [127]. RCTs of secukinumab in patients with 
PsA have reported frequencies of Candida infec-
tions up to 5% during a 52-week follow-up [49, 
50]. These rates were observed in patients treated 
with the 150 and 300 mg doses. The majority of 
these infections were of mild or moderate sever-
ity and affected mainly the oral or genital mucosa 
and did not lead to drug discontinuation. 
Esophageal involvement was rare.

Ixekizumab, a monoclonal antibody that also 
targets IL-17A, is approved for the treatment of 
plaque psoriasis and PsA. A recently published 
randomized study reported similar rates of seri-
ous infections between ixekizumab and ADA, 
involving 2% of patients during a 24-week period 
[128]. The incidence of Candida infections was 
1% in patients treated with ixekizumab. A higher 
proportion of patients were reported to develop 
candidiasis in recent trials involving patients with 
psoriasis (3.4%) [129]. More data from real- 
world cohorts are expected to specify the safety 
profile of these novel agents during the following 
years.

 Small Molecules

 Janus Kinase (JAK) Inhibitors

JAK inhibitors comprise the most recent advance-
ment in the field of rheumatic disease therapeu-
tics and have been approved in certain countries 
for the treatment of moderate to severe RA 
(Table 34.1). This class includes two oral agents, 
tofacitinib (approved by FDA and EMA for RA) 
and baricitinib (approved by EMA for RA). JAK 
inhibitors act by blocking JAK enzymes that are 
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located intracellularly and are responsible for 
signal transmission after membrane cytokine 
receptor activation, resulting in a variety of anti- 
inflammatory and immunosuppressive effects 
[130].

The majority of safety data stem from the 
tofacitinib global development program. The 
serious infection incidence rate was 2.93/100 
patient-years, comparable with respective rates in 
cohorts with bDMARDs [26]. This rate was sta-
ble during 3 years of follow-up, and the majority 
of those were pneumonias. Age ≥65 years, corti-
costeroid daily use ≥7.5 mg, presence of diabe-
tes, and high tofacitinib dose were independently 
correlated with increased infection risk [131].

Data from the same program have raised con-
cern regarding the risk for HZ infection in 
tofacitinib- treated patients. Incidence risk was 
calculated at 4.4 cases/100 patient-years, with 
elderly patients and those from Asia having a sig-
nificantly higher risk. Tofacitinib-treated patients 
trended to have a higher incidence when com-
pared with ADA- and placebo-treated patients 
(2.8 and 1.5/100 patient-years, respectively). 
Tofacitinib dose affected HZ incidence only dur-
ing the first 3 months [132]. A more recent study 
confirmed that tofacitinib carries an almost two-
fold increased risk compared with bDMARDs 
[86].

TB incidence was 0.21/100 patient-years, 
with notable variability across countries with 
low, medium, or high background TB incidence 
and extrapulmonary involvement being more 
common than pulmonary disease. It has to be 
noted that 77% of TB cases were diagnosed on 
the basis of positive acid-fast smear and were not 
culture confirmed [133].

 Strategies to Reduce the Infection 
Risk in Rheumatic Patients

Although the breakthrough advances in therapeu-
tics have led to a substantially improved control 
of rheumatic diseases, infections still contribute 
substantially to the morbidity and mortality of 
these patients, even in recent cohorts [4, 134, 
135]. Measures that assist in preventing infec-

tious complications should be embedded in the 
daily practice of rheumatologists (see Table 34.3).

 Vaccinations (in This Chapter)

As mentioned above, respiratory infections are 
the most common serious infections in patients 
with rheumatic diseases, and physicians should 
bear in mind that a significant proportion of those 
can be prevented by vaccination against influenza 
and Streptococcus pneumoniae. Other vaccines 
of special interest for rheumatic patients are those 
against HZ or against hepatitis A and B virus, 
especially in high-risk patients for acquiring 
these diseases. Adherence to vaccination sched-
ules is far from optimal in rheumatic patients 
[136], although several interventions have been 
evaluated and found to assist in increasing the 
vaccination coverage. Concerns regarding poten-
tial flares of underlying rheumatic disease after 
vaccine administration have been discarded by 
several studies [137–139]. Although disease- 
modifying therapies may attenuate the immuno-
genicity of vaccines, all eligible patients should 
be vaccinated according to recommendations, 
with the exception of live attenuated vaccines 
that carry a mostly theoretical risk for dissemi-
nating the disease [140].

 Chemoprophylaxis

Current evidence supports its use only in patients 
with AAV during the induction of remission 
phase of treatment, in order to prevent PJP (see 
above for details, Table 34.3) [141]. Nevertheless, 
experts have suggested a more liberal use of anti-
microbial prophylaxis that concerns mainly two 
categories of patients. The first includes TNFi- 
treated patients for the prevention of bacterial 
infections and PJP with the administration of co- 
trimoxazole [142]. Studies deriving mainly from 
Japan have shown an increased prevalence of 
colonization with Pneumocystis jirovecii in 
patients treated with INFL [143], although the 
clinical significance remains unknown, given the 
fact that some, but not all, studies have shown 
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similar findings in the general population [144, 
145]. Regarding the risk for PJP in TNFi-treated 
patients, the risk remains <0.5/100 patient-years 
in most series [146]. Identification of additional 
risk factors, such as increased age, chronic pul-
monary disease, and corticosteroid coadministra-
tion, may assist in a better selection of candidate 
patients for PJP prophylaxis [147].

The second category includes rheumatic 
patients treated with relatively high corticoste-
roid doses (≥20  mg of prednisone) for at least 
2–4 weeks, as those with vasculitis or inflamma-
tory myositis [148]. A retrospective study from 
Southeastern Asia that included 132 patients 
treated with such doses for >2  months (~90% 
with SLE) showed an incidence of PJP in 8% 
(6/73) in those not taking co-trimoxazole, 
whereas none occurred in those on prophylaxis 
(0/59) [149].

Universal consensus on the corticosteroid dose 
and duration that should prompt physicians to 
institute prophylaxis against PJP is absent, not 
only in rheumatic but also in other patient popula-
tions [150]. The American Thoracic Society sug-
gests initiating prophylaxis in patients starting 
prednisone at ≥20  mg/day for >4  weeks, espe-
cially in the presence of a coexisting predisposing 
factors, such as T-cell defects, cytotoxic agents, or 
TNFi, but this statement is more an expert opinion 
and not based on solid evidence [151].

At the moment, our opinion is that all patients 
with AAV treated with CYC or RTX should 
receive PJP prophylaxis with TMP/SMX for the 
duration of their treatment. For other patient cat-
egories, there is no strong evidence to suggest 
universal prophylaxis. Nevertheless, in individ-
ual high-risk cases, this should be discussed with 
an infectious disease specialist.

 IVIG

Hypogammaglobulinemia, low IgG levels in par-
ticular, has been described as a sequela of treat-
ment with RTX, mainly in patients with AAV and 
to a much lesser extent in patients with RA.  In 
agreement with the findings from hematologic 
literature, a recent study reported a twofold 

increased risk for serious infection in AAV 
patients with IgG levels below 400 mg/dl [152]. 
Most infections in patients with hypogamma-
globulinemia affect the upper and lower respira-
tory tract and manifest as sinusitis or pulmonary 
infections with or without bronchiectasis. 
Patients with recurrent infections and IgG levels 
near or below 400 mg/dl could benefit from IVIG 
infusion.

Conclusions
The newer biologic and non- biological thera-
pies have transformed the therapeutic land-
scape in inflammatory rheumatic diseases 
offering great hope for a better and longer life 
for affected rheumatic patients. The long- term 
clinical experience has shown that overall 
these agents appear to be safe when appropri-
ate precautions before and during their admin-
istration are taken. Infections still represent 
the most common serious side effect of older 
and newer antirheumatic therapies, occurring 
with variable frequency in different rheumatic 
diseases. Knowledge of the infection risk of 
each agent and the necessary preventive and 
monitoring measures for decreasing the infec-
tious risk is necessary for the practicing rheu-
matologist today worldwide.
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 Introduction

The promise of personalized medicine is that in 
the future, we will be able to take a biospecimen 
from a patient and use the information contained 
within to design the patient’s therapy. One poten-
tial source of information is the human genome. 
Unfortunately, there are very few situations in 
which genetic testing can be used to guide therapy; 
rheumatologists are familiar with testing for thio-
purine methyltransferase activity prior to starting 

azathioprine, as patients with defective gene activ-
ity are at increased risk of drug toxicity [1].

It is intuitively apparent that the microbiota, 
which among the organisms therein have been 
estimated to contain 100 times as many genes as 
their human hosts [2], are highly likely to contain 
genes that can both promote a disease and effect 
response to therapy. An essential difference 
between microbial and human genetics is that 
only the former can easily be modified with 
today’s technology. This ability to modify the 
microbiota offers both peril and promise to 
microbiota-based therapy. The peril reflects 
whether assessment of the microbiota at any par-
ticular point in time actually reflects any truth 
about the patient’s microbiota or whether it 
merely reflects the microbiota on the particular 
day it is sampled, which could be unrecognizably 
different by the next day. The promise, of course, 
is that it can be changed. As rheumatologists, we 
are familiar with genes that increase the risk of a 
particular condition, such as the strong associa-
tion between HLA-B27 and ankylosing spondyli-
tis [3]. Alas, if a patient with AS is HLA-B27+, 
there is scant that can be done about this poly-
morphism beyond continuing to work to under-
stand the mechanism underlying its association 
with the disease. In contrast, if the same patient 
carried an abundance of microbial genes that 
contributed to his risk of developing the disease, 
then there is cause for optimism that microbial 
gene therapy may provide a therapeutic option.
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 Stability of Microbiota

A detailed discussion of the ontogeny of the 
microbiota is beyond the scope of this review and 
has been summarized elsewhere [4]. In brief, in 
children born vaginally, the initial microbiota is 
highly similar to that of the genitourinary tract of 
the mother [5]. It then undergoes successive mat-
urational changes throughout early childhood 
until it reaches an adult state [4]. Early data from 
the Human Microbiome Project (HMP) indicated 
that the adult state is reached around 2–3 years of 
age [6], although a subsequent study indicated 
that even older children have distinct microbiota 
from adults [7]. Even so, it is highly likely that 
the pace of the changes of the microbiota slows 
down after age 2–3  years. However, formal 
assessments of the stability of the microbiota 
have not been performed in school-age children.

In contrast, several studies performed in 
adult subjects have queried the stability of the 
microbiota by evaluating samples taken from 
adults at two or more points in time. Costello 
et al. obtained baseline and repeat samples from 
multiple different habitats (skin, gut, oral cavity, 
hair, nostril, outer ear) at baseline and after 
3 months [8]. With respect to habitats, the varia-
tion between habitats (e.g., comparing stool to 
mouth) was far greater than that within habitats 
(e.g., comparing the mouth of one subject ver-
sus that of another). This was also the situation 
with individual participants, comparing two 
samples from the same habitat in different par-
ticipants versus two samples from the same 
habitat in the same subject. However, the pas-
sage of time did not greatly increase the distance 
between the samples.

Likewise, Faith et al. followed 37 adults over 
a period 296 weeks [9]. To quantify the similar-
ity between the samples, they used the Jaccard 
index, which in this case measures the fraction of 
shared strains between an individual at baseline 
and any time in the future—in essence, it mea-
sures the extent of overlap in a Venn diagram. 
The Jaccard index started off at approximately 
0.9 in the first post-baseline collection, indicating 
90% similarity. This gradually fell over time, but 
even at the end of the 5+-year study period, the 

Jaccard index was over 0.6, indicating 60% simi-
larity. In contrast, two unrelated individuals had a 
Jaccard index of approximately 0.3.

The microbiota is so stable that it is a potential 
forensic tool. This was assessed by Curtis 
Huttenhower and colleagues at Harvard, who 
studied baseline and follow-up samples obtained 
from healthy adults through the Human 
Microbiome Project [10]. Their aim in this study 
was to assess whether an individual’s baseline 
sample could be identified through sequencing of 
the second. For this study, they evaluated multi-
ple habitats (feces, skin, etc.) as well as multiple 
informatics tools of querying the contents of the 
microbiota. It emerged that feces provided more 
stability than any of the other habitats. In addi-
tion, traditional sequencing approaches (e.g., 
16S) did not yield as much accuracy as a marker- 
based approach, which takes into account the 
bacterial counterparts to genetic polymorphisms 
to compare baseline and follow-up samples. 
Using this marker approach from fecal samples, 
the authors demonstrated that the correct subject 
could be identified a respectable 80% of the time, 
with most errors consisting of failure to identify 
the correct subject (false negative) rather than 
incorrectly attributing one subject’s sample to 
another (false positive).

 Do the Microbiota Cause Illness?

In order for assessment of the microbiota to be 
useful as a clinical tool, one would likely argue 
it has to be both associated with and even causal 
of a disease state and/or predictive of response 
to therapy. In animal models of the disease, it is 
relatively easy to prove causality. For example, 
germ-free arthritis- prone animals do not develop 
HLA-B27 spondyloarthritis (SpA) [11], rheu-
matoid arthritis [12], multiple sclerosis [13], or 
gout [14]. Clearly, in these model systems, gut 
bacteria are necessary for the development of the 
disease. However, since a germ-free human sys-
tem is obviously impossible, a direct pathogenic 
role for the microbiota cannot be evaluated in 
humans with the same degree of rigor that it can 
be studied in laboratory animals. Nevertheless, 
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the body of literature does provide some evi-
dence of a pathogenic role, and that comes from 
the consistency of findings within a particular 
disease state. The discussion in section IV of 
this textbook provided numerous examples of 
associations of an altered microbiota with a 
specific disease. For example, several studies in 
patients with inflammatory bowel disease (IBD; 
Chap. 15) demonstrated decreases in one par-
ticular organism, Faecalibacterium prausnitzii 
[15, 16], which was also found to be present 
in decreased abundance in children with the 
related condition of SpA [17]. Another study 
demonstrated that low F. prausnitzii abundance 
predicted poor response to therapy in children 
with IBD [18]. In contrast, Prevotella copri was 
found to be overly abundant in two unrelated 
studies of newly diagnosed RA patients (Chap. 
15) [19, 20] yet has not been identified in any 
other disease models. Abundance of Bacteroides 
species was linked to multiple categories of JIA 
(Chap. 17) [17, 21], as well as to type I diabe-
tes [22, 23], yet is depleted in adult IBD [24] 
and adult RA [20]. That the same bacteria often 
emerge as being associated in the same direc-
tion in the same disease using different patient 
populations is highly suggestive of a pathogenic 
or protective role for these particular organisms 
in the specific diseases in question.

Furthermore, it can be argued that the micro-
biota need not be dysbiotic for therapeutic altera-
tions in such to have a potential benefit. First, as 
will be discussed below, the microbiota can influ-
ence response to drug therapy, by enhancing 
either effectiveness or toxicity. Thus, an alteration 
in the microbiota may permit usage of a drug that 
might otherwise result in dose-limited adverse 
events. Also, alterations in the overall diversity of 
the microbiota—the breadth and depth of organ-
isms present in a sample—have been linked to a 
variety of diseases, including irritable bowel syn-
drome [25], psoriatic arthritis [26], and IBD [27]. 
Altered diversity may even have a predictive 
capacity, such as in the case of patients undergo-
ing bone marrow transplantation, where patients 
with low diversity were less likely to survive treat-
ment, even after adjustments for multiple con-
founding factors [28]. Likewise, in children at risk 

for developing type I diabetes, decreased bacterial 
diversity preceded the development of diabetes-
associated antibodies [22]. Thus, therapeutic 
alterations in microbial diversity could provide 
benefit, even if no single organism can be identi-
fied as being deficient or overly abundant. Third, 
to the extent that bacteria differ in their metabolic 
capacities or effects on the immune system, there 
might be a family of organisms whose levels are 
normal in comparison with the general popula-
tion, but for which it is the case that alterations in 
their levels can repair a metabolic or immunologic 
defect caused by some other source such as host 
genetics or an undefined environmental trigger. 
For example, certain bacteria are highly capable 
of producing short-chain fatty acids such as butyr-
ate, which are generally considered to have anti- 
inflammatory effects (reviewed by [29]). Even if 
the levels of such bacteria are normal in compari-
son with the general population, enhancing the 
production of these metabolites might still be ben-
eficial for the patient: their levels may be too low 
at an active disease site, or increased levels may 
be required to counteract an abnormal pro- 
inflammatory stimulus. Finally, alterations in the 
microbiota may be able to influence disease states 
through modulation of immune function. The 
microbiota has profound influences on multiple 
arms of the immune system. Some elements of 
the microbiota influence innate immunity through 
modulation of innate lymphoid cells as well as 
through binding to innate receptors such as the 
toll-like receptors and the nucleotide oligomeriza-
tion domain among others [30]; Bacteroides fra-
gilis can program regulatory T cells [31]; the 
mouse bacteria segmented filamentous bacteria 
generate Th17 T cells [32]; and helminths can 
promote Th2 function [33], a property which has 
enabled their therapeutic use in IBD [34, 35].

 The Microbiota and Drug 
Metabolism

Many therapeutic compounds are either prodrugs 
that have to be metabolized to active moieties 
(e.g., sulfasalazine, mycophenolate mofetil, aza-
thioprine) or are taken as active compounds that 

35 The Promise of Personalized Medicine



468

are subsequently inactivated by enzymes within 
the liver (e.g., nonsteroidal anti-inflammatory 
drugs, cyclosporine, tacrolimus). As many of the 
microbial genes have metabolic functions, the 
human intestinal microbiota constitutes a reser-
voir of metabolic enzymes that puts our livers to 
shame. In-depth reviews about the role of the 
microbiota in drug metabolism are available [36, 
37]. Briefly, the microbiota appears to influence 
the absorption or metabolism of a variety of med-
ications, including several such as nonsteroidal 
anti-inflammatory drugs, methotrexate, and sul-
fasalazine, which are widely used in rheumatol-
ogy [36]. The microbiota may influence the 
tolerability of one of the most widely used medi-
cines in rheumatology, methotrexate. Folic acid 
supplementation has long been recognized to 
reduce AEs associated with this therapy [38]. The 
microbiome of young children is far more effi-
cient than that of adults at producing endogenous 
folic acid [4]; one can only speculate as to 
whether this might in part be responsible for the 
observation that methotrexate tends to be better 
tolerated in children with JIA as compared to 
adults with RA [39]. Data presented at the 2016 
American College of Rheumatology conference 
showed that 2 of 25 bacterial species tested were 
able to metabolize oral methotrexate into poly-
glutamated methotrexate [40], the active moiety 
of the drug.

However, it is a non-rheumatic medicine, 
digoxin, that may best illustrate how the micro-
biota might impact drug delivery. Digoxin has 
long been used to treat congestive heart failure 
and arrhythmias. Digoxin can be metabolized to 
the inactive form dihydrodigoxin through reduc-
tion of the lactone ring [41]. Pronounced inter-
individual variability in absorption of the active 
form has been recognized for over 40 years [42], 
and a role of the intestinal microbiota in the 
inactivation of digoxin was initially recognized 
in 1981 [43]. In 1983, it was hypothesized that a 
specific organism, Eubacterium lentum (now 
called Eggerthella lenta), may be responsible 
for interindividual variations in digoxin phar-
macokinetics in vivo due to its in vitro ability to 
inactivate this medicine [44]. However, the 
authors of that study were not able to confirm 
that this organism was responsible for digoxin 

inactivation in  vivo, due to their observations 
that many subjects unable to reduce digoxin 
also had high E. lentum abundance. Using tech-
nology not available in 1983, Haiser et al. iden-
tified a genetic element that they termed the 
cardiac glycoside reductase (cgr) operon that 
was present only in E. lenta strains capable of 
inactivating digoxin [45]. This study also 
revealed that in  vitro supplementation of the 
amino acid arginine resulted in decreased 
expression of the cgr operon and thus decreased 
digoxin inactivation. These in vitro observations 
also translated to decreased in  vivo digoxin 
inactivation in mice fed a high-protein diet, as 
evidenced by higher active digoxin levels in 
high-protein- versus low-protein-fed mice. 
Thus, not only can a specific strain of a single 
organism predict response to a cardiac drug, but 
diet may also influence drug levels.

 Therapeutic Alterations 
of the Microbiota

There are several potential ways to alter the 
microbiota: antibiotics, probiotics, diet, and fecal 
transplantation are the most widely discussed.

 Antibiotics

Certain antibiotics have long been used in the 
treatment of IBD, particularly the postsurgical 
complication of pouchitis [46]. Otherwise, their 
role in the management of chronic inflammatory 
diseases appears to be limited. There are compel-
ling reasons to limit use of antibiotics for autoim-
mune diseases, including induction of bacterial 
resistance, risks of development of C. difficile 
colitis, and availability of safer and more  effective 
alternatives in the current era, but it is certainly 
worth exploring the data to see what can be 
learned from the previous era. Along those lines, 
the effectiveness of antibiotics in patients with 
SpA has been disappointing. The vast majority of 
the studies of antibiotics in SpA patients specifi-
cally included those with reactive arthritis (ReA), 
which by definition has a known or strongly 
suspected infectious trigger [47]. Despite this, a 
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meta-analysis published in 2013 showed that 
antibiotics as a whole were ineffective in the 
management of ReA [48]. Likewise, a single ran-
domized trial of doxycycline in patients with 
other forms of SpA also yielded negative findings 
[49]. In contrast, as discussed in this textbook 
(Chap. 15), studies in adults with RA have often 
shown multiple classes of antibiotics to be of 
benefit, although the mechanism of benefit 
remains unknown.

 Probiotics

There may be a place for probiotics in the manage-
ment of ulcerative colitis, although as recently 
reviewed, the data are not compelling [50]. 
Overall, this line of therapy has shown the least 
promise as a therapeutic tool. For example, two 
studies conducted in adult SpA, one a randomized 
placebo-controlled study [51] and the other a study 
conducted over the Internet that used only patient-
reported outcomes but was nevertheless a random-
ized controlled trial [52], both yielded negative 
findings. Likewise, a RCT performed in children 
with juvenile SpA demonstrated improvement in 
both arms, possibly attributable to therapeutic 
nonsteroidal anti-inflammatory drug usage, with 
no differences between the groups among a panel 
of clinical and immunologic outcomes [53]. The 
studies of probiotics in RA showed minimal 
improvement, discussed in (Chap. 15).

One very plausible reason for their failure to 
alter the disease course is that they do not neces-
sarily succeed in altering the contents of the 
microbiota, as summarized by a meta-analysis 
[54]. Work performed in Gary Wu’s lab in mice 
showed that pretreatment with polyethylene 
glycol (the standard washout used for colonos-
copies) and antibiotics permitted uptake of an 
engineered microbiota, while mice exposed to 
the same organisms without any pretreatment 
did not demonstrate any changes in their micro-
biota [55]. Thus, future studies involving probi-
otics may need to deplete the existing microbiota 
prior to adding new organisms. However, even 
this step does not guarantee success. Even if the 
probiotics did alter the microbiota, it does not 
necessarily follow that the changes would be 

beneficial. Prior to any large-scale probiotic 
study, proof-of- concept studies need to be per-
formed to evaluate the effects of the interven-
tion on the community structure (e.g., diversity), 
as well as abundances of specific organisms that 
may be relevant to the disease state. So far this 
has not been done.

 Diet

There is an abundance of data indicating that 
dietary therapies can rapidly alter the microbiota 
[56, 57] as well as specific data on the effects of 
individual nutrients on the fecal microbiome or 
metabolome. Examples include increased pro-
duction of fecal short-chain fatty acids following 
exposure to poorly digestible carbohydrates 
[58], decreased abundance of Prevotella follow-
ing exposure to a high-fat diet [59], and increased 
Bifidobacteria with whey as compared with 
casein protein [60]. These measures have dem-
onstrated benefit in animal models of inflamma-
tory diseases [59, 61, 62], although there are 
mixed data in human conditions. As discussed 
elsewhere, studies of dietary therapy have not 
shown much promise. In IBD, the studies have 
been small and somewhat contradictory. There 
are some proponents of excluding complex car-
bohydrates from the diet of IBD patients on the 
grounds that the enzymes required for breaking 
down disaccharides may be impaired in patients 
with IBD [63] and thus the specific carbohydrate 
diet and the low fermentable oligo-, di-, and 
monosaccharide and polyol (commonly known 
as FODMAP) diet have gained some attention, 
although controlled studies with objective end-
points are lacking [64]. On the other hand, non-
digestible carbohydrates are fermented in the 
colon to make short-chain fatty acids (SCFAs) 
[65], and organisms responsible for the produc-
tion of SCFAs are generally depleted in patients 
with IBD [66], indicating a potential role for 
consumption of complex carbohydrates in 
patients with IBD. Indeed, high-fiber diets have 
also resulted in symptomatic improvement in 
patients with IBD, although, again, rigorous 
studies are lacking [67]. There has recently been 
success with an “anti-inflammatory diet (AID)” 
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in the management of IBD.  Olendzki1 et  al. 
introduced 40 adult patients with IBD to an AID 
enriched for lean meats, omega-3 fatty acids, 
fibers, fruits, and vegetables, also encouraging 
foods with soft textures [68]. In this retrospec-
tive study, the 11 subjects who completed the 
diet for 1  month reported decreased symptom 
severity scales for Crohn disease (CD) and ulcer-
ative colitis, as appropriate, based upon their 
IBD diagnosis. Likewise, Sigall-Boneh et  al. 
treated 34 pediatric and 13 adult patients with 
CD with a combination of enteral nutrition and 
their version of an AID for 12 weeks [69]. This 
diet excluded gluten, dairy, animal fat, processed 
meats, emulsifiers, canned goods, and packaged 
products containing an expiration date. They 
reported remission in 33 (70%) of the subjects, 
including 6 of 7 subjects who followed the AID 
without supplemental enteral nutrition.

One form of dietary intervention that has had 
some consistent success is exclusive enteral 
nutrition (EEN), which consists of administra-
tion of a liquid diet, typically a polymeric for-
mula, which is typically administered via a 
nasogastric or gastrotomy tube due to poor taste 
[70]. Randomized controlled studies in children 
with IBD have shown EEN to be equally effec-
tive as compared to corticosteroids in the induc-
tion of remission [71], while it appears to be less 
effective in adults [64]. There is also a case 
series of EEN use in children with JIA, demon-
strating effectiveness among the 7 (of 13) chil-
dren who maintained the therapy for more than 
2 weeks [72]. The same group has also reported 
changes in the fecal microbiome and metabo-
lome in association with EEN use [73].

A recent study indicated that a subject’s base-
line microbiota may influence response to 
dietary interventions. Kang et al. obtained base-
line and follow-up fecal specimens from 12 
healthy adults administered controlled diets con-
taining varying doses of capsaicin in order to 
assess its effects on a variety of metabolic func-
tions [74]. Consistent with the work of Wu et al. 
[56], they found that the baseline microbiota 
could be clustered into one of two enterotypes: 
one driven by Bacteroides and the other by 
Prevotella. Overall, subjects with the Bacteroides 

enterotype were far more sensitive to the meta-
bolic effects of capsaicin as compared to those 
with the Prevotella enterotype. They also dem-
onstrated more pronounced effects on the fecal 
microbiota and metabolome.

Another study that evaluated baseline patient 
factors and response to dietary intervention used 
baseline IgG4 antibodies against 16 nutrients, 
the rationale being that IgG4 antibodies reflect 
chronic antigenic exposure [75] and thus might 
reflect specific intolerance. A total of 98 sub-
jects with CD were randomized to exclude 
either the nutrients against which they had the 
four highest IgG4 antibodies (intervention 
group) or the four lowest (control). The inter-
vention group demonstrated statistically signifi-
cant improvements in the short IBD quality of 
life score as well as in the Crohn’s Disease 
Activity Index.

Finally, it bears mentioning that effects of diet 
on inflammatory diseases need not be limited to the 
microbiota. Certain foods may have a direct pro- or 
anti-inflammatory potential [76]. Additionally, 
proper nutrition may affect the nutritional status or 
weight of a subject, factors which themselves may 
have salutary effects on the disease state.

In summary, the following conclusions may 
be reached about dietary interventions on inflam-
matory diseases:

• Diet has the potential to alter the microbiota, 
which itself may alter the disease state.

• Diets that otherwise may be considered 
unhealthy may nevertheless have a beneficial 
effect on arthritis. An illustration is the ability of 
a high-fat diet to prevent development of a 
mouse model of auto-inflammatory bone  disease 
[59]. Conversely, simply changing to a more 
healthful diet does not automatically translate to 
clinical benefits for a specific disease.

• As inflammatory diseases are chronic, poten-
tially lifelong processes, dietary therapy will 
have to be acceptable to the patient and family 
for it to be sustained long term.

• Dietary therapy may need to be tailored to 
individual subjects based upon their disease 
state, baseline microbiota, and potentially 
other factors.
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 Fecal Microbial Transplant

Originally designed for treatment of recurrent C. 
difficile infection, fecal microbial transplant 
(FMT) is an effort to alter the fecal microbiota in 
a patient by replacing with one from a healthy 
individual. Feces are administered by gavage or 
rectally, although efforts are also in progress to 
introduce a defined consortium of bacteria that 
can act as a functional microbiota, thus avoiding 
the need for human donors and permitting use of 
capsules as the delivery vehicle. Although there 
are websites providing instructions on at-home 
FMT, comprehensive screening of potential 
donors is performed at medical centers. Following 
anecdotal reports of improvement in IBD [77, 
78], randomized trials were conducted, showing 
mixed benefit [79, 80]. These studies have gener-
ally shown this procedure to be safe, although 
bacteremia caused by the introduced bacteria has 
been reported [81].

 Targeting Individual Bacteria

All of the above approaches use broad strokes to 
alter the microbiota. Although this might be 
appropriate in some situations, such as in patients 
with recurrent C. difficile infection or in patients 
with a highly dysfunctional microbiota due to a 
combination of genetics, inflammation, and anti-
biotics, a directed approach may provide a safer 
and more effective means of providing microbial- 
based therapy. Some potential mechanisms of 
doing so were suggested in a recent review [82]. 
For example, Guo et al. tested a peptide with an 
antimicrobial moiety attached to a targeting moi-
ety that was specific to the oral pathogen 
Streptococcus mutans [83]. A second potential 
approach would be use of bacteriophages target-
ing specific bacteria. As reviewed [84], this con-
cept has been around for nearly one century, 
although it has yet to find widespread use in med-
icine. One limitation to both these approaches is 
that depleting one organism may have down-
stream effects on the abundances of multiple 
organisms, which either fill the niche of the 
depleted organism or were dependent upon the 

depleted organism and subsequently decrease in 
abundance [83]. Finally, Kuntz and Gilbert also 
proposed designing therapeutics to target specific 
microbial enzymes, an approach that has the 
advantage that it would not result in community- 
wide changes to the microbiota [82]. To the 
extent that by-products of bacterial metabolism 
may be involved in the inflammatory process, as 
recently suggested by Stoll et al. with respect to 
the tryptophan pathway in juvenile SpA [85], 
blocking bacterial enzymes not otherwise present 
in humans may have the potential to ameliorate 
disease.

 Peek into the Future

So what might microbiota-based personalized 
medicine look like? In some cases, the microbi-
ota might assist with diagnosis. In others, at time 
of diagnosis, the microbiota could be sampled 
and subjected to amplicon (16S) sequencing or 
perhaps shotgun sequencing. Based upon this, a 
unique treatment plan might be designed, in 
which the goal would be to generate a microbiota 
that might be more healthful for that particular 
disease state. This might involve introduction of 
organisms that affect the metabolism of drugs 
used to treat the disorder; using dietary, probiotic, 
or even bacteriophage therapy to increase or 
decrease the abundance of specific organisms 
that are associated with the disease state; or sim-
ply increasing the fecal microbial diversity. Drug 
therapy targeting bacterial enzymes predisposing 
to an unfavorable metabolic milieu might also be 
contemplated. Situations with more severe dys-
biosis might require more drastic measures, such 
as EEN or FMT.

One final consideration is cost. Monitoring the 
fecal microbiota may sound interesting, but is it 
feasible from an economic standpoint? Here at 
UAB, the cost of performing 16S sequence anal-
ysis inclusive of all steps from DNA preparation 
to bioinformatics analysis is approximately $50/
sample. This is equivalent to a complete blood 
count and metabolic panel, labs routinely ordered 
in medical practice. At approximately $1000/
sample, shotgun sequencing is substantially more 

35 The Promise of Personalized Medicine



472

expensive, although it will likely fall in price in 
the future. Even at its current price, it is in line 
with numerous types of advanced testing, and to 
the extent that such testing could aid in the man-
agement of chronic diseases, it may well be worth 
its cost.
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