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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
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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 Illlness?

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
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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. Olendzkil 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:

e Diet has the potential to alter the microbiota,
which itself may alter the disease state.

e 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.

e 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
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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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