Chapter 13

Intestinal Bacterial Antigens, Toxin-Induced
Pathogenesis and Immune Cross-Reactivity

in Neuromyelitis Optica and Multiple Sclerosis

Cris S. Constantinescu and I-Jun Chou

Abstract Multiple sclerosis (MS) and neuromyelitis optica (NMO) are chronic,
potentially disabling, inflammatory autoimmune demyelinating diseases of the cen-
tral nervous system. Although they share clinical, pathological and immunological
features, MS and NMO are now considered two separate entities, and there is evi-
dence that their pathogenesis is different. The latter is now known to be mediated by
antibodies against the water channel, aquaporin-4, associated with complement-
mediated damage. Environmental factors have been implicated in the pathogenesis
of both of these conditions. Among these, infectious factors seem to play a key role.
One mechanism whereby infection triggers autoimmunity is molecular mimicry
resulting in immune cross-reactivity between infectious antigens and autoantigens.
Recently, a number of studies have pointed to an immunological cross-reactivity
between intestinal bacteria and aquaporin-4, providing a potential pathophysiologi-
cal mechanism for NMO. The bacteria involved were Clostridium and E. coli. The
immune cross-reactivity is not restricted to antibodies but also involves T cells
against aquaporin-4 that also recognises clostridium epitopes. Interestingly,
Clostridium perfringens and its immunological or direct neurotoxic effects (e.g.
disruption of the blood-brain barrier) have also been implicated in MS. This chapter
reviews the relevant data regarding the role of these gut bacteria and the immune
responses they trigger in MS and NMO with some insights into the pathogenesis of
these inflammatory demyelinating diseases.
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Introduction

Multiple sclerosis (MS) is an immune-mediated inflammatory demyelinating dis-
ease of the central nervous system (CNS) affecting an estimated 2.5 million people
worldwide and more than 120,000 in the United Kingdom [1, 2]. MS is a major
cause of long-term neurological disability in young people. The pathology of MS is
characterised by inflammation, demyelination, axonal loss and gliosis in the CNS in
a multifocal distribution. Clinically, it manifests as relapsing and remitting neuro-
logical deficits (relapsing remitting MS, RRMS), which often evolve subsequently
into a gradual progressive deterioration (secondary progressive MS, SPMS). A
minority of patients (~15 %) experience a gradual deterioration from the start (pri-
mary progressive MS, PPMS). The cause of MS is unknown, but it believed to be
the result of a combination of multiple genetic susceptibility factors and environ-
mental triggers [1].

Comprehensive large genetic studies including genome-wide association studies
have identified more than 100 genes linked to MS [3]. These genes are virtually all
involved in the immune response, underscoring the immune-mediated mechanisms.
Although the functional contributions of these immune response genes to the aetiol-
ogy of MS are only beginning to be explored [4, 5], the further development of
immunotherapies for the disease, as well as the use of relevant experimental models,
seems justified.

Allelements of the immune system contribute to the pathogenesis of MS. Accordingly,
autoreactive T cells, elements of the innate immune system and B cells are all impli-
cated in a complex, dysregulated network. Immunoregulatory factors including regula-
tory T cells seem to be defective in MS.

The first attack and the subsequent relapses of MS often follow infections or
global immune activation by vaccines. A number of infectious agents have been
implicated as environmental risk factors for MS, and currently the one that appears
most consistently associated with MS, based on immunological, epidemiological and
virological evidence, is the human gamma herpesvirus, the Epstein-Barr virus [6, 7].

Neuromyelitis optica (NMO) is also a chronic inflammatory demyelinating dis-
ease of the CNS, affecting preferentially the optic nerves and the spinal cord [8].
Like MS, it can cause significant disability. In fact this is often more severe than that
seen in MS. It can also have a relapsing and remitting or a chronic progressive course.
NMO is much less frequent than MS and was considered for a long time a rare, more
aggressive variant of MS. It was not until a decade ago that the discovery of the
NMO autoantibodies [9], directed against the water channel aquaporin-4 (Aqp4)
[10], and the evidence implicating these antibodies directly in NMO pathogenesis
[11] provided proof of distinct immunopathogenic mechanisms in MS and NMO.

Despite the immunological complexity of MS, the prevailing concept is that T
lymphocyte plays a central and decisive role [12]. Although therapies targeting B
cells have shown promise in MS, the most important role of B cells in MS appears
to be their function as antigen-presenting cells. In contrast, NMO is mediated pri-
marily by antibodies which can fix complement, and this is the main pathogenesis
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mechanism [8]. Indeed, NMO is frequently associated with other antibody-mediated
autoimmune diseases, including systemic lupus erythematosus (SLE) or myasthe-
nia gravis (MG). Agp4-reactive T cells have also been demonstrated in NMO, but
their exact pathogenic role is currently unclear. Therapies aiming at reducing circu-
lating anti-Aqp4 antibodies such as plasma exchange, intravenous immunoglobu-
lins and in particular the B cell-depleting anti-CD20 antibody rituximab have been
shown to have a positive effect on NMO.

Infections as Triggers of MS and NMO

Despite the distinct pathophysiological mechanisms, infections have been impli-
cated as triggers for both MS and NMO. In more general terms, autoimmune dis-
eases are often thought to be triggered by infections. The mechanisms can be
multiple, and they have all been implicated in MS and its experimental model,
experimental autoimmune encephalomyelitis (EAE). Superantigens are infectious
agent-derived substances that can activate a larger number of T (or sometimes B)
cells bearing the same receptor. Superantigens have been linked to MS and EAE, in
particular in the generation of relapses, which may be cytokine mediated [11, 13].
Bystander activation and exposure of otherwise sequestered autoantigens due to
infection-induced tissue damage and subsequent epitope spreading is another pos-
sible mechanism [14]. Also, some infections act through disruption of immune reg-
ulatory mechanisms. Activation of innate immune receptors by pathogen-associated
molecular patterns (PMP), for example, activation of TLR2 by its ligands that
mimic bacterial infections, transforms regulatory T cells that are normally anti-
inflammatory into cells that actually mediate inflammation by producing interleu-
kin-17 (IL-17) [15]. The process may be mediated by infection-induced IL-6 and is
more prominent in MS than in a healthy volunteer [16].

Molecular Mimicry: E. coli and Clostridia in NMO
as Examples

Finally, the concept of immunological cross-reactivity, closely linked to that of
molecular mimicry, explains how some infections trigger autoimmunity. Molecular
similarity between components of infectious agents and self-antigens can lead to a
strong cross-reactive immune response (humoral or cellular) and autoimmune dis-
ease. The clearest and best-established example is the molecular similarity between
Campylobacter lipopolysaccharide and gangliosides present on nerve roots; antibod-
ies against Campylobacter triggered by gastrointestinal infections with this agent
cross-react with gangliosides and lead to the peripheral nerve-directed autoimmunity
seen in some forms of acute inflammatory demyelinating polyradiculoneuropathy, or
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Guillain-Barre syndrome. This topic is discussed in detail in the chapter on Guillain-
Barre syndrome and Campylobacter jejuni enteritis.

Molecular mimicry has been explored extensively in MS. Of note is that when
eluting peptides from the MS-associated major histocompatibility complex (MHC)
class II MBP-presenting groove (DRB1*1501), Wuchepfenning and colleagues
found that some of these peptides were derived from EBV, the infectious agent most
consistently associated with MS. Some of these peptides were able to stimulate
myelin basic protein-specific T cells from MS patients [17].

Molecular Mimicry in NMO

Molecular mimicry and immunological cross-reactivity have been strongly impli-
cated in NMO.

An early study exploring this phenomenon was performed by Ren and colleagues
in 2012 [18]. Since water channels (aquaporins) are expressed in most species, they
searched for sequence homologies between Aqp4 and E. coli aquaporin-Z (AqpZ).
Some regions of relevance to the immune response to Aqp4 in NMO, possibly rep-
resenting B cell or T cell epitopes (the latter from experimental models), had high
homology. The authors raised sera against AqpZ in mice, which showed high reac-
tivity against both AqpZ and Agp4 in multiple assays. Sera from patients with NMO
showed strong reactivity against AqpZ protein. Moreover, anti-AqpZ antibodies
were demonstrated to have cytotoxic activity against astrocytes in culture. Also,
intracerebral injection of antibodies against the peptide AqpZ 174-190 induced
inflammation in the CNS of injected mice, associated with behavioural and clinical
abnormalities (withdrawal, reduced movement). Finally, active immunisation with
AgpZ in complete Freund’s adjuvant (CFA) induced CNS inflammation in mice.
This inflammation was comparable in composition (mainly CD3+ T cells) and loca-
tion with that induced by immunisation with Aqp4. The immunisation generated
AqgpZ-reactive T cells that presented a Th17 phenotype, consistent with predomi-
nant involvement of Th17 cells in NMO and the more severe forms of MS [18].

Another study analysed the T cell responses to Aqp4 in NMO [19]. The rationale
was that antibodies against Aqp4 in NMO patients are of the IgG1 subclass, which
requires T cell help, and there is evidence for IL-17 upregulation, implying Th17
mediation, in NMO [20]. The authors found consistent strong immunoreactivity
against peptide 61-80 of Agp4. This was inhibited by blocking antibodies against
HLA-DR, suggesting MHC class II dependence of these T cell responses. They
found that Aqp4 p61-80 reactive T cells of NMO patients exhibited a strong Th17
phenotype. Moreover, monocytes from NMO patients also showed pro-inflammatory
polarisation. When searching for peptides with proteins with sequence homology
with Aq4 p61-80, the researchers found a peptide of the Clostridium perfringens
ABC transporter. C. perfringens is a ubiquitous spore-forming gram-positive
bacterium found in the human gut, responsible for many cases of food poisoning
[21]. The homology with Aqp4 extends to the ABC transporter of other Clostridium
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species [19]. Interestingly, in addition to its role in inducing potential autoimmunity
via cross-reactivity, Clostridium species and other closely related have been associ-
ated with skewing the cytokine response towards a Th17 type and thus facilitating
inflammation and autoimmunity [22].

It is thus plausible that Aqp4 molecular mimicry in NMO stimulates the Th17
responses known to be prominent in NMO.

Aqgp4 molecular mimicry was explored in another study [23]. In this study, struc-
tural neighbour searches were performed for primary, secondary and tertiary struc-
ture similarities to Aqp4. Similarities were confirmed with AqpZ of E. coli, but very
high similarity was observed with the corn protein ZmTIP4-1. The study went on to
demonstrate that NMO patient sera contained antibodies to ZmTIP4-1, which were
cross-reactive with antibodies against Aqp4 [23]. Not only does this study strengthen
the evidence for an environmental trigger in NMO but also supports the concept of
molecular mimicry and immunological cross-reactivity as a mechanism of patho-
genesis in NMO.

Other Roles of Clostridium in Autoimmune Demyelination

An intriguing study by Rumah and colleagues points to another role of C. perfrin-
gens in MS, mediated through its associated epsilon toxin (ETX), a toxin produced
by the type B and type D C. perfringens but not by the commensal type A [24].

The authors isolated C. perfringens type B from the stool of a young woman with
recent onset of clinically isolated syndrome (CIS), the first manifestation of MS. At
that time she had actively gadolinium-enhancing lesions on the magnetic resonance
imaging (MRI) brain scan, indicating an acute disruption of the blood-brain barrier
(BBB). Since, in experimental models, ETX disrupts the BBB and produces inflam-
matory lesions in myelinated brain areas such as the corpus callosum [25, 26], and
given its affinity for endothelial cells and myelinated areas of the brain [27], the
authors postulated that ETX or perhaps a similar gut microbiota-derived toxin may
contribute to some of nascent lesions in MS. This is in line with the observation of
Prineas and colleagues that BBB disruption, demyelination and oligodendrocyte
apoptosis may precede inflammatory T cell infiltration in nascent lesions [28].

The researchers went on and analysed stool samples from 30 people with MS
and 31 healthy controls involved in a prospective study to look at their gut micro-
biota. They found a lower prevalence of the human commensal C. perfringens type
A in MS patients compared to controls (23 % versus 52 %) [24]. This is interesting,
because the presence of type A is generally associated with the absence of type B
and D, the types that secrete ETX, probably due to competition.

The authors found that 10 % of the patients with MS displayed immunoreactivity
to ETX based on a Western blot analysis, whereas only one of the control subjects
had positive reactivity in the cerebrospinal fluid (CSF) and none of the controls had
reactivity in the serum. There was typically a good correlation between the positiv-
ity of the reaction between the CSF and blood [24]. The seropositivity is postulated
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to represent an underestimation of exposure to the bacterial toxin, given the high
rate of seroreversion and of seronegativity following vaccinations of goats, suggest-
ing that some samples may have been negative despite prior exposure to C.
perfringens.

The study points to the possibility that C. perfringens contributes directly to the
pathogenesis of MS through the action of ETX on the blood-brain barrier and
myelin. The findings would support the epidemiological observations of Kurtzke
and Hyllested (reviewed in [29]) who showed that the first MS epidemic in the
Faroe Islands was associated with the arrival of the British troops during World War
II. The pioneer MS epidemiologists also noted an increased incidence of gastroin-
testinal infections and argued for a faecal-oral transmission of the MS environmen-
tal (infectious) agent.

Murrell [30] then introduced the intriguing hypothesis of a connection with
sheep, and one postulated sheep-associated pathogen was C. perfringens and its
epsilon toxin ETX. This was further substantiated by the neurotoxic and endothelial
cell-toxic effects demonstrated for ETX as discussed above.

Further studies will elucidate further the role of clostridia in MS. The increased
interest in the gut microbiome in MS, EAE and other inflammatory diseases will
facilitate further discoveries. Of interest is the observation from experimental stud-
ies in mice that the segmented filamentous bacteria or other similar bacteria that
contribute to the pathogenicity and pro-inflammatory, predominantly Th17, profile
in experimental autoimmune disease are thought to be spore forming and related to
clostridia [22].

Clostridium difficile

C. difficile is a major cause of health concern due to its association with antibiotic-
associated colitis, a major cause of morbidity and mortality worldwide. It is trans-
mitted by faecal-oral route and is established in the human colon in 2-5 % of the
population. It is unclear whether patients with MS and other inflammatory demye-
linating diseases are colonised in a higher proportion compared to the general popu-
lation, but since colonisation is associated with lengthy hospitalisation or nursing
home residence, it is conceivable that MS patients, especially at more advanced
stages, are more likely to be colonised. The implications of this infection are very
important. This group of patients is more likely to receive antibiotics and to have
bowel dysfunction (as discussed in the chapter on the impact of MS on the gastro-
intestinal function in this book).

Faecal transplantation is advocated and employed increasingly for severe, refrac-
tory C. difficile colitis, and its spectrum of application has expanded beyond the
primary indication of colitis [31]. Anecdotal reports note the success of the inter-
vention in people with MS.

Clostridium difficile infection can complicate autologous stem cell transplanta-
tion in MS, as discussed below.
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The Gut Microbiome in MS and Its Relationship with MS
Treatment

The gut microbiome and its role in MS have been receiving increasing attention in
the recent years, since the observations that manipulations of the gut flora can mod-
ulate experimental MS-like inflammatory demyelination [32]. The gut microbiome
and the effect of its modulation on clinical and experimental MS are discussed in
separate dedicated chapters in this book.

Here, we only discuss the potential effects of MS therapies on the gut flora and
the implications for MS.

The effect of the most commonly used MS drugs on the gut flora or MS patients
is largely unknown and studies are in their infancy. Cantarel and colleagues have
published pilot data comparing the gut microbiome of MS patients and healthy
volunteers and also studied the effect of treatment with glatiramer acetate or vita-
min D [33]. They noted considerable overlap between operational taxonomic
units between MS patients and controls, but Faecalibacterium was less repre-
sented in MS patients. Specific changes were observed after treatment with glat-
iramer acetate and vitamin D [33]. Although this study was very exploratory and
future studies in larger populations are needed to confirm the findings, the results
indicate that the gut flora in MS is subject to modulation by drugs used in the
treatment of MS.

Important recent experimental studies in cancer have pointed out the role of the
gut flora in determining the response to cancer chemotherapeutic agents, notably
cyclophosphamide [34]. The antitumour immune response and the efficacy of
cyclophosphamide are influenced by the gut flora, and antibiotics compromise the
antitumour effects of chemotherapy [34, 35]. Since cyclophosphamide is a drug that
has been used in the treatment of MS [36] and also is used in bone marrow ablation
prior to haematopoietic stem cell transplantation (HSCT), the evidence that changes
in the gut microbiota induced, for example, by antibiotics can influence its effect
needs to be considered further in MS. In addition, whether other immunosuppres-
sive treatments used in MS are subject to the same influences remains to be
determined.

In the recent months, autologous HSCT, particularly the non-myeloablative type
[37], has been reported to be a promising treatment for aggressive forms of
MS. Interestingly, a population of immune cells that is significantly depleted by the
treatment are the IL-17-producing, pro-inflammatory mucosal-associated invariant
T cells (MAIT) [38]. Targeting these cells, with potential beneficial effects in EAE,
can also be achieved through manipulations of the gut flora.

It is important to note, however, that the rate of C. difficile infections seems to be
higher in MS patients than in patients receiving the transplantation for haematological
malignancies. This may reflect the longer hospitalisation in part due to more chal-
lenging mobilisation following the procedure.

Awareness of the possibility of C. difficile infections which may complicate
HSCT is therefore crucially important [39].
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Summary and Conclusions

This chapter has reviewed the evidence of the role of infections, with particular
attention to the infections with gut pathogens, in NMO and MS. The evidence of
molecular mimicry between the known autoantigen for NMO, Aqp4 and proteins
from gut bacteria such as E. coli AqpZ and Clostridium ABC transporters, as well
as some plant aquaporins, has been discussed. The functional consequence of this
mimicry may be immunological cross-reactivity triggering autoimmune damage.
The evidence for molecular mimicry is less robust in MS, at least in part due to the
fact that the autoantigen is not as clearly established as for NMO, and the possibility
that there are several autoantigens.

Direct effects of substances produced by gut bacteria such as clostridia may also
be involved in the pathogenesis of MS. The epsilon toxin of C. perfringens is a
candidate for a contribution to the pathology of some of the nascent lesions, sup-
ported by studies showing its neurotoxic effects and by epidemiology data implicat-
ing in triggering MS.

This chapter does not deal with the gut flora in MS or NMO, as this is addressed
in other chapters. The manipulation of the gut microbiota can have therapeutic
effects in MS. This chapter discusses briefly the opposite regulation: the potential
effects of MS treatment on the gut microbiota. The role of gut flora in the effects of
cyclophosphamide as shown in experimental cancer studies suggests that the issue
needs to be considered when using this drug as MS treatment. A potential promising
treatment, HSCT, which in part works through depletion of MAIT, may carry the
risk of C. difficile infection, which needs to be taken into account when pondering
such powerful treatment.
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