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Abstract

Infectious triggers are associated with the induction of transient antiphospholipid antibodies. One
therefore wonders if microbes that permanently colonize us play a role in the pathogenesis of
antiphospholipid syndrome (APS). The microbiota represents the collection of all microorganisms
colonizing humans and is necessary for normal host physiology. The microbiota, however, is a
constant stress on the immune system, which is tasked with recognizing and eliminating
pathogenic microbes while tolerating commensal populations. A growing body of literature
supports a critical role for the commensal-immune axis in the development of autoimmunity
against colonized barriers (e.g., gut or skin) and sterile organs (e.g., pancreas or joints). Whether
these interactions affect the development and sustainment of autoreactive CD4* T cells and
pathogenic autoantibodies in APS is unknown. This review provides an overview of the current
understanding of the commensal-immune axis in autoimmunity with a focus on the potential
relevance to APS. Additionally, we discuss emerging findings supporting the involvement of the
gut microbiota in a spontaneous model of APS, the (NZWxBXSB)F4 hybrid, and formalize
hypotheses to explain how interactions between the immune system and the microbiota may
influence human APS etiopathogenesis.
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Introduction

The gut microbiota or the collection of all gut commensals, a previously “forgotten organ,”
lives in a symbiotic relationship with its host and influences a wide range of physiological
processes including nutrient availability, metabolism, behavior, and immune system
development and homeostasis [1, 2]. Commensal bacteria within an individual are estimated
to outnumber human cells ten to one; on average, the human gut is colonized by ~160
bacterial species, and more than 1000 species in total can be found across the human
population [3, 4]. Compositional or functional disturbances in the microbiota (so-called
dysbiosis) are linked to a variety of chronic metabolic and inflammatory diseases including
obesity, cardiovascular disease, and cancer [2]. In addition, immune system development
and homeostasis, both at barrier sites (gut, skin, lung) and systemically, are greatly
influenced by the microbial community composition [5, 6]. Intriguingly, commensal
bacteria, particularly those colonizing the gut, exert profound effects on a number of
experimental autoimmune models [7, 8]. Our laboratory focuses on understanding the role
of the gut microbiota on the induction and maintenance of autoreactive T cells and
autoantibodies that mediate systemic autoimmunity, in particular antiphospholipid syndrome
(APS) and lupus.

Antiphospholipid syndrome is a prototypical autoimmune disease mediated by T cell-
dependent antiphospholipid antibodies (aPLs) that interfere with coagulation and result in
thrombosis and miscarriages. The general mechanism leading to thrombotic events is
thought to involve a local procoagulant state at sites where autoantigen-bound antibodies
trigger the activation of endothelial cells, platelets, and monocytes. These processes
manifest as both venous and arterial thromboses and obstetric complications leading to
significant morbidity and mortality in APS patients [9, 10]. In the appropriate clinical
scenarios, patients are tested for the presence of lupus anticoagulant (LA), anti-f,-
glycoprotein I (anti-B,GPl), and anti-cardiolipin (aCL) antibodies. These aPLs can fluctuate
over time and be present in healthy individuals without a history of thrombosis or pregnancy
complications [11, 12]. Persistently “triple positive” (LA+, anti-3,GP1+, and aCL+)
asymptomatic carriers of aPLs, however, have a markedly increased risk of thrombosis [13].
Transient aPLs can be induced by a variety of infectious agents but are generally not
considered pathogenic. Clinical criteria for a diagnosis of APS thus require consecutive
positive LA tests or detection of high titers of IgM or IgG antibodies against 3,GPI or CL
separated by a minimum of 12 weeks [11, 14]. Additional isotypes and targets of aPLs are
currently under investigation but are not considered standard APS diagnostic criteria. These
include anti-B,GPI of the IgA isotype and aPLs against prothrombin, phosphatidylserine/
prothrombin, and phosphatidylethanolamine [15].
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While a variety of autoantigens are identified in APS, poGPI is the most commonly detected
in patients. Lupus anticoagulant correlates strongest with thrombotic events when antibodies
against oGPl are present, providing further evidence for its importance in APS [16]. B,GPI
is a common serum protein with pleiotropic functions including anticoagulant properties,
scavenging lipopolysaccharide (LPS), mediating apoptotic cell clearance, and limiting
oxidative stress during apoptosis [17-20, 21e¢]. B,GPI contains five domains and is found in
a closed spherical confirmation in the blood; the positively charged cysteine residues in
domain V bind to negatively charged surfaces such as CL or other negatively charged
phospholipids, which leads to a conformational change that exposes a cryptic epitope in
domain 1 [22] (Fig. 1). This epitope, with the core sequence RGGMR, is a major target of
thrombogenic autoantibodies against oGPl in humans [23, 24]. Other pathogenic antibody
targets of foGPI have also been described such as human IgA anti-,GPI binding to domain
Vor the TLRVYK sequence within domain Il in mice [25-27].

The major autoepitopes in APS are characterized, but the exact mechanism that contributes
to the development of anti-p,GPI antibodies is unknown. The production of autoantibodies
against oGPl and the pathogenesis of a spontaneous APS murine model were shown to be
Tcell dependent [28-30]. While the T cell epitopes in humans are not exhaustively defined,
Kuwana and colleagues demonstrated that CD4" T cells from HLA-DRB4*0103 (DR53)
APS patients recognized an HLA-restricted dominant epitope in domain V of B,GPI with the
amino acid sequence KVSFFCKNKEKKCSY [31-33]. Binding of p,GPI to LPS or
phospholipids that are exposed on the surface of apoptotic cells changes its conformation
from a closed, circular state to an open, hook-like structure (Fig. 1), which is thought to
contribute to antigenicity by exposing cryptic epitopes as mentioned above. The context in
which this conformational change occurs could be important for the production of
autoantibodies. In addition, the anatomical localization of B,GPI in the body is another
variable. For instance, B,GPI coats in the open conformation the endothelial cells of the
uterus and the trophoblast during pregnancy, which is likely why miscarriages and pre-
eclampsia are such a frequent complication in APS [34].

In general, aPLs develop not only in isolation but also in various rheumatic diseases,
suggesting a general mechanism of systemic autoimmunity with broad clinical implications
[35]. It is notable that repetitive injections of B,GPI together with LPS into non-autoimmune
murine strains induce not only antiphospholipid antibodies but also multiple lupus-specific
autoantibodies [36]. The temporal sequence of autoantibody induction is similar to the
sequence detected in humans years before the onset of systemic lupus [37]. These findings
suggest that an initial autoimmune response against fo,GPI might interfere with non-
inflammatory processing of apoptotic material generating epitope spreading. These
processes are likely important for the development of systemic autoimmunity in those
patients that are serologically positive for anti-p,GPI antibodies. Interestingly, deletion of
the BoGPI gene in an APS-prone model aggravates lupus nephritis, which supports this
notion [38¢]. Therefore, elucidating the initiating factors of APS will lead to a better
understanding of systemic autoimmunity in general.

Despite a growing understanding of APS pathophysiology, the etiology remains unknown.
Several mechanisms are proposed to explain the etiopathogenesis of APS including impaired
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clearance of apoptotic material, activation of innate pattern recognition receptors (the Toll-
like receptor hypothesis) and molecular mimicry with pathogens [39, 40]. Once aPLs are
generated and sustained, it is thought that a “second hit” is needed for thrombus formation
[41<]. As with any complex autoimmune disease, a genetic predisposition forms the basis for
disease susceptibility but is not sufficient to trigger autoimmunity [42—-46]. Taken together, a
genetically predisposed individual produces pathogenic autoantibodies that trigger
thrombosis after a second hit that damages the endothelium or potentiates thrombus
formation.

One potential piece in the “APS puzzle” could be the contribution of commensal bacteria to
the development and maintenance of autoreactive CD4* T cells and autoantibodies. This
hypothesis is supported by early data from our laboratory using (NZWxBXSB)F; mice, a
spontaneous APS animal model. In the following sections, we describe recent advances in
the understanding of commensals as mediators of autoimmunity and hypothesize how
commensals may play a role in the development of p,GPI-mediated APS through antigen-
dependent and antigen-independent mechanisms.

Commensals as Mediators of Autoimmunity

The microbiota affects the adaptive immune system in both antigen-independent and
antigen-specific ways. Antigen-independent mechanisms, such as the production of
symbiotic metabolites or molecules like indoles, polysaccharide A, and short-chain fatty
acids can induce helper T cell subsets [47, 48, 49¢, 50]. In addition to these broader effects,
it is now well established that commensals play a role in shaping the antigen-specific
repertoire of the mucosal and systemic immune system, respectively. Colonic regulatory T
cells (Tregs) recognize specific gut commensal antigens [51, 52]. In addition, segmented
filamentous bacteria (SFB) induce SFB-specific intestinal Th17 cells [53, 54]. Particularly
interesting is that commensal-specific Tregs can switch from a tolerogenic phenotype to a
pro-inflammatory effector phenotype upon breakdown of intestinal homeostasis. Usinga T
cell receptor (TCR) transgenic model, Hand et al. elegantly demonstrated that commensal-
specific T cells, normally tolerant to commensal clostridial bacteria, lost tolerance and
gained effector qualities. During acute infection with Toxoplasma gondii, this leads to the
subsequent development of long-lived memory T cells [55¢¢]. It is therefore the context in
which commensals are recognized by the adaptive immune system that determines if a
regulatory or pathogenic effector response is mounted.

Importantly, the microbiota not only influences T cell phenotypes and functions but also
both T-dependent and T-independent antibody production [56]. Antibody cloning and
expression experiments support that human IgA* and IgG* plasmablasts in the gut recognize
not only enteric pathogens but also commensal bacteria [57]. Even B cell development was
recently shown to occur in the gut lamina propria of mice [58¢]. Furthermore, healthy human
serum contains antibodies specific to a variety of gut bacteria [59]. Taken together,
commensal-specific T and B cell responses occur in healthy hosts and can elicit systemic
antibody production. These responses could form the basis for the development of
autoreactive clones in a genetically predisposed individual.
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The gut microbiota also exerts profound effects on systemic adaptive immune responses not
directed against commensal antigens. This is illustrated by murine studies that involve
depleting the gut microbiota with antibiotics, affecting antiviral adaptive immune responses
such as those against influenza [60, 61].

In summary, the gut microbiota modulates adaptive immune responses and is also
recognized by the adaptive immune system, specifically by commensal-specific CD4*
helper T subsets and B cells that lead to production of local and systemic IgG and IgA
responses. Helper T cell-dependent antibody production is generally mediated by follicular
helper T cells (Tfh). In the gut, however, Th17 can acquire a Tfh phenotype to induce high-
affinity IgA responses [62¢]. Th17 cells are implicated in the pathogenesis of various human
autoimmune diseases and are expanded by several commensals (e.g., SFB and Alcaligenes)
[5, 63]. Interestingly, SFB’s effect on autoimmunity is model dependent, being pathogenic
in animal models of rheumatory arthritis and multiple sclerosis [64, 65] but protective in the
nonobese diabetic mouse model of type 1 diabetes [66, 67]. It is tempting to speculate that
the various effects on autoimmunity are due to antigen-specific recognition of Th17 cells
and that a switch to Tfh in the gut is involved in autoantibody-mediated autoimmune
diseases, in particular, in settings of a breached gut barrier that lead to long-lived memory
responses to commensals as discussed above [55¢¢]. Bystander activation, epitope spread,
and molecular mimicry, processes described for infectious agents, are possible mechanisms
of how commensals could trigger autoimmune responses [68]. Bystander activation and
epitope spreading likely require more tissue damage than most innocuous gut commensals
can invoke, but cross-reactivity with self-antigens could occur in a genetically susceptible
individual that mounts physiologic adaptive immune responses to contain the microbiota.

Mimicry, APS, and B,GPI

A very intriguing, yet incomplete, hypothesis to explain the development of aPLs is the role
of microbes through antigen-dependent effects, particularly molecular mimicry,
besidesantigen-independent effects such as breaks in tolerance driven by inflammation. A
long-standing hypothesis in the development of autoimmunity is that of molecular mimicry,
which refers to the generation of cross-reactive T and B cells that recognize antigens from
microbial pathogens but cross-react to autoantigens [69, 70]. Two classic examples of
human autoimmune diseases that are thought to originate from cross-reactivity with protein
or carbohydrate structures from pathogens are rheumatic fever and Guillain-Barré syndrome
(GBS), respectively [71, 72]. In both of these syndromes, the immune pathology that
characterizes the disease correlates with the presence of infectious agents, and these
infectious agents have epitopes that share linear and structural similarities to the self-
antigens targeted by the adaptive immune system.

In rheumatic heart disease, cross-reactive T cell clones isolated from human valvular tissues
recognized streptococcal, myocardial, and valvular peptides [73]. Intralesional T cell clones
recognized similar antigens as those in the peripheral blood and are, interestingly, HLA-
DR53 associated, which is the same MHC class Il restriction that predominates in APS [29,
74]. Clinically, there are several similarities between rheumatic fever and APS (most
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notably the cardiac and neurologic features), which is intriguing given that streptococcal
proteins can also bind to or cross-react with oGPl [75-77].

In GBS, lipooligosaccharides from Campylobacter jejuni are thought to mimic human
gangliosides on peripheral nerves. Cross-reactivity was linked to GBS mechanistically both
by studying T cell clones and by confirming molecular mimicry in in vivo models [73, 78].
In both GBS and rheumatic fever, the autoimmune response is transient and dependent on
the infectious trigger even though long-term (or even permanent) sequelae can occur
secondary to damage caused by the autoimmune pathology. We speculate that chronic
autoimmune diseases are in part sustained by cross-reactive microbiota as opposed to acute
infections with pathogens that are eventually cleared by the host.

Considering the high degree of human gut microbial diversity, colonization, and commensal
antigenic load [3, 4], it is not surprising that commensal bacteria would statistically share
significant peptide sequence homology with autoantigens. Additionally, given the
degeneracy of the TCR, antigen-specific TCRs also recognize numerous cross-reactive
antigens, including autoantigens [79, 80, 81¢¢]. Pathogen-reactive memory T cells and
antibodies can be found in both unexposed individuals and patients, which cross-react with
commensals, inferring a possible evolutionary advantage allowing a more rapid response to
pathogenic microbes [82¢, 83e¢].

Molecular mimicry has been implicated in APS. Transient anti-poGPI antibody production
was induced experimentally in vivo by injection of pathogen proteins or peptides [26, 76].
Molecular mimicry has been best studied using antibodies that target the TLRVYK
sequence in domain 111 [26, 25]. Notably, the Shoenfeld group showed that mice immunized
with proteins from Haemophilus influenzae, Neisseria gonorrhoeae, or tetanus toxoid,
which all share sequence homology to the core region TLRVYK. These immunizations led
to the production of antibodies that recognized cardiolipin, foGPI, and the TLRVYK
sequence. Naive mice infused with these antibodies developed significant
thrombocytopenia, prolonged activated partial thromboplastin time, and pregnancy loss
similar to mice treated with pathogenic anti-p,GPI. These studies showed for the first time
that cross-reactivity offered a potential explanation for the induction of pathogenic aPLs.
Pathogen-induced antibodies, however, are generally not considered thrombogenic in
humans [84], although many micro-organisms are linked to the induction of aPLs [85]. This
might be due to the fact that they are transient and potentially require a second hit to cause
thrombosis [41]. In either case, their contribution to thrombosis is likely important in some
patients. We propose that commensal bacteria can act as a source of persistent cross-reactive
antigen in APS and other chronic autoimmune syndromes. In a similar vein, transient aPLs
could be caused by cross-reactive pathogens in human subjects, whereas chronic
autoimmunity in APS might be mediated by cross-reactive gut commensals (Fig. 1).

Supporting this theory, we have identified potential cross-reactive peptides using six to eight
amino acid-overlapping sequences of the dominant epitopes in APS. Interestingly, some
bacteria contain highly homologous sequences to both the major B and T cell epitopes. One
of them, the gram-positive anaerobic commensal Roseburia intestinalis, is particularly
abundant in the human gut and stimulatory to lymphocytes from APS patients compared to
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controls (unpublished observations). It remains unknown whether this effect is due to cross-
reactivity, but preliminary studies in murine models support a general role for the gut
microbiota in APS pathogenesis, which we will discuss in the next section.

Proof of Principle in Animal Studies

A classic model for APS is the (NZWxBXSB)F4 hybrid. These mice develop not only
lupus-like systemic autoimmunity but also high titers of 3,GPI antibodies and APS
manifestations including acute myocardial infarctions and immune thrombocytopenia [86].
Interestingly, mortality is markedly reduced by dietary restriction [87]. Because dietary
changes not only affect the host but also profoundly alter the gut microbiome [88-92], we
have tested a role for the microbiota in this APS model independently from the mimicry
hypothesis [8]. Of note, a fermented milk product that contains a probiotic bacterial strain
was shown to slightly alter aPLs in non-autoimmune animals, suggesting indirectly that gut
microbes could modulate also pathogenic autoantibodies and APS [93]. Indeed, depletion of
the gut microbiota with broad-spectrum antibiotics in young adult APS-prone
(NZWxBXSB)F; animals (after maturation of the immune system) markedly prevented
myocardial infarctions and other thrombotic events that otherwise led to death in this model
(unpublished observations, [94¢]). Specifically, depletion of gut microbiota increased
survival and suppressed serum anti-p,GPI 1gG antibody titers. Importantly, mice treated
with vancomycin or ampicillin alone are similarly protected as with broad-spectrum
antibiotics (unpublished observations). These emerging data suggest that gram-positive
bacteria within the gut microbiome play a role in driving APS in this model.

Commensal bacteria or their products mediate differentiation and homeostasis of gut-
resident and systemic CD4* T cells in mice. Remarkably, both Th17 and Treg populations
can be induced by certain commensals as discussed above. Distinct from these phenotypes
are Tfh cells characterized as CD4*CXCR5*1COSNINPD-1hidh in the lymphoid organs and
peripheral blood. Tth cells are specialized to help B cells undergo isotype switching and
affinity maturation in germinal centers [95]. Importantly, besides their prominent role in
autoimmunity, follicular helper T cells also appear to interact with the microbiota and are
essential for the maintenance of mucosal barriers [96, 97]. In agreement with these results,
we found that the frequency of splenic Tfh cells is reduced in antibiotic-treated mice relative
to control-treated, APS-prone mice (unpublished observations). Exactly how specific
commensals mediate the spontaneous APS phenotype in (NZWxBXSB)F; mice needs to be
studied in more depth, but our work supports that there is a previously underappreciated role
for gut commensals in the pathogenesis of APS.

Future Directions: from Mice to Humans

Despite promising links between gut bacteria and the development of anti-BoGPIl-mediated
pathology in animal models, a link between the gut microbiota and development of human
APS remains to be elucidated. Going forward, it will be important to determine if APS
patients are affected by gut or other microbiota and to identify the causative commensal
bacteria (so-called pathobionts). 16S ribosomal RNA and metagenomic sequencing, culture
of specific strains of human commensals, and transfer of candidates into gnotobiotic animals

Curr Rheumatol Rep. Author manuscript; available in PMC 2015 April 13.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ruff et al.

Page 8

are sophisticated strategies to test interactions between candidate commensals and the host
[98, 99]. Such approaches have already led to the identification of human gut commensals
with immune modulatory capacities in gnotobiotic models [100¢]. Longitudinal studies of
patient microbiomes using next-generation 16S rRNA sequencing, combined with advances
in detecting human antigen-specific T and B cells, will allow researchers to link the human
host immune system with recognition of, or response to, human commensals of the same
host [101, 102]. As laid out above, one testable hypothesis is that commensal bacteria can
lead to the induction of autoreactive lymphocytes through cross-reactivity in a genetically
predisposed individual. Supporting this hypothesis is the recent data showing that murine T
cell hybridomas reactive to the lupus and Sjégren’s syndrome autoantigen Ro60 cross-react
with synthetic peptides and recombinant protein from commensals [103¢]. Advances in
cloning of human CD4* T cells from the peripheral blood without skewing phenotypes
should enable the exploration of commensal-specific CD4* T cells, their function, and their
cross-reactive potential with autoantigens [101]. These approaches, however, would only
address one side of the “commensal-immune equation.” Studying the effects of the
microbiota on the innate immune system and autoantigens will be equally important to
understand the overall contribution of commensals to the pathogenesis of APS.
Proinflammatory strains of the gut microbiota, acute infections with pathogens, or other “gut
trauma” (e.g., critical illness) could mediate local innate inflammation at the gut barrier,
promoting a “leaky gut” and formation of commensal-specific memory T cells as pointed
out above [55¢, 104, 105]. In this context, it is noteworthy that oxidative stress, LPS, and
phospholipids that open the conformation of p,GPI could be derived from gut commensals
and further promote autoreactivity by uncovering cryptic epitopes, whereas cross-reactivity
with commensals could account for induction of B,GPI-directed responses (Fig. 1).
Specifically, molecular mimicry with the microbiota could activate anti-p,GPI-specific T
cells and lead to generation of pathogenic anti-p,GPI antibodies that subsequently bind to
cryptic epitopes revealed by microbial products (Fig. 1). These two processes are not
dependent on each other and could occur separately, i.e., the anti-B,GPI might be formed
months or years before an inflammatory trigger uncovers sufficient amounts of the cryptic
epitopes within B,GPI. This phenomenon might also account for the frequent association of
various infections with catastrophic APS [106].

Conclusion

Interactions between the microbiota and the immune system have a profound impact on the
pathogenesis of several autoimmune disease models. In healthy individuals, the microbiota
sustains a state of tolerance by promoting an anti-inflammatory environment. When this
homeostasis is disrupted, a skewing towards pro-inflammatory interactions occurs, which
can have local and systemic effects on the immune system, including breaches of the
mucosal barriers and generation of commensal-specific memory T cells. Given the known
links between transient aPLs and pathogenic microbes, it is plausible that commensal
bacteria may promote breaks in tolerance and the induction of persistent aPLs in genetically
predisposed individuals. Indeed, preliminary results from our laboratory suggest a role for
gram-positive commensal bacteria in the development of murine APS. Understanding these
interactions on a molecular level in animal models, healthy human subjects, and patients

Curr Rheumatol Rep. Author manuscript; available in PMC 2015 April 13.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ruff et al.

Page 9

could lead to new ways to diagnose, prevent, and treat patients suffering from APS and
related auto-immune disorders. Most importantly, it might also give us a deeper insight into
the etiopathogenesis of this fascinating disease.
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Fig. 1.
Proposed influence of the gut microbiota on induction and maintenance of anti-po-

glycoprotein | antibodies (anti-p,GPIs). In genetically predisposed individuals, the gut
microbiota may drive the induction of anti-B,GPI antibodies by several mechanisms that can
occur separately or in combination. 1 Cross-reactive gut commensal antigens are recognized
by mucosal dendritic cells (DCs) sampling the intestinal lumen or by phagocytosis after
barrier disruption or apoptosis of intestinal epithelial cells (not shown). 2 Commensal-
derived LPS, phospholipids, and oxidative stress lead to a conformational change of 8,GPI
that exposes cryptic epitopes in domains | and V of f,GPI. DCs and other antigen-
presenting cells take up unfolded f,GPI bound to LPS or phospholipids via receptors that
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bind these complexes, e.g., Toll-like receptors. 3 DCs present cross-reactive commensal
antigens, cryptic BoGPI antigens, or both in an HLA class Il-restricted manner to cognate
CD4* helper T cells in secondary lymphoid organs. CD4* helper Tcell subsets assist
antigen-specific B cells via CD40 ligand and other co-stimulatory receptors (not shown).
These B cells then secrete 1IgA/IgG in the mucosal lumen and in the systemic circulation,
respectively. The helper T cells leading to IgA/IgG production are follicular helper Tcells
(Tth) or, as shown in the gut, also ex-Th17 cells that convert to Tfh-like cells [62¢]. A
“second hit” in the vasculature then leads to thrombotic events as detailed in the main text
[41].
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