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Abstract: Spondyloarthritis comprises a group of inflammatory diseases of the joints and spine,
with various clinical manifestations. The group includes ankylosing spondylitis, reactive arthritis,
psoriatic arthritis, arthritis associated with inflammatory bowel disease, and undifferentiated
spondyloarthritis. The exact etiology and pathogenesis of spondyloarthritis are still unknown, but five
hypotheses explaining the pathogenesis exist. These hypotheses suggest that spondyloarthritis is
caused by arthritogenic peptides, an unfolded protein response, HLA-B*27 homodimer formation,
malfunctioning endoplasmic reticulum aminopeptidases, and, last but not least, gut inflammation
and dysbiosis. Here we discuss the five hypotheses and the evidence supporting each. In all of
these hypotheses, HLA-B*27 plays a central role. It is likely that a combination of these hypotheses,
with HLA-B*27 taking center stage, will eventually explain the development of spondyloarthritis in
predisposed individuals.

Keywords: spondyloarthritis; HLA-B*27; pathogenesis; inflammation; arthritogenic peptides;
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1. Introduction

Spondyloarthritis (SpA, also called spondyloarthropathy) is a group of inflammatory diseases
of the joints and spine with various clinical manifestations. Five major subtypes of SpA are
recognized on the basis of the classification criteria proposed by the European Spondyloarthropathy
Study Group (ESSG) [1]. These subtypes include ankylosing spondylitis (AS), reactive arthritis
(ReA), psoriatic arthritis (PsA), arthritis associated with inflammatory bowel disease (SpA-IBD),
and undifferentiated spondyloarthritis (uSpA) [2,3]. More recently, a classification into axial
and peripheral diseases has been proposed. The main clinical manifestations of SpA are inflammatory
pain, and stiffness and swelling of the joints and spine. In addition, peripheral arthritis, enthesitis,
dactylitis, sacroiliitis, and chronic inflammatory bowel disease (IBD) are often observed [3,4].
Less common symptoms are inflammation of the eye or GI tract, and hearing loss [5].

The exact etiology and pathogenesis of spondyloarthritis are still unknown. However,
several lines of evidence indicate that genetics plays an important role in individuals’ susceptibility,
while environmental factors, resulting in infections and gut dysbiosis, also contribute to SpA
pathogenesis. Various studies demonstrated that microorganisms play a role in triggering the disease.

Genetically, SpA is strongly associated with the major histocompatibility complex (HMC) class I
antigen, HLA-B*27. For example, more than 95% of patients with AS possess HLA-B*27, whereas its
frequency among the general population is less than 10%. The risk of developing AS is as high as 5–7%
in HLA-B*27-positive individuals [5]. HLA-B*27 consists of an alpha chain encoded in the B locus of
the MHC region on chromosome 6, and a non-MHC encoded beta chain, β2 microglobulin (Figure 1).
The primary function of HLA-B*27 in complex with β2-microglobulin is to present short antigenic
peptides for recognition to cytotoxic T lymphocytes (CTLs; Figure 1). The ability of HLA-B*27 to
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bind a unique set of peptides may be the underlying reason for its disease association with SpA [6,7].
Three unique features of HLA-B*27, including peptide binding specificity, a tendency to misfold,
and the predisposition for forming heavy chain homodimers may contribute to disease pathogenesis [8].
Each of these features have been suggested independently to play a role in the pathogenesis of SpA.
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binding cleft composed of α1 and α2 domains of HLA-B*27 are indicated, as is the transmembrane 
domain inserted into the lipid bilayer of the plasma membrane. A ribbon model of the crystal 
structure of the human class I MHC molecule HLA-B*2705 heavy chain (green) bound to nona-
peptide m9 (blue), and in complex with β2m (orange), is shown on the right. Orientation: cell surface 
at top of picture. The image was sourced from the Research Collaboratory for Structural 
Bioinformatics (RCSB; rcsb.org) Protein Data Bank (PDB) entry ID 1JGE (DOI:10.2210/pdb1JGE/pdb; 
[9]) generated by PISA [10]. 
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Campylobacter species, provides a solid background for these hypotheses [17]. In addition, 
inflammatory arthritis frequently develops following infection with enteric organisms, such as 
Clostridium difficile, Brucella, and Giardia. The identification of microbial antigens in the synovium of 
ReA indicates that those antigens can be crucial for ongoing joint inflammation [18]. The fact that 
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Figure 1. A model depicting the major histocompatibility complex (MHC) class I HLA-B*27 heavy
chain in complex with beta 2-macroglobulin (β2m) is shown on the left (created with BioRender.com).
The alpha 1 (α1), alpha 2 (α2), and alpha 3 (α3) domains of the HLA-B*27 molecule and the peptide
binding cleft composed of α1 and α2 domains of HLA-B*27 are indicated, as is the transmembrane
domain inserted into the lipid bilayer of the plasma membrane. A ribbon model of the crystal structure
of the human class I MHC molecule HLA-B*2705 heavy chain (green) bound to nona-peptide m9 (blue),
and in complex with β2m (orange), is shown on the right. Orientation: cell surface at top of picture.
The image was sourced from the Research Collaboratory for Structural Bioinformatics (RCSB; rcsb.org)
Protein Data Bank (PDB) entry ID 1JGE (DOI:10.2210/pdb1JGE/pdb; [9]) generated by PISA [10].

HLA B-27 is a highly polymorphic molecule of which, currently (August 2020), more than
223 subtypes are known (https://www.ebi.ac.uk/ipd/imgt/hla/allele.html). The high number of
polymorphisms, in combination with heterozygosity, give a selective advantage to the immune
system against the diversity of microorganisms and their antigens. However, extreme polymorphism
and potential mutations in the major histocompatibility complex (MHC) increase the chance of
developing autoimmune diseases [11]. Thus, these molecules play an essential role in the regulation of
the host’s immune response, by initiating tolerance, and CTL or helper T cell responses, by presenting
peptides to T cell receptors [12,13]. Among the HLA-B*27 alleles, HLA-B*2705 and HLA-B*2704 are
the most strongly associated with SpA, whereas, HLA-B*2706 and B*2709 are weakly associated [14].
It is well known that the prevalence of SpA varies strongly between ethnic groups and populations,
this can partly be explained by differences in the prevalence of HLA-B*27 [3,15]. The prevalence of
AS varies from 0.2% to 0.7% among European populations, while higher frequencies of AS have been
reported in populations from Siberia, Alaska, and Scandinavia [15].

The interaction between bacteria and HLA-B*27 alleles plays an important role in the
hypotheses of SpA pathogenesis [16]. The evidence that ReA is triggered by Chlamydia trachomatis
(genitourinary infections) or by other gram-negative enterobacteria, such as Shigella, Salmonella, Yersinia,
and Campylobacter species, provides a solid background for these hypotheses [17]. In addition,
inflammatory arthritis frequently develops following infection with enteric organisms, such as
Clostridium difficile, Brucella, and Giardia. The identification of microbial antigens in the synovium of
ReA indicates that those antigens can be crucial for ongoing joint inflammation [18]. The fact that some
SpA types can be triggered by bacterial infections proves the importance of these organisms in SpA
pathogenesis. Therefore, inappropriate immune responses to commensal bacteria or alterations in gut
microbiota were also proposed to be factors in SpA development.

BioRender.com
rcsb.org
https://www.ebi.ac.uk/ipd/imgt/hla/allele.html


Biomolecules 2020, 10, 1461 3 of 20

2. Models of SpA Pathogenesis: Hypotheses

The exact pathogenetic role of HLA-B*27 is unknown [19]. There are, however, some predominant
theories explaining the role of the HLA-B*27 allele in SpA and disease pathogenesis, including the
arthritogenic peptide hypothesis, misfolding protein hypothesis, as well as the hypothesis of the
cell-surface HLA-B27 homodimer [20].

Numerous hypotheses have been suggested regarding the role of HLA-B*27 in the pathogenesis
of AS. These are mainly based on rodent animal models. One of the oldest, and major, theories for
explaining HLA-B*27 pathogenicity, is the so-called “arthritogenic peptide” hypothesis. This hypothesis
proposes that the presentation of unique sets of antigenic peptides, either self- or bacteria-derived,
by HLA-B*27 alleles to CD8+ T cells, results in cross-reactivity and an HLA-B*27–restricted cytotoxic
T cell response. This response subsequently triggers a harmful CD8+ T cell-mediated response in
joints and other affected tissues [15,21–24]. The second hypothesis, the “unfolded protein response”,
suggests that HLA-B*27 tends to fold slowly and often misfolds. The misfolded HLA-B*27 molecules
accumulate in the endoplasmic reticulum (ER), where they induce a stress response that leads
to an unfolded protein response (UPR) and autophagy [22–24]. The upregulation of UPR genes
subsequently activates the production of pro-inflammatory cytokines such as IL-17, IL-23, and IFN-γ [23].
Another hypothesis that explains the role of HLA-B*27 in SpA pathogenesis is the “formation of
homodimers” hypothesis. According to this hypothesis, HLA-B*27 heavy chains homodimerize at the
cell surface, where they act as pro-inflammatory ligands for humoral or cell-mediated autoimmune
responses [14,22]. These homodimers are capable of binding to certain killer cell immunoglobulin-like
receptors (KIRs), which are expressed on natural killer cells and T cells, and this leads to the upregulation
of the pro-inflammatory cytokine IL-17 [24].

In addition, a hypothesis that has gained much attention focuses on the enzymes that trim peptides
for loading onto MHC class I molecules, and presentation to T and NK cells. The gene with the
second strongest SpA association, endoplasmic reticulum aminopeptidase 1 (ERAP1), trims peptides to
optimal sizes for antigen presentation. Loss-of-function alleles of ERAP1 lead to abnormal HLA-B*27
presentation and accumulation of intracellular free heavy chains, which can result in changes in peptide
processing with pathological consequences [25,26]. Finally, there is mounting evidence pointing to the
roles of non-genetic contributors to SpA and joint inflammation, specifically, the intimate relationship
between infections, HLA-B*27, and gut dysbiosis in SpA. Many studies indicate a link between
intestinal bacterial composition, in particular gut dysbiosis, and SpA. In this review, we will discuss the
hypotheses to explain the disease mechanisms of SpA pathogenesis. We will also propose a hypothesis
that combines the previously proposed hypotheses.

2.1. Arthritogenic Peptide Hypothesis

The arthritogenic peptide hypothesis is one of the oldest hypotheses explaining the association
between HLA-B*27 and SpA [27]. It proposes that some HLA-B*27 subtype alleles, due to their
characteristic amino acid residues, bind a specific arthritogenic peptide that is recognized by CD8+

T cells [28]. This hypothesis assumes that the natural ligands of HLA-B*27 are target antigens of
autoimmune T cells, induced by cross-reactive bacterial peptides. Peptide presentation by HLA-B*27
is affected by subtype polymorphisms that affect the peptide-binding groove [29]. Consequently, a set
of unique antigenic peptide epitopes, with key conserved anchor residues, are recognized by specific
HLA-B*27 alleles. The arthritogenic peptide hypothesis is based on the peptide binding specificity
of HLA-B*27, the concept of molecular mimicry, and the idea that activation of T cell responses by
an external antigen may result in autoimmunity. The initial pathogenic event in SpA could be the
activation of HLA-B*27 by CTL responses against bacterial peptides. Cross-reaction of some activated
CTL with a self-peptide would subsequently lead to autoimmune tissue damage and inflammation [30].

Various studies support the arthritogenic peptide hypothesis. For instance, HLA-B*27-restricted
CD8+ T cell responses specific for Salmonella or Chlamydia have been identified in patients who developed
reactive arthritis, following infections with these pathogens [31,32]. Furthermore, B27-restricted CD8+
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CTL were found in the synovial fluid of ReA patients [33,34]. A set of peptides derived from
enteric organisms were identified that bound to, and have sequence homology with, HLA-B*27 [35].
AS patients also have a higher probability of having autoantigenic antibodies directed against Klebsiella
that are cross-reactive against B27, in comparison to HLA-B*27 positive but healthy individuals [36].
Moreover, investigation of the HLA-B*27 peptidome identified more than a thousand peptides from
HLA-B*27+ cell lines, half of which were found to tightly bind to HLA-B*27 alleles. Twenty-eight of
these peptides were considered to be arthritogenic peptides as they were derived from cartilage or
bone proteins that had high homology with proteins from enteric bacteria. These findings suggest
that these antigenic peptides can induce a T cell mediated immune response that results in SpA
pathogenesis [27,37]. Along with bacterial peptides, viral peptides could also contribute to SpA
pathogenesis. In some SpA patients, cross-reactive CD8+ T cell responses, which recognized both
an epitope from Epstein-Barr virus (EBV) and a self-peptide derived from the vasoactive intestinal
protein receptor (VIPR), were identified [38]. However, EBV infection is not recognized as a SpA trigger
and these findings warrant further investigation. Major support for the arthritogenic peptide hypothesis
comes from studies of HLA-B*27 alleles and their differential association with SpA pathogenesis.
For example, some alleles such as HLA-B*2705, HLA-B*2702, and HLA-B*2704 are strongly associated
with the disease, whereas some other alleles (HLA-B*2706 and HLA-B*2709) were not, or only weakly,
associated with disease pathogenesis [39].

Nevertheless, conclusive evidence that directly implicates molecular mimicry as a mechanism
underlying the pathogenesis of SpA is still lacking [22]. Indeed, analysis of the HLA-B*27 peptidomes
from SpA-related and unrelated alleles revealed that no clear distinction in qualitative differences
between these groups was found, indicating that binding preferences of HLA-B*27 alleles do not solely
explain disease association [40,41].

2.2. The Unfolded Protein Response Hypothesis

The unfolded protein response (UPR) hypothesis is another theory explaining the role of HLA-B*27
in SpA pathogenesis. Compared with other MHC molecules, HLA-B*27 tends to slowly fold or even
misfold in the endoplasmic reticulum (ER), and to accumulate in the ER for extended periods of time,
which may have implications for pathogenesis [42]. The accumulation of misfolded forms of HLA-B*27
in the ER leads to ER stress that induces the UPR, which is a homeostatic mechanism that aims to
return the cell to its normal state [43].

UPR suppresses protein translation and upregulates ER chaperone molecules such as
immunoglobulin heavy-chain-binding protein (BiP) and endoplasmic reticulum-localized DnaJ 4
(ERdj4). It also activates transcription factors such as CCAAT-enhancer-binding protein homologous
protein (CHOP) and increases the production of pro-inflammatory cytokines (IL-23, INF-β, and IL-1) [44].
Indeed, UPR affects cytokine production on multiple levels, from stimulation of surface receptors to
activation of inflammatory signaling pathways, in particular the IL-23/IL-17 signaling pathway [45].
Autophagy, induced by ER stress and UPR, also increases the production of IL-23 [46].

Misfolded HLA-B*27 molecules in the ER are disposed of by ER-associated degradation (ERAD),
therefore, slow folding or accumulation of misfolded HLA-B*27 increases levels of ERAD, and stimulates
UPR and autophagy, in particular during inflammation, when HLA-B*27 production is high [46,47].
The slow-folding kinetics and partial misfolding of HLA-B*2705 further lead to the activation of NF-kB,
which leads to increased production of pro-inflammatory cytokines, such as TNF, IL-1, and IL-6.

In support of the UPR hypothesis, transgenic rat models of AS, and characterization of synovial
tissues of SpA patients, showed that HLA-B*27 misfolding and UPR occur in the gut and synovial
tissues [48]. Bone marrow-derived macrophages from HLA-B*27 transgenic rats showed evidence of
HLA-B*27 misfolding after cytokine stimulation, and this was associated with stimulation of IL-23
production [49,50]. These HLA-B*27 transgenic rats had functional alterations in the number of cell
populations, which in turn can be correlated with HLA-B*27 misfolding.
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In particular the heavy chain β2 microglobulin is prone to misfolding [49,51–53] leading to the
activation of the UPR [54]. Interestingly, studies that aimed to link the extent of β2 microglobulin
misfolding to UPR activation, inflammation, and SpA development in HLA B27-transgenic rats
demonstrated that the introduction of additional copies of the human β2-microglobulin gene,
which reduced HLA-B*27 misfolding and UPR activation, led to an increase in the incidence and severity
of arthritis [55], rather than the expected decrease. Interestingly, these studies led to the creation
of rat strains with arthritic disease that closely resembled human spondylarthritis but showed no
evidence of gut inflammation, indicating that spondylarthritis and IBD, particularly Crohn’s disease,
may involve separate disease mechanisms [55]. These studies challenged the view that HLA-B*27
contributes to spondylarthritis through misfolding, formation of heavy chain β2 microglobulin dimers,
and activation of the UPR, but supported the idea that UPR triggering is associated with inflammatory
disease mechanisms that can lead to gut inflammation in SpA patients [55]. Consistent with this view,
studies of tissues of AS patients did not suggest that UPR and ER stress was directly associated with
inflammation and HLA-B*27 misfolding [56,57]. Thus, HLA-B*27 was found to lead to misfolding
and ER stress in both in vitro and animal studies; however, currently, there is no evidence of the
involvement of this process in SpA pathogenesis in humans.

The development of reactive arthritis (ReA) is associated with prior Salmonella enterica infection
in the presence of HLA-B*2705. A recent study showed that Salmonella activates the UPR, leading to
increased de novo lipid synthesis for ER biogenesis and membrane expansion under ER stress
conditions [58]. While Salmonella can activate the UPR by itself, HLA-B*27 misfolding and pre-existing
UPR activation are associated with enhanced Salmonella replication [58]. These data provide a potential
connection between pathogenic properties associated with HLA-B*27 misfolding and cellular processes
that may contribute to ReA pathogenesis. These studies further raise the question of whether HLA-B*27
misfolding and triggering of the UPR may allow for conditions that are favorable for Salmonella
persistence in the gut and thereby play a role in HLA-B*27-associated gut inflammation.

Although several studies support the role of HLA-B*27 misfolding and assembly in the activation
of the UPR and inflammation, the actual underlaying pathogenic mechanisms, and effect on SpA
pathogenesis appear to be quite complex. It was demonstrated that, in M-CSF-derived macrophages
from AS patients, UPR pathway genes (CHOP and BiP) and IL-23 are upregulated in comparison to
healthy controls [59]. Recently, it was suggested that autophagy, but not UPR, is responsible for the
regulation of IL-23 expression in the gut of AS patients [57]. This hypothesis is further supported by
the observation that disease severity is unaffected by the lack of functional CD8+ T cells, but requires
CD4+ T cells in HLA-B*27 transgenic rats [39,60,61].

Overall, the role of the ER stress response and the UPR in SpA pathogenesis remains incompletely
defined, and a clear link between accumulation of misfolded HLA-B*27 and the production of
proinflammatory cytokines remains to be demonstrated, as does the association between the pathogenic
role of HLA-B*27 and the inflammatory IL-23/IL-17 axis.

2.3. HLA-B*27 Homodimer Formation Hypothesis

The ability of HLA-B*27 to form disulfide-bonded homodimers is one of the unique characteristics
of this molecule. These homodimers are expressed on the cell surface of a variety of cell types,
including natural killer cells (NKs), CTLs, and B lymphocytes [14]. It has been suggested that
homodimer formation is a sign of HLA-B*27 misfolding within the ER, and that the accumulation of
misfolded protein potentially results in a pro-inflammatory stress response [42].

ER protein misfolding has a variety of biological effects, depending on the nature and quantity
of the misfolded proteins, as well as on the severity of the defect. UPR activation can alter cytokine
production, including increased production of pro-inflammatory cytokines IL-27, which is essential
for SpA pathogenesis. Altered production of TNF and IFN-γ may play a crucial downstream role
that contributes to the unique spondyloarthritis phenotype [8]. HLA-B*27 homodimers can facilitate
the upregulation of the IL-23/IL-17 signaling pathway by two mechanisms: first, by increasing the
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production of Th17 cells, which in turn leads to production of IL-17/IL-23 [43], second, the binding
of HLA-B*27 homodimers to KIRs and leukocyte immunoglobulin-like receptors (LILRs), which are
expressed on NKs and T cells, also promotes the IL-23/IL-17 signaling pathway and inflammation [24,61].

There is much evidence supporting the HLA-B*27 homodimer hypothesis. Both KIRs and LILRs
play crucial roles in immune responses, including the differentiation of macrophages and dendritic
cells, T cell survival, and activation of regulatory T cells (Tregs) [62]. The KIR3DL2 receptor was shown
to recognize HLA-B*27 homodimers, with higher affinity than normal HLA-B*27 heterodimers [20,63].
So far, seventeen KIR genes have been identified, and the interaction of KIR3DL2 with HLA-B*27 free
heavy chains was shown to have pro-inflammatory effects in NK and T cells, and was linked to elevated
Th17 expression in AS patients [64–66]. The binding of KIR3DL2 with HLA-B*27 homodimers was
also observed to facilitate the survival and differentiation of CD4+ T cells in SpA patients. In addition,
it increased production of pro-inflammatory cytokines, such as IL-17, TNF, and IFN-γ [20,62,67].
Moreover, in HLA-B*27 positive SpA patients, KIR3DL2+ NK cells and CD4+ T cells were increased in
peripheral blood, and showed a higher level of cytotoxicity and IL-17 production than in HLA-B*27
negative SpA patients [63,68]. Thus, the binding of HLA-B*27 homodimers to KIR and LILR facilitates
inflammation by enhancing the survival of NK and T cells, and affecting the differentiation of
LILR-expressing antigen-presenting cells [15,39,62]. In addition, the arthritis-associated HLA-B*2705
allele was shown to form more cell-surface homodimers than the non-associated HLA-B*2709 allele [69].

Nevertheless, some research suggests that the formation of HLA-B*27 homodimers is not
a major driver of SpA pathogenesis. The ability to form homodimers of eight common
HLA-B*27 alleles (HLA-B*2702 to HLA-B*2709) was analyzed and no major differences were found
between disease-associated and non-associated HLA-B*27 allotypes. In particular, HLA-B*27:03,
an arthritis-associated HLA-B*27 subtype, had a reduced ability to form cell-surface homodimers [70].
These findings challenge the role of HLA-B*27 homodimer formation in SpA pathogenesis and suggest
that other features of HLA-B*27 play a more central role in the disease mechanism.

2.4. The ERAP Polymorphism Hypothesis

The genetic association of polymorphisms in the aminopeptidases, ERAP1 and ERAP2, with AS
is the second strongest after HLA-B*27, and contributes approximately 15–25% of the population
risk [25,71]. This association was first reported in the UK and the USA, and was validated in independent
studies with other populations [23,72–74]. Together, HLA-B*27 and ERAP explain 70% of the genetic
risk of developing SpA [75,76]. ERAP1 and ERAP2 are members of the zinc metallopeptidases that
localize to the ER, and serve to trim peptides for loading and presentation by MHC I class molecules.
Peptides displayed by MHC class I molecules are products of cellular protein degradation, either by
the action of the proteasome [77–79] or, alternatively, by lysosomal degradation of proteins that were
internalized through autophagy or phagocytosis [79–81]. Many of these peptides exceed the optimal
length of 8–9 amino acids for presentation by MHC class I molecules and are transported into the ER
via peptide transporters, called transporter associated with antigen processing (TAP1/TAP2) [82,83],
and trimmed by ERAP1 and ERAP2 to a suitable length of 8–10-mer peptides, with appropriate anchor
residues for MHC class I binding [84]. While ERAP1 and ERAP2 are related aminopeptidases, they
differ in their peptide preference, trimming properties, and mode of association with SpA.

ERAP1 is thought to be the main enzyme in the ER involved in peptide trimming, while ERAP2
appears to play a more minor role [85]. ERAP1 has two major functions. The first is its role in
antigen cross-presentation, by trimming the N-termini of peptides in the ER to a suitable length to
allow binding to MHC class I molecules, and presentation on the cell surface to CD8+ T cells or NK
cells [85]. The second function of ERAP1 is the proteolytic cleavage of cytokine receptors, such as
TNFR1, IL6R2, and IL1R2, that are expressed on the cell surface through receptor cleavage [72,86].
The shedding of cell surface receptors by ERAP1 can regulate the cellular immune response by
modulating the receptor availability on the cell surface, which leads to a reduction of pro-inflammatory
signaling [72,86]. Cleavage of the TNF receptor that was associated with an altered cellular cytokine
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response, and significant differences in mRNA expression of certain cytokines were observed in studies
of AS patients with different ERAP1 haplotypes [26,87]. However, while some ERAP1 polymorphisms
might be associated with SpA by increasing TNF receptor shedding [86], prevailing evidence suggests
that shedding of cytokine receptors does not play a major role in SpA development [73,88].

ERAP1 preferentially generates peptides of 8–10 amino acid length from longer (more than 10
amino acids) peptides. ERAP1 will also act on 9-mer peptides and trim these to an even shorter
length [89]. In this regard ERAP1 shapes the peptidome available for presentation, both by generating
peptides of optimal length (8–10-mers) for acting as MHC class I ligands, and by the over-trimming
of peptides, resulting in their elimination as potential MHC class I ligands. ERAP2 differs from
ERAP1 through its preference for shorter substrates (7–8-mers) and its ability to trim these to even
shorter peptides not suitable for MHC class I presentation. ERAP2 is produced at much lower
levels when compared to ERAP1, and is even absent in 25% of humans that carry a specific ERAP2
polymorphism [90]. In addition, rodents only express ERAP1, which limits the functional analysis of
human ERAP2 [90,91]. To date, ERAP2 has not been implicated in receptor shedding.

ERAP1 and ERAP2 also differ in their peptide specificities: ERAP1 prefers substrates
containing hydrophobic residues (e.g., Leu) at the N-terminus and large hydrophobic residues
at the C-terminus [92], whereas ERAP2′s aminopeptidase activity favors peptides with basic residues
(Arg, Lys) in the N-terminal region, but has no preference for specific C-terminal residues [92].
Both aminopeptidases fail to cleave peptide bonds involving a Pro residue [92]. Therefore, ERAP1
and ERAP2 can have complimentary effects on the shaping of the antigenic repertoire.

The fact that the strong genetic association of AS with ERAP1 was only found in HLA-B*27 positive
individuals indicates that ERAP1 most likely interacts with HLA-B*27 within the antigen-processing
and presentation pathway [38,71]. This suggests that abnormal peptide processing and antigen
presentation is a crucial contributor to SpA pathogenesis [73,93]. Epistatic interactions with ERAP1
were also identified for Behçet‘s disease, with HLA-B51 [94], and for psoriasis, with HLA-Cw6 [95].
These interactions suggest the possibility that similar HLA-driven pathogenic mechanisms underlay
these diseases. ERAP2 was also genetically associated with psoriasis and AS development; however,
there was no epistasis with HLA-B*27 [96–99].

While the exact mechanism behind the genetic association of AS with ERAP1 is unclear,
the systematic study of ERAP1 loss-of-function mutations and polymorphisms suggests that ERAP1
plays a key role in SpA pathogenesis, either through variation in the peptide repertoire bound to
HLA-B*27 or through the generation of abnormal intracellular and extracellular forms of HLA-B*27,
by affecting either ER misfolding and/or the export of pro-inflammatory B27 forms [100]. Indeed,
disease-associated ERAP1 alleles are loss-of-function variants, indicating that altered peptide processing
and presentation are involved in disease development. Loss-of-function ERAP1 polymorphisms affect
HLA-B*27 heavy chain expression, dimerization, and folding [73,101], and reduce cell surface levels
of HLA-B*27 homodimers [39,64]. These effects appear to be at least in part dependent on ERAP1′s
enzymatic activity, because the loss of its trimming function similarly results in changes in the
normal expression of HLA-B*27 and increases intracellular free heavy chain forms of HLA-B*27 in
antigen-presenting cells [41,102,103]. More importantly, loss of ERAP1 function in humans and mouse
models also leads to substantial changes in the MHC class I peptidome, indicating that it is important
for shaping the MHC class I peptide repertoire [104].

Various ERAP1 polymorphisms have been identified that are associated with SpA
development [105]. For example, rs30187, a polymorphism that changes the amino arginine to
the more enzymatically active lysine at position 528 (R528K), significantly increases disease risk [101].
This mutant variant alters peptide processing, thus supporting the notion that altered peptide
characteristics contribute to disease development [101]. The effect of ERAP1 polymorphisms on the
susceptibility to SpA may vary among ethnic groups; therefore, identification of genetic variations in
different populations could be important for understanding SpA pathogenesis [26,105]. For example,
the ERAP1 polymorphisms rs30187, rs27044, and rs2287987 were associated with AS susceptibility in a
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Polish population [106]. While, rs30187 and rs2287987 were also predominantly associated with the
risk of developing AS in an Iranian cohort [26]. Interestingly, the polymorphism rs75862629 provided
protection from AS in HLA-B*27 positive individuals in Sardinia, by regulating the expression of
both ERAP1 and ERAP2 [107]. ERAP2 protein levels are generally not affected to the same extent by
polymorphism as ERAP1. Nevertheless, ERAP2 polymorphisms may also be associated with AS [27].

The relationship between ERAP1 and HLA-B*27 might be crucial for SpA development, as it was
shown that the inhibition of ERAP1 leads to changes in cells with disease-associated HLA-B*2704 or
HLA-B*2705, but not in cells with the non-associated HLA-B*2706 or HLA-B*2709 [23]. In particular,
the association between ERAP1 polymorphisms and the development of AS supports the arthritogenic
peptide hypothesis, although additional effects, such as those on HLA-B*27 dimerization and surface
expression, likely contribute.

The effects of ERAP1 or ERAP2 loss-of-function mutants or polymorphisms on the presentation of
peptides by MHC class I molecules have been comprehensively analyzed in a number of studies that
were covered in recent reviews [85,108,109]. As only MHC class I molecules loaded with peptide are
able to exit the ER, and are transported to the plasma membrane, the complete absence of ERAP1 results
in the reduction of MHC class I cell surface levels [110]. Most studies have revealed reduced MHC class
I surface expression in situations of reduced ERAP1 function. This has been attributed to the instability
of the cell surface MHC complexes bound to peptides, which are non-optimal substrates. Such peptides
may accumulate, because the absence or downregulation of ERAP1 function alters the peptide reservoir
available for display by MHC class I molecules, leading to a shift to longer peptides and the generation
of “novel” peptides that would otherwise have been lost due to over-trimming [111]. Moreover,
as HLA class I molecules can accommodate longer peptides in their peptide binding cleft [112–114],
ERAP1 polymorphisms that alter protein levels and activity result in the presentation of a different set
of ligands in an HLA-B*27 background and, consequently, altered antigenicity. Consistent with the
notion that altered peptide characteristics underlie disease pathogenesis, a loss-of-function ERAP2
variant that is associated with AS does not affect MHC class I surface levels, endoplasmic reticulum
stress, or inflammatory cytokines production [98,115], but alters the peptidome available for MHC
class I presentation [116,117].

Given that there is a shift to longer peptides due to abnormal peptide processing caused by altered
ERAP1 expression or activity, some of these peptides may play a crucial role in the pathogenesis
of SpA, by changing the antigen presentation pathway, resulting in the activation of pathogenic
inflammatory and immune responses [26,118]. Indeed, the function of ERAAP (the ERAP1 equivalent
in mice) is important for MHC class I peptide processing and presentation, and its destruction leads
to an abnormal CD8+ T cell response in mice [119]. In addition, mice expressing human ERAP1
alleles associated with high AS risk were found to generate a different cytotoxic T cell response,
when vaccinated with a foreign antigen, than mice expressing a protective human ERAP1 allele [120].
Taken together, these and other data suggest that dysregulated ERAP1 and ERAP2 activity may lead to
altered immunodominance, and modify the activation of cytotoxic T cells [121,122] and NK cells [123],
ultimately affecting adaptive and innate immune responses.

2.5. Gut Inflammation and Dysbiosis Hypothesis

The most recent hypothesis explaining SpA pathogenesis is the role of HLA-B*27 in shaping the
gut microbiome, and HLA-B*27-mediated changes in the gut microbiome associated with disease
susceptibility [41]. The gut microbiome is a complex homeostatic ecosystem consisting of trillions
of bacteria, and plays important roles in the development of the host‘s immune system, in food
digestion, and the intestinal epithelial barrier [41,124]. Changes in gut microbiome composition are
correlated with autoimmune diseases through mechanisms such as the activation of the immune
response, molecular mimicry, and increased intestinal permeability (Figure 2, [41]).
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Figure 2. Contribution of gut dysbiosis to autoimmune disease. Due to impaired gut barrier function,
pathogenic bacteria can invade the gut lumen and promote overactivation of innate and adaptive
immune responses. (A) Innate immunity is activated by exposure to bacteria present in the gut
tissue and circulation, resulting in excess production of proinflammatory cytokines. (B) Bacterial
antigens can be presented to CD4+ cells by dendritic cells, leading to the activation of different T
cell subtypes (Th1 and Th17) and production of cytokines. B cells are also activated either directly,
or through interaction with antigen-presenting dendritic cells, leading to their differentiation into
plasma cells and the production of anti-microbial antibodies. (C) Bacterial antigens can also provoke
autoimmunity by molecular mimicry. Shared sequence similarity between foreign- and self-peptides
results in the cross-activation of autoreactive T or B cells by a pathogen-derived antigen. The figure
was adapted from “Keystone Gut Microbiota Species Provide Colonization Resistance to Invading
Bacteria”, by BioRender.com (2020), retrieved from https://app.biorender.com/biorender-templates.
Abbreviations: IL, interleukin; TH-1, T helper type 1; TH-17 T helper type 17.

Various studies have shown that the presence of specific changes in the gut microbiome can be
responsible for the initiation of autoinflammatory and autoimmune diseases. Such changes include,
an increased number of opportunistic pathogens, gut dysbiosis, and a shift in the composition of
commensal bacteria [125,126]. Gut dysbiosis could trigger antigenic activation of pathogenic effector
cells of the immune system, which in turn facilitate chronic inflammation. Increased gut permeability
is a characteristic, and pathogenic pathway, of SpA development (Figure 2). Tight junctions between
intestinal epithelial cells are dysregulated, which leads to increased gut permeability and harms mucosal
immunity by altering normal regulation of gut microbiota, and the secretion of pro-inflammatory
cytokines (Figure 2, [127]). The evidence for this hypothesis is that intestinal permeability is increased
in AS patients, and that bacterial by-products have been detected in the synovial fluid of joints of AS
patients [128].

A large body of evidence supports a relationship between gut inflammation and SpA. SpA patients
have a distinct gut microbiota compared to healthy controls and 60–70% of patients with SpA present
microscopic evidence of gut inflammation [129]. In patients, overlap between SpA and inflammatory

https://app.biorender.com/biorender-templates
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bowel disease (IBD) is common. For example, 7% of AS patients also have IBD [124]. Conversely,
10–50% of IBD patients develop SpA [124]. In addition, clinical remission of SpA is always associated
with normal digestive histology, while the persistence of arthritic symptoms is typically linked to
chronic intestinal inflammation [130].

Gut inflammation may be driven by the activation of innate immune cells, such as macrophages,
neutrophils, and NK cells [131]. These immune cells recognize pathogenic bacteria (or viruses)
through various pattern recognition receptors, leading to the activation of innate immune defense
functions, such as phagocytosis, autophagy, and the increased production of pro-inflammatory (TNF-α,
IL-1, IL-23, IL-17) cytokines (Figure 2A; [131]). The host genetic background also plays a significant
role in gut dysbiosis, leading to a chronic inflammatory state which can promote arthritis [46,132].
Animal, and increasingly also patient, studies show that gut dysbiosis in AS is strongly associated with
HLA-B*27 [31,46,133]. HLA-B*27 transgenic rats develop spontaneous spondyloarthropathy, analogous
to AS patients [23,134]. However, the development of intestinal or peripheral joint inflammation is
prevented in germ-free HLA-B*27 rats [133], but can be restored by re-introduction of specific bacterial
taxa [135].

HLA-B*27 may promote gut dysbiosis via direct or indirect mechanisms that involve several
processes relevant to disease pathogenesis, such as the activation of adaptive or innate immune
responses, and changes in epithelial barrier function. HLA-B*27 transgenic rats exhibit activation of
innate immunity and Th17 cell expansion [136]. The altered innate immune response may be linked to
the non-antigen-presenting functions of HLA-B*27, including HLA-B*27 misfolding and the induction
of an unfolded protein response, as discussed in previous sections. HLA-B*27 may also facilitate the
infection, and intracellular survival, of gram-negative bacteria in HLA-B*27-expressing cells [58,137].
Finally, HLA-B*27 may alter cross-presentation of antigens, and thereby modify innate and adaptive
immune responses [31,46,133]. However, the precise role of HLA-B*27 in the development of gut
dysbiosis, and the mechanisms underlying the linkage between dysbiosis and SpA, remain to be
fully understood.

The advent of genomic technologies, and the advancement in bioinformatic analyses, will facilitate
the comprehensive understanding of the gut microbiome changes of SpA patients. Recent years have
seen tremendous progress in this field [41]. Through various metagenomics studies, the gut microbiome
composition of SpA patients was demonstrated to be different from healthy controls. For example,
imbalances in Lachnospiraceae, Veillonellaceae, Prevotellaceae, Porphyromonadaceae, and Bacteroides spp.
were reported in patients with AS [126,138–140], although no clear microbiome signature emerged
from these studies. Deep shotgun sequencing of 211 Chinese individuals further identified 23,709
genes and 12 metagenomic species that were differentially expressed between AS patients and healthy
controls [126,138]. These studies reproducibly demonstrated that the gut microbiome undergoes
significant changes in its composition, between healthy individuals and AS patients, but also revealed
that interpersonal variations in microbiome composition within patient cohorts, replicated in animal
models [141], clearly exist. Notably, different gut microbiome compositions were also detected in
healthy HLA-B*27 positive and negative individuals, which supports the importance of host genetic
background in shaping the gut microbiome [142].

While little is yet know regarding the physiological [142] consequences of specific microbiome
imbalances, several studies support a possible immunomodulating role of certain bacterial species
in SpA. For example, a metagenomics study analyzed the gut microbiome composition in three
cohorts of volunteers: SpA patients, rheumatoid arthritis (RA) patients, and healthy controls [142].
A disease-specific dysbiosis was identified in SpA and RA patients, but not in healthy controls;
in particular, significantly increased levels of Ruminococcus gnavus were found in SpA patients,
and levels of this taxa correlated with IBD severity in this patient cohort [142]. Ruminococcus gnavus
expansion was also observed in systemic lupus erythematosus (SLE) patients [143] and in patients
with Crohn’s disease [144], an inflammatory bowel disease frequently associated with SpA [145].
Significantly, Ruminococcus gnavus produces an inflammatory polysaccharide, which induces the
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secretion of inflammatory cytokines, such as TNFα, by dendritic cells [144]. Ruminococcus gnavus
expansion may thus contribute to the pathogenesis of SpA, SLE, and Crohn’s disease through the
proinflammatory role of a derivative.

Taken together, there is substantial evidence supporting the notion that complex interactions
between host genetics, environmental factors, and the gut microbiome drive the pathogenesis of
SpA [146]. Pathogenic bacteria, and possibly viruses occurring in the gut of SpA patients, contribute
to dysbiosis, and lead to immune dysfunction and modulation of the innate and adaptive immune
responses ([126]. The interplay of host genetics and the gut microbiome may further contribute to the
development of chronic autoinflammation and autoimmunity.

3. Conclusions

Despite intensive research, the exact mechanism of SpA pathogenesis and the pathogenic role
of HLA-B*27 remain unclear. Five major hypotheses each explain the role of HLA-B*27 in SpA:
the arthritogenic peptide hypothesis, the misfolded HLA-B*27 hypothesis, the cell-surface homodimer
formation hypothesis, the hypothesis on the malfunctioning of ERAPs, and the hypothesis based
on gut microbiome changes. In the previous sections, these hypotheses were described, and it was
shown that there is ample evidence to support each of these. It is possible that all, or most, of these
mechanisms contribute to disease in individuals. Moreover, taking into account that the frequencies of
HLA-B*27 alleles and ERAP1 polymorphisms are ethnic-specific, it is important to understand that
SpA pathogenesis could well be the result of different combinations of these mechanisms in different
populations (Figure 3).
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Figure 3. Illustration of the hypothesis for the pathogenetic role of HLA-B*2705 molecules in
spondyloarthritis. (1) Arthritogenic peptides displayed by properly folded HLA-B*27 can be recognized
by autoreactive CD8+ T cells, resulting in inflammation. (2) Misfolded HLA-B*27 chains and binding
of BiP causes ER stress and activation of UPR, leading to increased production of IL-23 and other
proinflammatory cytokines. (3) Cell surface HLA homodimers interact with CD4+ T cells through innate
immune receptors, such as KIR3DL2, and facilitate cell-mediated autoimmune responses. (4) Altered
ERAP1 activity can result in changes in peptide processing, with pathological consequences. ER,
endoplasmic reticulum; ERAP1, ER aminopeptidases (ERAP)1; KIR3DL2, killer immunoglobulin-like
receptor; UPR, unfolded protein response.
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The link between these hypotheses could be canonical and non-canonical features of HLA-B*27
and ERAP1 polymorphisms. In particular, ERAP1 polymorphisms may contribute to all three models
(arthritogenic peptide theory, unfolded protein response, and homodimer formation) that explain how
HLA-B*27 causes AS. ERAP1 could contribute to SpA by altering antigen presentation, due to abnormal
aminopeptidase activity and dysregulation of peptide processing. Altered rates of peptide trimming,
mediated by ERAP1, could lead to cell surface presentation of aberrant peptides for the HLA-B*27
ligand. This facilitates modulation of the immune response through pro-inflammatory cytokines.
Recently, ERAP1 variants have been reported to alter levels of HLA-B*27 free heavy chains on the cell
surface. Altered enzyme activity could thus affect the rate at which MHC- peptide complexes fold
within the ER and contribute to the UPR and ER stress. The malfunctioning of ERAP1 could facilitate
the accumulation of abnormally folded HLA-B*27 in the ER, leading to the activation of the unfolded
protein response and a downstream immune response, such as through the upregulation of IL-23.

In conclusion, it is highly likely that more than one of these mechanisms is involved in SpA
pathogenesis, and independently or synergistically contributes to the development of autoinflammation
or autoimmunity, by exacerbating the pathogenic role of HLA-B*27. This is strengthened by the fact
that in each of these hypotheses HLA-B*27 plays a central role.
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