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Spondyloarthritis and the Human
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Chengappa G. Kavadichanda ™, Jie Geng?', Sree Nethra Bulusu’, Vir Singh Negi' and
Malini Raghavan®*

" Department of Clinical Immunology, Jawaharlal Institute of Postgraduate Medical Education and Research, Puducherry,
Indlia, ? Department of Microbiology and Immunology, University of Michigan Medical School, Ann Arbor, Mi, United States

Heritability of Spondyloarthritis (SpA) is highlighted by several familial studies and a
high association with the presence of human leukocyte antigen (HLA)-B*27. Though
it has been over four decades since the association of HLA-B*27 with SpA was
first determined, the pathophysiological roles played by specific HLA-B*27 allotypes
are not fully understood. Popular hypotheses include the presentation of arthritogenic
peptides, triggering of endoplasmic reticulum (ER) stress by misfolded HLA-B*27, and
the interaction between free heavy chains or heavy chain homodimers of HLA-B*27 and
immune receptors to drive IL-17 responses. Several non-HLA susceptibility loci have
also been identified for SpA, including endoplasmic reticulum aminopeptidases (ERAP)
and those related to the IL-23/IL-17 axes. In this review, we summarize clinical aspects
of SpA including known characteristics of gut inflammation, enthesitis and new bone
formation and the existing models for understanding the association of HLA-B*27 with
disease pathogenesis. We also examine newer insights into the biology of HLA class
| (HLA-I) proteins and their implications for expanding our understanding of HLA-B*27
contributions to SpA pathogenesis.

Keywords: HLA-B*27, spondyloarthritis, ER stress, free heavy chain, IL-23/IL-17 axis, ERAP1

INTRODUCTION

Spondyloarthritis (SpA) is a group of seronegative arthritides, which includes ankylosing
spondylitis (AS), psoriatic arthritis (PsA), reactive arthritis (ReA), undifferentiated SpA and
enteropathy related arthritis (EA) (1). The global prevalence of SpA ranges from 0.2 to 1.61%
in the general population. The numbers depend on the geographic area, the study population,
data sources and the case definition used to classify SpA, which has evolved considerably over
the years (2). The above subtypes of SpA share several phenotypic characteristics (Figure 1),
which include inflammatory lesions in the axial and peripheral joints, enthesitis (inflammation
at the insertion sites of tendons and ligaments into the bone), uveitis (inflammation in the eye)
and enteritis (inflammation in the small intestine), in varying combinations and frequencies.
Clinically, individuals with SpA present with low back ache, alternating gluteal pain and stiffness
of the spine, all of which worsen with rest and improve upon exercise. Along with these axial
symptoms, individuals with SpA also have inflamed peripheral joints and entheseal sites. The
skeletal manifestations are often associated with several extra-articular features in the eye, skin and
gut, depending on the subtype of SpA. The features start off insidiously and progress chronically
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arrow: arthritis and deformity of distal interphalangeal joint.

FIGURE 1 | Clinical manifestations of Spondyloarthritis. (A) Resolving recurrent acute anterior uveitis of right eye in a case of ankylosing spondylitis. Solid arrow: mild
circum-corneal congestion. Arrowhead: posterior synechiae. (B) Dactylitis of third toe of the right foot in a case of Psoriatic arthritis. (C) Enthesitis involving the Achilles
tendon in a case of ankylosing spondylitis. Solid arrow: retrocalcaneal bursitis, which co-occurs with Achilles enthesitis. Arrowhead: site of plantar fasciitis.

(D) Keratoderma blennorrhagica involving the sole of a patient with Reactive arthritis. (E) Psoriasis (arrowhead) with deforming peripheral arthritis of hand joints. Solid

in most of the subtypes of SpA except in ReA. ReA presents
with an acute onset of ankle or knee inflammation along with
dactylitis (combined inflammation of the joint and soft tissues
in fingers or toes), enthesitis, conjunctivitis and skin lesions
like keratoderma blennorhagicum (mucous-laden skin lesions)
(Figure 1) and circinate balanitis (skin inflammation around
the glans penis) (3). PsA is an SpA phenotype which occurs
in individuals with psoriatic skin lesions. It is characterized
by a variable combination of sacroiliitis (inflammation of the
sacroiliac joints), which is usually asymmetrical, oligo (affecting
2-4 joints) to polyarthritis (affecting > 4 joints), enthesitis,
dactylitis (Figure 1) and chronic anterior or posterior uveitis

Abbreviations: ALK 2, Activin receptor-like kinase-2; ANKENT, Ankylosing
enthesopathy; AS, Ankylosing Spondylitis; AxSpA, Axial Spondyloarthrits;
BMP, Bone morphogenic protein; csDMARDs, Conventional synthetic diseases
modifying anti-rheumatic drugs; DBA, Dilute, Brown and non-Agouti; ER,
Endoplasmic reticulum; ERA, Enthesitis related arthritis; ERAP, Endoplasmic
Reticulum Aminopeptidase; FDR, First degree relatives; FHC, Free heavy chain;
GC, Glucocorticoids; HLA, Human leukocyte antigen; hf2m, Human beta2-
microglobulin; IBD, Inflammatory Bowel Diseases; IL, Interleukin; ILC, Innate-
like lymphocyte; JAK, Janus Kinase; jPsA, Juvenile Psoriatic arthritis; jSpA, Juvenile
Spondyloarthritis; KIR, Killer cell immunoglobulin-like receptor; LILR, Leukocyte
immunoglobulin (Ig)-like receptors; MAIT, Mucosal-associated invariant T; MHC,
Major histocompatibility complex; MSC, Mesenchymal stem cells; NPEPPS,
Aminopeptidase Puromycin Sensitive; NSAIDs, Non-steroidal anti-inflammatory
drugs; PBMCs, Peripheral blood mononuclear cells; PIR, Paired immunoglobulin-
like receptors; PLC, Peptide-loading complex; PsA, Psoriatic arthritis; PSpA,
Peripheral Spondyloarthritis; RA, Rheumatoid arthritis; RARB, Retinoic acid
receptor-B; ReA, Reactive arthritis; SNP, Single-nucleotide polymorphism; SpA,
Spondyloarthritis; TAP, Transporter associated with antigen processing; TCR, T
cell receptor; TGE Transforming growth factor; TNAP, Tissue-nonspecific alkaline
phosphatase; TNE, Tumor necrosis factor; UPR, Unfolded protein response; XBP1,
X-box-binding protein 1.

(4). AS is considered as the prototype SpA and it presents with
bilateral symmetric sacroiliitis, acute anterior uveitis, peripheral
arthritis and enthesitis (5). SpA can have varying degrees of bowel
inflammation ranging from microscopic asymptomatic colitis to
overt inflammatory bowel disease (IBD) in 7-10% of AS and PsA
(6). Besides this, 3% of patients with IBD have AS, 10% have
subclinical sacroiliac joint involvement and 30% of the cases have
SpA-like musculoskeletal symptoms (7).

The skeletal manifestations progress from inflammatory
lesions to a combination of erosive, destructive and proliferative
pathology. The proliferative pathology, characterized by
new bone formation, progresses partly independent of
the inflammatory process. In particular, the axial skeletal
involvement progresses to cause severe disability as a result of
irreversible fusion of vertebral bodies and formation of marginal
syndesmophytes (calcification and new bone formation in
ligaments). This results in a stiff spine referred to as the “bamboo
spine” even in patients whose inflammation is fairly controlled.
The reason for this progression is still not elucidated and remains
as an important unanswered question in the management of SpA.

In inflammatory arthritic diseases, such as Rheumatoid
Arthritis (RA), the commonly used and most effective
immunosuppressive agents are glucocorticoids (GC) and
conventional  synthetic ~disease-modifying anti-rheumatic
drugs (csDMARDS). For unknown reasons, these drugs have
negligible benefit in SpA. On the other hand, non-steroidal anti-
inflammatory drugs (NSAIDs) have excellent efficacy in relieving
pain and spinal stiffness in SpA. Besides NSAIDs, monoclonal
antibodies against tumor necrosis factor alpha (TNFa) and IL-17
are the current standard of care in SpA (8). Even though these
biological agents reduce inflammation, it remains unclear if

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 601518


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Kavadichanda et al.

HLA-B27 and SpA

TABLE 1 | Association of HLA-B*27 and various classes of Spondyloarthritis.

Diseases HLA-B*27 Comments
frequency
Ankylosing Spondylitis (AS) 75-90% (12) Prototypical SpA, which is classified based on the modified New York

Non-Radiographic Spondyloarthritis (Nr-SpA) 75-90% (11,13)

Reactive arthritis (ReA) 30-60% (3)
Psoriatic Arthritis (PsA) 20-50% (18)
Enteropathy/Inflammatory bowel diseases 10-40% (7)
related arthritis (EA/ IBD-SpA)

Enthesitis related arthritis (ERA) 50-80% (21)
Undifferentiated peripheral Spondyloarthritis 25-70%

(USpA)

criteria, heavily banks on X-ray changes of sacroiliac joints.

This subclass was earlier classified as undifferentiated SpA.

Few reports have linked HLA-B*27 with chronicity of ReA.

HLA-B*27 positive patients with psoriatic arthritis have higher incidence of
enthesitis, dactylitis and symmetric sacraoiliitis.

HLA-B*27 is likely to increase the likelihood of having axSpA features in
those with inflammatory bowel disease.

The juvenile counterpart of spondyloarthritis. They have predominant oligo
arthritis in the beginning and a few patients gradually progress to have axial
symptoms in the early adulthood.

This class is now limited to enteropathy related arthritis without overt
features of IBD or PsA before the onset of psoriatic skin lesions.

these drugs can reduce new bone formation. The response to
the cytokine-targeted therapies are not uniform and there are
a substantial number of patients who do not respond to either
of these drugs. It is unclear who will respond to each drug and
there is no convincing basis for one drug choice over the other.
It is likely that numerous factors including genetic factors have
a role in determining the differences in the onset, progress and
response to treatment in SpA.

As discussed below, the association between SpA and HLA-
B*27 is one of the strongest known associations between
an HLA allele and disease. Several studies have highlighted
the importance of this association for diagnosis, predicting
disease phenotype and prognosis of SpA. However, our current
understanding of the pathophysiologic pathways linking HLA-
B*27 and SpA is still incomplete. In this review, we summarize
the clinical associations between HLA-B*27 in patients with
SpA and among their family members. We also examine the
role of HLA-B*27 in enthesitis, new bone formation and gut
pathology encountered in SpA. Finally, we elaborate on the
unique properties of HLA-B*27 and highlight the newer findings
related to HLA-B*27 biology which may partially explain the
relevance of HLA-B*27 to SpA.

HLA-B*27 AND DISEASE PHENOTYPE OF
SpA

The occurrence of AS in a first degree relative (FDR) or
other family members of the proband was known much
before the identification of HLA-B*27-SpA association (9).
The strength of association between HLA-B*27 and various
SpA categories are variable (Table 1). The presence of HLA-
B*27 results in the onset of AS symptoms at an early age
(10, 11). The presence of HLA-B*27 also determines the
distribution of inflammation across various organs in SpA.
Upveitis, hip arthritis and sacroiliitis are more common among
HLA-B*27% individuals (12), whereas the presence of HLA-B*27

in AS is negatively associated with peripheral arthritis and
dactylitis (11).

Recent reports studying the broader classification of SpA,
which include the non-radiographic phenotype, have found
higher disease activity and worse functional scores in the B*27~
patients (11, 13) suggesting that HLA-B*27~ patients are likely
to have worse disease at baseline, possibly as a result of delay
in diagnosis. The presence of HLA-B*27 is likely to result in a
prolonged course of illness as reflected by radiographic damage.
Studies involving MRI imaging of sacroiliac joints have shown
higher structural damage and inflammatory edema among HLA-
B*27" patients (14). Moreover, when followed over several
years, the progress in structural damage of sacroiliac joints and
the propensity to develop marginal symmetric syndesmophytes
along the vertebral column are higher among the HLA-B*27"
individuals (15, 16).

HLA-B*27 is associated with onset of arthritis in individuals
who developed psoriasis after 40 years of age (17). The
presence of HLA-B*27 is also associated with bilateral sacroiliitis
which otherwise is asymmetrical and unilateral in PsA (18).
Inflammation in the sacroiliac joints detected by MRI is higher in
HLA-B*277 PsA patients, which is similar to that seen in AS (18).
In EA, presence of HLA-B*27 is associated with higher incidence
of lower limb arthritis (19).

SpA in children and adolescents are currently classified
either as enthesitis related arthritis (ERA) and juvenile
psoriatic arthritis (jPsA) or as juvenile Spondyloarthritis
(jSpA). The presence of HLA-B*27 among these individuals
predisposes to development of skeletal deformities (20).
Unlike their adult counterparts, patients with ERA have
lower limb-predominant oligoarthritis, and late onset of axial
involvement (21).

Overall, the data associate HLA-B*27 with uveitis and early
onset disease, with radiologically severe axial manifestation in
AS. The non-AS SpA group is predisposed to develop axial
and peripheral in the presence of HLA-B*27. Among the jSpA,
HLA-B*27 appears to be associated with a poorer prognosis.
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Gut Inflammation in SpA

SpA is characterized by inflammation in mainly four tissues,
either in isolation or in combination. The gut, entheses, anterior
chamber of the eye, and axial skeleton including the sacroiliac,
intervertebral, costotransverse and facet joints are the tissues
predominantly affected. The gut and entheses are proposed as the
sites where inflammation is initiated (22, 23). Evidence garnered
from histo/immuno-pathological studies, animal studies, and in
vitro cell-based studies involving these tissues have furthered our
understanding of SpA and are summarized here.

The epithelial barrier along with the mucosa-associated
lymphoid tissue and the microbiota of an individual controls the
delicate equilibrium between immune tolerance and activation.
The gut involvement in SpA can range from overt IBD, to
subclinical microscopic colitis, to dysbiosis in almost all patients
with SpA (6, 24). Early experiments demonstrated that HLA-
B*27 transgenic mice failed to develop SpA phenotype when
reared in a germ-free environment (25). Reports have also
shown that HLA-B*27 may alter the composition of the gut
microbiota. Bacteroides vulgatus, for instance, is abundantly
present in the HLA-B*27 transgenic Lewis lines as compared
to the wild-type controls (26). Similarly, studies on gut biopsies
of humans with AS have demonstrated higher colonies of
certain bacterial communities (Lachnospiraceae, Rikenellaceae,
Porphyromonadaceae, and Bacteroidaceae) (27) and a strong
positive correlation of genus Dialister (28) and Ruminococcus
gnavus (27, 29) with disease activity. The latter study also showed
significant differences in microbiota composition between HLA-
B*27% and HLA-B*27~ siblings of AS (29), further suggesting
a role for B*27 in determining the composition of microbiome
in humans. These findings indicate that HLA-B*27 may have
a role in altering immune responses by modifying the gut
microbiome. The development of gut inflammation in HLA-
B*27 transgenic rats can be altered by administering oral
antibiotics. This treatment also reduces IL-1a and CCL2 levels
and the number of Lin~CD172a*CD43!°" monocytes, subsets
shown to have osteoclastogenic potential (30). A recent study
investigating the role of metabolites in the gut of HLA-B*27
transgenic rat found that HLA-B*27 expression alters the
intestinal metabolome of rats even before the onset of SpA
symptoms. Moreover, administration of microbial metabolite
propionate could attenuate development of SpA phenotype in
these rats (31). It is, however, still not clear if the dysbiosis is due
to inflammation or vice-versa.

Dysbiosis and presence of invasive bacteria in gut of AS
alters the gut epithelial and gut vascular barrier along with
dysregulated zonulin and tight junction expression. The leakiness
due to altered tight junction in the gut results in increased levels
of zonulin and bacterial products such as lipopolysaccharide
(LPS), LPS-binding protein (BP), and intestinal fatty acid-BP
in the serum of patients with AS (32) which can influence the
differentiation of circulating monocytes.

The IL-23 and IL-17 pathways are linked to many
autoimmune and auto-inflammatory diseases including AS
(33-35). Genetic studies have suggested links between IL-23R,
autoimmunity (33), gut inflammation (36) and AS (34), and
some studies have reported increased IL-23 expression in AS

(37, 38). Overexpression of IL-23 in the gut is thought to be a
marker of intestinal inflammation, with Paneth cells (PC) being
a major source of IL-23 (37). Studies with HLA-B*27 transgenic
rats have demonstrated links between HLA-B*27 misfolding, the
unfolded protein response (UPR) and IL-23 hyper-production
(39). Other studies have indicated that misfolding of HLA-B*27
induces autophagy in the gut and downstream regulation of the
production of IL-23 in AS (40). IL-23 can then activate Th17
cells, ILC3 cells, mucosal-associated invariant T (MAIT) cells,
and yd T cells involved in type 3 immunity (41). Overall, it seems
that HLA-B*27, dysbiosis and activation of the IL-23/IL-17 axis
at the gut are primal for inducing inflammation at remote sites
including the joints and enthesis. However, the presence of all
the SpA features including gut inflammation in HLA-B*27~
SpA suggests that the precise role of B*27 in regulating the
IL-23/IL-17 axis needs to be further explored. Other possible
links between HLA-B*27 and IL-23/IL-17 axis will be further
discussed below.

Enthesitis in SpA

The enthesis is a fibrocartilaginous part of a ligament or tendon
that inserts to the bone surface. Besides acting as a structure
anchoring the muscle, tendon or capsule to the bone, the enthesis
is a complex organ that efficiently transmits mechanical forces
from muscles to bones across joints. Chronic inflammation of the
entheseal complex (enthesitis) is a common clinical occurrence in
SpA. In patients with SpA, enthesitis in the lower limbs (Achilles
tendon and plantar fascia) is more common than that in upper
limbs, probably due to the microtrauma burden at the former
sites. In the TNFAARE mouse, which lack on-off regulation
of TNF biosynthesis (42), enthesitis and new bone formation
were promoted only upon inducing biomechanical stress (43),
suggesting a key role for mechanical stress in the pathogenesis
of SpA. Indeed, many sites subject to high mechanical stress,
including the aortic root, the ciliary body of the eye, skin extensor
surfaces, and the lung apex are target sites in the SpA group of
diseases (44).

IL-23 seems to play an important role in precipitating
enthesitis and resulting bone remodeling in SpA. Sherlock et al.
found that entheseal sites of mice expressing IL-23 contained a
population of CD3*CD4~CD8 IL-23R™, RAR-related orphan
receptor yt (ROR-yt)™ T cells. They further demonstrated that
IL-23 overexpression was sufficient to precipitate enthesitis
which predated the structural changes in joints, induced by
prolonged inflammation. The IL-23 mediated pathology was
dependent on the presence of CD3TCD4~ CD8 IL-23RTROR-
ytT T cells and was independent of the presence of CD4*
T cells including the Th17 cells. IL-23 induced expression
of TNFa, IL-17 and IL-22 by the newly described subset of
entheseal T cells (45). Furthermore, I1L-22 was the dominant
effector cytokine driving bone remodeling at the site of entheseal
inflammation (45).

The clinical trial results of anti-IL-23 and anti-IL-17 in SpA
indicate different effects. While anti-IL-17 agents had good
outcomes in patients with axSpA (46, 47), anti-IL-23 agents failed
to show benefits over placebo (48, 49). On the other hand, IL-23
inhibitors were beneficial in treating enthesitis in PsA (50), but
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the efficacy in improving arthritis and axial symptoms was not as
impressive as those with anti-TNFs (46). These results have led
to several untested hypotheses about the role of IL-23 in SpA. IL-
23 may be an initiator for IL-17A and TNFa release, and axSpA
may represent a chronic and mature form with a predominant IL-
17-related phenotype. The other hypothesis is that the pathways
driving the axial inflammation and peripheral inflammation
have distinct etiologies and that IL-23 predominantly drives the
peripheral SpA phenotype.

Another important finding in SpA is the detection of innate-
like lymphocyte 3 (ILC 3) cells and y8 T cells at entheseal sites.
Human entheses are shown to contain ILC3, based on expression
of RORyt and IL-23R, and these cells induced IL-17A transcripts
upon stimulation with IL-23 and IL-1f (51). These experiments
were carried out on entheseal tissues of healthy individuals who
had spinal surgeries and whose HLA-B*27 status was not known.
It remains to be elucidated whether and how HLA-B*27 and
chronic inflammation will alter this response. Y3 T cells are also
known to be a major source of IL-17 and TNFa. Experiments
using mouse models and human enthesis have demonstrated
that subsets of entheseal y3 T-cells may be maintained as self-
renewing tissue resident cells. These cells upregulate IL-17A
production in an IL-23-independent (52) or dependent (53)
manner when activated, making them important players in
local inflammation. Even though an earlier study in humans
showed higher levels of IL-23RT 3 T cells in the peripheral
blood of HLA-B*27% AS patients (54), their role as entheseal
resident cells in humans is yet to be established. Biomechanical or
unknown infective stressors are likely the triggers for enthesitis.
These stressors possibly trigger IL-23-mediated responses at the
entheseal site, which is self-perpetuating in some cases leading
to widespread inflammation. More precise information about the
entheseal resident cell populations, their interactions with HLA-
B*27 and their role in injury and healing may provide us with
better insights into the pathophysiology of enthesitis in SpA.

New Bone Proliferation

In SpA, the process of intense inflammation and repair is
accompanied by formation of bony spicules from the underlying
trabecular bone. New bone formation is not limited to
HLA-B*27-mediated disease. Non-HLA-B*27 transgenic animal
models like the Dilute, Brown and non-Agouti (DBA) 1 (55),
Ankylosing enthesopathy (ANKENT) mice (56), and mouse
models with overexpression of IL-23 show evidence of new bone
formation, while TNF overexpressing models like the TNFAARE
mice do not show osteoproliferation (43, 45). Data from long
term follow-up of patients treated with anti-TNF agents have
not been conclusive about prevention of osteoproliferation
(57). These findings suggest that there are factors beyond
inflammation that are likely to result in new bone formation.
The presence of HLA-B*27 appears to increase the severity and
magnitude of osteoproliferation in AS (15, 16) and PsA (18).
Inflammation, neoangiogenesis, and new bone formation are
visualized in clinical practice even in asymptomatic entheseal
sites of SpA patients using ultrasound power doppler, MRI, and
radiographs, and are HLA-B*27-dependent (58). The process
of new bone formation in AS appears to be a result of

trans-differentiation followed by ossification of cartilage and
direct bone formation (59). The common understanding is
that new bone formation is facilitated by bone morphogenic
proteins (BMPs) and Wnt proteins. In DBA/1 mice, new
bone formation was driven by BMP signaling, which was
inhibited by Noggin, a BMP antagonist (60). Studies in humans
using immunohistochemistry of synovial tissue showed higher
expression of BMP-2 and BMP-6 in inflamed SpA tissue, but
not non-inflamed tissue (61). These genes were up-regulated
in fibroblast-like synoviocytes by IL-1f and TNFa, which are
important cytokines in SpA pathogenesis. Another study in AS
patients showed abnormal secretion of Noggin and BMP2, by
mesenchymal stem cells (MSC), causing an imbalance that is
suggested to induce abnormal osteogenic differentiation (62).
The IL-17 and IL-22 accumulated at the enthesis during acute
inflammation may also facilitate the proliferation, migration and
osteogenic differentiation of MSCs (63).

As noted above, Sherlock et al. attributed new bone formation
to be IL-23 and IL-22 driven (45). Some recent studies
have shed light on a potential direct pathway linking HLA-
B*27 and osteoproliferation. Expression of HLA-B*27:04 and
B*27:05 but not B*07:02 along with human beta2-microglobulin
(hp2m) in Drosophila resulted in the loss of cross veins
in the wings. This phenotype resulted from a dominant-
negative effect on the BMP receptor saxophone, and elevated
phosphorylation of a Drosophila receptor mediated Smad. The
human saxophone ortholog ALK2 and HLA-B*27 were shown
to interact in lymphoblastoid cells from AS patients. Active
ALK2 inhibits BMP signaling via phosphorylation of Smads.
HLA-B*27-mediated inhibition of ALK2 is suggested to result
in uncontrolled activation of TGF-B/BMP signaling pathway,
resulting in osteoproliferation (64). Yet another study using
MSCs from the spinal entheseal sites of AS patients demonstrated
that mineralization of MSCs was increased by the HLA-B*27-
mediated spliced X-box-binding protein 1 (sXBP1)/retinoic
acid receptor-f (RARB)/tissue-nonspecific alkaline phosphatase
(TNAP) axis (65). Further elucidating the relationship between
HLA-B*27 and the ALK2 and TNAP axes will be important for
a better understanding the pathogenesis of new bone formation
in SpA.

ROLE OF HLA-B*27 IN SpA
PATHOGENESIS

HLA-I molecules are highly polymorphic, comprising a heavy
chain, a light chain [B2-microglobulin (f2m)] and a short
peptide. The connections between HLA-B*27 and SpA must
correlate with their distinct properties from the other HLA-I
allotypes. HLA-B*27 allotypes have a preference for peptides
with an arginine at the P2 position, as do some other allotypes.
A genetic study argues that the strongest association with
SpA was a unique asparagine at residue 97 in HLA-B*27,
which lies on the floor of the peptide-binding groove and
determines the specificity for C-terminal residue of the peptide
(66). In addition, quantitative repertoire differences at the
peptide C-terminus were also identified between SpA-linked and
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FIGURE 2 | Possible roles of HLA-B*27 in the pathogenesis of AS. After transport into the ER by the transporter associated with antigen processing (TAP), peptides
are assembled onto nascent MHC class | molecules by the peptide loading complex (PLC), comprising TAP, tapasin (Tpn) calreticulin (CRT) and ERp57, and further
trimmed by ERAP. The presence of certain ERAP haplotypes results in a significantly decreased number of peptides optimal for HLA-B*27, leading to accumulation of

misfolded proteins in the ER or expression of sub-optimally or neoantigen-loaded HLA-B*27 on the cell surface. Neoantigen loaded HLA-B*27 on the cell surface
could induce activation of CD8* T cells. Protein misfolding in the ER can cause ER stress and activation of the unfolded protein response (UPR) to induce IL-23
secretion. IL-23 further activates the IL-23/IL-17 axis. On the other hand, free heavy chains or disulfide bond-linked homodimers of HLA-B*27 can be formed and
expressed on the cell surface during HLA-B*27 recycling via the endocytic pathway. Engagement of these aberrant species by KIRSDL2 on the surface of Th17 cells
is known to enhance their survival, proliferation, and IL-17 expression. IL-17 can promote the release of proinflammatory cytokines to establish inflammation.

non-SpA-linked HLA-B*27 allotypes (67). If peptide specificity
is the basis for connection between HLA-B*27 and SpA, C-
terminal residues might be critical. On the other hand, different
from many other HLA-I allotypes, HLA-B*27 allotypes have a
free cysteine at the residue 67, which was shown to promote
the formation of misfolded versions, including free heavy chains
(FHC) and intermolecular disulfide bond-mediated heavy chain
homodimers (B*27,) (68). It was reported that the non-SpA-
linked allotype HLA-B*27:09 show reduced HLA-B*27 dimer
formation, compared with SpA-associated HLA-B*27 allotype
HLA-B*27:05 (69). However, a more recent study examining
the abilities of eight HLA-B*27 allotypes to form homodimers
suggests that homodimer formation does not reflect different
associations with SpA (70). In line with these features of HLA-
B*27, there are three main hypotheses of the role played by
HLA-B*27 in SpA pathogenesis, as illustrated in Figure 2.

Arthritogenic Peptide Theory: HLA-B*27
Presents Specific Antigens to CD8* T Cells

Given the strong associations between SpA and HLA-B*27 and
the major role of HLA-I in antigen presentation to CD8* T cells,
SpA was initially considered as a disorder of adaptive immunity.
The “arthritogenic peptide theory” proposed that, under certain

conditions, some HLA-B*27 allotypes present self-peptides to
specific CD8T T cells, causing damage to self-tissues. An early
study showed that higher levels of CD8* T cells in the entheses
of SpA patients (71). A recent study also showed that CD8"
T cells are recruited to synovial fluid from the blood of AS
patients (72). Additionally, self-peptide-responsive CD8™ T cells
have been identified in the peripheral blood mononuclear cells
(PBMC:s) or synovial fluid of some AS patients (73, 74). However,
the arthritogenic peptide theory is challenged by the findings in
transgenic rat models. Onset and severity of SpA manifestations
were not affected in CD8a-deficient rat model (75), indicating
that CD8™ T cells are not essential for the development of SpA,
nudging investigators to look beyond the classical functions of
MHC-I molecules to better understand disease precipitation.

HLA-B*27 Induces ER Stress

Based on recent models, SpA is suggested to be more related
to innate rather than adaptive immune responses. As described
above, specific properties of HLA-B*27 are known to cause the
accumulation of unfolded and misfolded HLA-B*27 in the ER,
which are suggested to potentially activate UPR. UPR is a set
of intracellular pathways that signal the presence of ER stress
upon sensing of misfolded proteins. Sustained over-activation of
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the UPR has been implicated in multiple inflammatory diseases.
The possible relationship between HLA-B*27 misfolding, UPR
and SpA pathogenesis was first investigated in an HLA-B*27
transgenic rat models. The rat line 33-3 expressing 55 copies
of HLA-B*27:05 and 66 copies of hf2m had predominant gut
disease. High copies of B*27 in this model lead to protein
misfolding in the ER resulting in UPR activation in bone
marrow-derived macrophages and in the gut. In contrast, similar
experiments with HLA-B*07, which is from a different supertype
with different folding properties, did not show HLA-I misfolding
and UPR activation (76). HLA-B*27 misfolding-activated UPR in
bone marrow-derived macrophages augmented IL-23 expression
induced by LPS. Increase of UPR in the colon of HLA-B*27
transgenic rats was associated with increased activation of the IL-
23/1L-17 axis (39). These findings provide possible links between
HLA-B*27 misfolding and dysregulation of immune responses
in SpA patients. However, inconsistent with the HLA-B*27
misfolding-UPR theory, increasing f2m copy numbers (which
promotes HLA-B*27 folding in the ER and mitigates UPR)
enhanced the severity of AS symptoms in HLA-B*27 transgenic
rats (77). These results argue against the crucial role of HLA-B*27
misfolding in the ER for SpA development.

Studies from human subjects are also inconclusive. While in
one study, elevated ER stress and UPR activation was observed
in monocytes/macrophages from peripheral blood and synovial
fluid of AS patients (78), ER stress or UPR activation was not
seen in other studies with peripheral blood monocyte-derived
macrophages from HLA-B*27t AS patients (79, 80). UPR
activation was also not observed in the gut of individuals with
AS (40). Of note, HLA-B*27 has recently been shown to lower
the threshold for UPR induction, and UPR might be activated
in AS patients by a combination of HLA-B*27 misfolding and
infection by certain bacteria (81). In addition, there appears to
be a relationship between autophagy and IL-23 expression in the
ileum of HLA-B*27" AS patients (40).

Cell Surface HLA-B*27 FHC and B*27,

Regulate Immune Responses

HLA-B*27 FHC or B*27, are expressed on the cell surface,
and these aberrant forms of HLA-B*27 could be generated
in the endosomes during the constitutive recycling of the
cell surface HLA-B*27 molecules (82). These non-conventional
HLA-B*27 conformers are suggested to be more readily detected
in HLA-B*27% AS patients than HLA-B*27" healthy donors
(83). Inhibiting HLA-B*27, with the monoclonal antibody HD6
prevented IL-17 secretion by PBMCs from HLA-B*27% SpA
patients (83). These findings suggest cell surface aberrant HLA-
B*27 conformers might be induced in SpA and play important
roles in SpA pathogenesis.

Leukocyte immunoglobulin (Ig)-like receptors (LILR), such
as LILRAI, LILRB2 (84), and LILRB5 (85) are shown to
recognize HLA-B*27 FHC or B*27,. B*27, also binds to the
paired immunoglobulin-like receptors (PIR) in rodents (86),
which share homology in their ligand binding domains to
the LILR families in humans. How the interaction between
B*27, and LILR/PIR connects to enhanced inflammation is not

yet well-established. On the other hand, HLA-B*27 FHC and
B*27, were reported to bind the killer cell immunoglobulin-
like receptor (KIR)-KIR3DL2 more strongly than other ligands
(87). Engagement of KIR3DL2 by B*27, promotes the survival
of KIR3DL2" NK cells, and peripheral blood NK cells from
SpA patients showed higher cytotoxicity than those from RA
patients and healthy controls (88). In addition to NK cells,
KIR3DL2 is also expressed on CD4™ T cells. The engagement of
KIR3DL2 by HLA-B*27 FHC and B*27, was shown to increase
the survival and proliferation of Th17 cells from AS patients (89),
consistent with the finding that Th17 cells are enriched in the
peripheral blood and synovial fluid of patients with early axSpA
(90). Importantly, if the interaction between aberrant HLA-B*27
conformers and a specific receptor is critical for AS pathogenesis,
this receptor is likely to be conserved across species, given that
HLA-B*27 induces AS or AS-like disease in both human and
rodent animals.

Role of ERAP

Although there is a strong association between HLA-B*27 and
AS, a majority of the HLA-B*27 individuals never develop
disease, implying that HLA-B*27 is not the only risk factor.
In addition to cytokine pathways discussed previously, GWAS
studies have shown that the ER aminopeptidase ERAP1 has
strong genetic association with AS, in addition to HLA-B*27 (34).
ERAP1 and ERAP2 are ER-localized aminopeptidases, which
trim ER peptides at the N-terminus to produce peptides of
optimal length for HLA-I binding and presentation (91). ERAP1
association is only significant in specific subsets of individuals
who are HLA-B*27% (92) or HLA-B*40" (66), implying that
AS development depends on the combined effect of HLA-B
and ERAPI. The association between ERAP1 and HLA-B*27
has been widely studied. As an ER-localized aminopeptidase,
ERAPI influences both the quality and quantity of peptides
available for HLA-B*27 in the ER, and thus, influences the
peptide repertoire of HLA-B*27 expressed on the cell surface.
ERAP1 single nucleotide polymorphisms (SNP), which are
distinctly associated with AS, are proposed to cause differences
in peptide cleavage efficiency and substrate selectivity, further
emphasizing the importance of peptide loading of HLA-B*27
in AS pathogenesis. The most significant ERAP polymorphisms
associated with AS include rs30187, that encodes the K528R
variant, and rs27044, that encodes the Q730E variant (33, 93).
In general, K528 is associated with more efficient cleavage,
while Q730 is associated with increased preference for shorter
peptides. However, the effect of each residue on peptide cleavage
efficiency is not absolute, but rather is dependent on ERAP1
polymorphisms at other residues (94, 95). Early studies have
shown that ERAPI allotypes with high cleavage efficiency are
risk factors for AS development, while allotypes with diminished
activity are protective. Follow-up studies from Reeves et al.
suggest that, based on their cleavage efficiencies, ERAP1 variants
can be roughly divided into hyperactive (over-trimming), normal
and hypoactive (inefficient trimming) allotypes. Hyperactive
allotypes are always detrimental and hypoactive allotypes are
detrimental when two are co-expressed, and these scenarios are
uniquely present in AS patients (95). The study also found that
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ERAP1 allotype combinations from AS patients are less efficient
in promoting HLA-B*27:05 expression than those from non-
AS controls, suggesting abnormal peptide cleavage (either too
strong or too weak) and inefficient peptide loading of HLA-
B*27 are responsible for AS onset (95). However, this theory was
challenged by analysis of ERAP1 SNP haplotypes from a larger
cohort of AS patients and RA controls, which argues that ERAP1
allele combinations in AS patients reported by Reeves et al. are
pretty rare, and that most ERAPI allele combinations from AS
patients are shared with RA controls and do not necessarily
contain one hyperactive allotype or two hypoactive allotypes (96).
Clearly, further studies are needed to better understand ERAP
variant prevalence and functions in SpA.

One possible consequence of the presence of risk ERAP1
allotypes is that they exclusively produce arthritogenic peptides,
while the other possible consequence is that they induce HLA-
B*27 misfolding and expression of aberrant forms of HLA-
B*27, resulting from abnormal peptide trimming in the ER,
which causes a shortage of optimal peptides for HLA-B*27
loading. The current data on the effect of ERAP1 polymorphisms
on the cell surface expression of misfolded HLA-B*27 are
still controversial (97-99). This is at least in part due to
the complex effects of polymorphic residues on the function
of ERAPI. Predictions of the cleavage efficiencies of ERAP1
allotypes based on individual residue occurrences, frequently
adopted in the literature, may not be fully accurate, and the
effects of altered cleavage efficiencies could be variable for
different HLA-B allotypes. In addition, the combined effects
of ERAP1 and ERAP2 should be considered. ERAP1 and
ERAP2 can form heterodimers to trim peptides with enhanced
efficiency (100). Polymorphisms of ERAP2 also affect its
activity (91) and thus the genotype of ERAP2 is an important
consideration while studying the effect of ERAP1 on HLA-
B*27 misfolding.

CONCLUDING REMARKS

HLA-B*27 associated with the development of articular and
extra-articular manifestations of SpA. Presence of HLA-B*27 also

REFERENCES

1. Rudwaleit M. New approaches to diagnosis and classification of axial
and peripheral spondyloarthritis. Curr Opin Rheumatol. (2010) 22:375-80.
doi: 10.1097/BOR.0b013e32833ac5cc

2. Stolwijk C, van Onna M, Boonen A, van Tubergen A. Global prevalence of
spondyloarthritis: a systematic review and meta-regression analysis. Arthritis
Care Res. (2016) 68:1320-31. doi: 10.1002/acr.22831

3. Schmitt SK. Reactive arthritis. Infect Dis Clin North Am. (2017) 31:265-77.
doi: 10.1016/j.idc.2017.01.002

4. Chi CC, Tung TH, Wang J, Lin YS, Chen YE Hsu TK, et al. Risk
of uveitis among people with psoriasis: a nationwide cohort study.
JAMA Ophthalmol. (2017) 135:415-22. doi: 10.1001/jamaophthalmol.20
17.0569

5. Smith JA. Update on ankylosing spondylitis:
in  pathogenesis. ~Curr Allergy  Asthma  Rep.
doi: 10.1007/s11882-014-0489-6

current
(2015)

concepts
15:489.

drives structural damage in the axial skeletal of individuals with
axSpA. These clinical associations have brought to focus the role
of HLA-B*27 in the pathogenesis of SpA. Since HLA-I molecules
are highly polymorphic, the unique properties of HLA-B*27 have
drawn much attention. Accumulating evidence implicates HLA-
B*27 molecules in disease through a number of mechanisms,
including presenting arthritogenic peptides, misfolding and
induction of UPR, and producing aberrant conformers on the
cell surface that engage innate immune receptors. However, the
primary causal factor is yet to be identified. Misfolding and
aberrant structural variants of HLA-B27 are linked to the IL-
23/1L-17 axis, which was shown to be critical from GWAS studies
and trials of novel biologic therapies. Recent advances indicate
that SpA is caused by a combination of HLA-B*27 and other
genetic factors. It is important to recognize that, although the
association with HLA-B*27 is strong, various forms of SpA also
occur in individuals carrying other HLA-B alleles. Studies of the
common characteristics of HLA-B*27 with such allotypes might
shed further light on the pathogenesis of SpA.

AUTHOR CONTRIBUTIONS

CK, JG, and MR designed the review structure. CK and JG
wrote and edited the manuscript. MR, SB, and VN edited the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by the National Institute of Allergy and
Infectious Diseases of the National Institutes of Health,

United States (Grants RO01AI044115, and R21AI126054
to MR).
ACKNOWLEDGMENTS

We thank the many contributors to the field and all present and
previous members of the Raghavan lab for their contributions to
HLA class I projects.

6. De Vos M, Mielants H, Cuvelier C, Elewaut A, Veys E. Long-term evolution
of gut inflammation in patients with spondyloarthropathy. Gastroenterology.
(1996) 110:1696-703. doi: 10.1053/gast.1996.v110.pm8964393

7. Karreman MC, Luime JJ, Hazes JMW, Weel A. The prevalence and incidence
of axial and peripheral spondyloarthritis in inflammatory bowel disease:
a systematic review and meta-analysis. ] Crohns Colitis. (2017) 11:631-42.
doi: 10.1093/ecco-jcc/jjwl99

8. Ward MM, Deodhar A, Gensler LS, Dubreuil M, Yu D, Khan MA, et al.
2019 update of the American College of Rheumatology/Spondylitis
Association of America/Spondyloarthritis Research and treatment
network recommendations for the treatment of ankylosing spondylitis
and nonradiographic axial spondyloarthritis. Arthritis Care Res. (2019)
71:1285-99. doi: 10.1002/acr.24025

9. Hersh AH, Stecher RM, Solomon WM, Wolpaw R, Hauser H. Heredity in
ankylosing spondylitis. Am ] Hum Genet. (1950) 2:391-408.

10. Rudwaleit M, Haibel H, Baraliakos X, Listing J, Marker-Hermann E, Zeidler
H, et al. The early disease stage in axial spondylarthritis: results from

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 601518


https://doi.org/10.1097/BOR.0b013e32833ac5cc
https://doi.org/10.1002/acr.22831
https://doi.org/10.1016/j.idc.2017.01.002
https://doi.org/10.1001/jamaophthalmol.2017.0569
https://doi.org/10.1007/s11882-014-0489-6
https://doi.org/10.1053/gast.1996.v110.pm8964393
https://doi.org/10.1093/ecco-jcc/jjw199
https://doi.org/10.1002/acr.24025
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Kavadichanda et al.

HLA-B27 and SpA

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

the German spondyloarthritis inception cohort. Arthritis Rheum. (2009)
60:717-27. doi: 10.1002/art.24483

Arevalo M, Gratacos Masmitja J, Moreno M, Calvet ], Orellana C, Ruiz
D, et al. Influence of HLA-B27 on the ankylosing spondylitis phenotype:
results from the REGISPONSER database. Arthritis Res Ther. (2018) 20:221.
doi: 10.1186/s13075-018-1724-7

Lin H, Gong YZ. Association of HLA-B27 with ankylosing spondylitis and
clinical features of the HLA-B27-associated ankylosing spondylitis: a meta-
analysis. Rheumatol Int. (2017) 37:1267-80. doi: 10.1007/s00296-017-3741-2
Chung HY, Machado P, van der Heijde D, D’Agostino MA, Dougados M.
HLA-B27 positive patients differ from HLA-B27 negative patients in clinical
presentation and imaging: results from the DESIR cohort of patients with
recent onset axial spondyloarthritis. Ann Rheum Dis. (2011) 70:1930-6.
doi: 10.1136/ard.2011.152975

Maksymowych WP, Wichuk S, Dougados M, Jones H, Szumski A,
Bukowski JE et al. MRI evidence of structural changes in the sacroiliac
joints of patients with non-radiographic axial spondyloarthritis even in
the absence of MRI inflammation. Arthritis Res Ther. (2017) 19:126.
doi: 10.1186/s13075-017-1342-9

Dougados M, Sepriano A, Molto A, van Lunteren M, Ramiro S, de
Hooge M, et al. Sacroiliac radiographic progression in recent onset axial
spondyloarthritis: the 5-year data of the DESIR cohort. Ann Rheum Dis.
(2017) 76:1823-8. doi: 10.1136/annrheumdis-2017-211596

Coates LC, Baraliakos X, Blanco FJ, Blanco-Morales E, Braun J, Chandran
V, et al. The phenotype of axial spondyloarthritis: is it dependent on HLA-
B27 status? Arthritis Care Res. (2020) doi: 10.1002/acr.24174. [Epub ahead
of print].

Chandran V. Genetic Determinants of Psoriatic Arthritis (PhD thesis) (2013).
Queiro R, Sarasqueta C, Belzunegui J, Gonzalez C, Figueroa M, Torre-
Alonso JC. Psoriatic spondyloarthropathy: a comparative study between
HLA-B27 positive and HLA-B27 negative disease. Semin Arthritis Rheum.
(2002) 31:413-8. doi: 10.1053/sarh.2002.33470

Salvarani C, Fries W. Clinical features and epidemiology of
spondyloarthritides associated with inflammatory bowel disease. World |
Gastroenterol. (2009) 15:2449-55. doi: 10.3748/wjg.15.2449

Kavadichanda CG, Seth G, Kumar G, Gulati R, Negi VS. Clinical correlates of
HLA-B*27 and its subtypes in enthesitis-related arthritis variant of juvenile
idiopathic arthritis in south Indian Tamil patients. Int ] Rheum Dis. (2019)
22:1289-96. doi: 10.1111/1756-185X.13551

Adrovic A, Barut K, Sahin S, Kasapcopur O. Juvenile spondyloarthropathies.
Curr Rheumatol Rep. (2016) 18:55. doi: 10.1007/s11926-016-0603-y

Watad A, Cuthbert RJ, Amital H, McGonagle D. Enthesitis: much more
than focal insertion point inflammation. Curr Rheumatol Rep. (2018) 20:41.
doi: 10.1007/s11926-018-0751-3

Gracey E, Dumas E, Yerushalmi M, Qaiyum Z, Inman RD, Elewaut D. The
ties that bind: skin, gut and spondyloarthritis. Curr Opin Rheumatol. (2019)
31:62-9. doi: 10.1097/BOR.0000000000000569

Van Praet L, Van den Bosch FE, Jacques P, Carron P, Jans L, Colman
R, et al. Microscopic gut inflammation in axial spondyloarthritis: a
multiparametric predictive model. Ann Rheum Dis. (2013) 72:414-7.
doi: 10.1136/annrheumdis-2012-202135

Taurog JD, Richardson JA, Croft JT, Simmons WA, Zhou M, Fernandez-
Sueiro JL, et al. The germfree state prevents development of gut and
joint inflammatory disease in HLA-B27 transgenic rats. ] Exp Med. (1994)
180:2359-64. doi: 10.1084/jem.180.6.2359

Lin P, Bach M, Asquith M, Lee AY, Akileswaran L, Stauffer P, et al. HLA-B27
and human beta2-microglobulin affect the gut microbiota of transgenic rats.
PL0oS ONE. (2014) 9:e105684. doi: 10.1371/journal.pone.0105684

Costello ME, Ciccia F, Willner D, Warrington N, Robinson PC, Gardiner
B, et al. Brief report: intestinal dysbiosis in ankylosing spondylitis. Arthritis
Rheumatol. (2015) 67:686-91. doi: 10.1002/art.38967

Tito RY, Cypers H, Joossens M, Varkas G, Van Praet L, Glorieus E,
et al. Brief report: dialister as a microbial marker of disease activity in
spondyloarthritis. Arthritis Rheumatol. (2017) 69:114-21. doi: 10.1002/art.
39802

Breban M, Tap ], Leboime A, Said-Nahal R, Langella P, Chiocchia G, et al.
Faecal microbiota study reveals specific dysbiosis in spondyloarthritis. Ann
Rheum Dis. (2017) 76:1614-22. doi: 10.1136/annrheumdis-2016-211064

30.

31

32.

33.

34.

35.

36.

37.

38.

40.

41.

42.

43.

44,

45.

46.

Ansalone C, Utriainen L, Milling S, Goodyear CS. Role of gut inflammation
in altering the monocyte compartment and its osteoclastogenic potential
in HLA-B27-transgenic rats. Arthritis Rheumatol. (2017) 69:1807-15.
doi: 10.1002/art.40154

Asquith M, Davin S, Stauffer P, Michell C, Janowitz C, Lin P, et al. Intestinal
metabolites are profoundly altered in the context of HLA-B27 expression and
functionally modulate disease in a rat model of spondyloarthritis. Arthritis
Rheumatol. (2017) 69:1984-95. doi: 10.1002/art.40183

Ciccia F, Guggino G, Rizzo A, Alessandro R, Luchetti MM, Milling S, et al.
Dysbiosis and zonulin upregulation alter gut epithelial and vascular barriers
in patients with ankylosing spondylitis. Ann Rheum Dis. (2017) 76:1123-32.
doi: 10.1136/annrheumdis-2016-210000

Wellcome Trust Case Control Consortium, Australo-Anglo-American
Spondylitis Consortium, Burton PR, Clayton DG, Cardon LR, Craddock
N, et al. Association scan of 14,500 nonsynonymous SNPs in four
diseases identifies autoimmunity variants. Nat Genet. (2007) 39:1329-37.
doi: 10.1038/ng.2007.17

Australo-Anglo-American Spondyloarthritis Consortium, Reveille JD, Sims
AM, Danoy P, Evans DM, Leo P, et al. Genome-wide association study of
ankylosing spondylitis identifies non-MHC susceptibility loci. Nat Genet.
(2010) 42:123-7. doi: 10.1038/ng.513

Ellinghaus D, Jostins L, Spain SL, Cortes A, Bethune J, Han B, et al. Analysis
of five chronic inflammatory diseases identifies 27 new associations and
highlights disease-specific patterns at shared loci. Nat Genet. (2016) 48:510—
8. doi: 10.1038/ng.3528

Duerr RH, Taylor KD, Brant SR, Rioux JD, Silverberg MS, Daly MJ, et al. A
genome-wide association study identifies IL23R as an inflammatory bowel
disease gene. Science. (2006) 314:1461-3. doi: 10.1126/science.1135245
Ciccia F, Bombardieri M, Principato A, Giardina A, Tripodo C, Porcasi
R, et al. Overexpression of interleukin-23, but not interleukin-17, as an
immunologic signature of subclinical intestinal inflammation in ankylosing
spondylitis. Arthritis Rheum. (2009) 60:955-65. doi: 10.1002/art.24389
Wang X, Lin Z, Wei Q, Jiang Y, Gu J. Expression of IL-23 and IL-17 and
effect of IL-23 on IL-17 production in ankylosing spondylitis. Rheumatol Int.
(2009) 29:1343-7. doi: 10.1007/s00296-009-0883-x

. DeLay ML, Turner MJ, Klenk EI, Smith JA, Sowders DP, Colbert RA. HLA-

B27 misfolding and the unfolded protein response augment interleukin-
23 production and are associated with Th17 activation in transgenic rats.
Arthritis Rheum. (2009) 60:2633-43. doi: 10.1002/art.24763

Ciccia F Accardo-Palumbo A, Rizzo A, Guggino G, Raimondo S, Giardina
A, et al. Evidence that autophagy, but not the unfolded protein response,
regulates the expression of IL-23 in the gut of patients with ankylosing
spondylitis and subclinical gut inflammation. Ann Rheum Dis. (2014)
73:1566-74. doi: 10.1136/annrheumdis-2012-202925

Raychaudhuri ~ SP,  Raychaudhuri ~ SK. = IL-23/IL-17  axis in
spondyloarthritis-bench to bedside. Clin Rheumatol. (2016) 35:1437-41.
doi: 10.1007/s10067-016-3263-4

Kontoyiannis D, Pasparakis M, Pizarro T'T, Cominelli F, Kollias G. Impaired
on/off regulation of TNF biosynthesis in mice lacking TNF AU-rich
elements: implications for joint and gut-associated immunopathologies.
Immunity. (1999) 10:387-98. doi: 10.1016/S1074-7613(00)80038-2

Jacques P, Lambrecht S, Verheugen E, Pauwels E, Kollias G, Armaka M, et al.
Proof of concept: enthesitis and new bone formation in spondyloarthritis
are driven by mechanical strain and stromal cells. Ann Rheum Dis. (2014)
73:437-45. doi: 10.1136/annrheumdis-2013-203643

McGonagle D, Stockwin L, Isaacs J, Emery P. An enthesitis based
model for the pathogenesis of spondyloarthropathy. additive effects of
microbial adjuvant and biomechanical factors at disease sites. ] Rheumatol.
(2001) 28:2155-9.

Sherlock JP, Joyce-Shaikh B, Turner SP, Chao CC, Sathe M, Grein J, et al. IL-
23 induces spondyloarthropathy by acting on ROR-yt™ CD3TCD4~CD8~
entheseal resident T cells. Nat Med. (2012) 18:1069-76. doi: 10.1038/nm.2817
Deodhar A, Poddubnyy D, Pacheco-Tena C, Salvarani C, Lespessailles E,
Rahman P, et al. Efficacy and safety of ixekizumab in the treatment of
radiographic axial spondyloarthritis: sixteen-week results from a phase III
randomized, double-blind, placebo-controlled trial in patients with prior
inadequate response to or intolerance of tumor necrosis factor inhibitors.
Arthritis Rheumatol. (2019) 71:599-611. doi: 10.1002/art.40753

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 601518


https://doi.org/10.1002/art.24483
https://doi.org/10.1186/s13075-018-1724-7
https://doi.org/10.1007/s00296-017-3741-2
https://doi.org/10.1136/ard.2011.152975
https://doi.org/10.1186/s13075-017-1342-9
https://doi.org/10.1136/annrheumdis-2017-211596
https://doi.org/10.1002/acr.24174
https://doi.org/10.1053/sarh.2002.33470
https://doi.org/10.3748/wjg.15.2449
https://doi.org/10.1111/1756-185X.13551
https://doi.org/10.1007/s11926-016-0603-y
https://doi.org/10.1007/s11926-018-0751-3
https://doi.org/10.1097/BOR.0000000000000569
https://doi.org/10.1136/annrheumdis-2012-202135
https://doi.org/10.1084/jem.180.6.2359
https://doi.org/10.1371/journal.pone.0105684
https://doi.org/10.1002/art.38967
https://doi.org/10.1002/art.39802
https://doi.org/10.1136/annrheumdis-2016-211064
https://doi.org/10.1002/art.40154
https://doi.org/10.1002/art.40183
https://doi.org/10.1136/annrheumdis-2016-210000
https://doi.org/10.1038/ng.2007.17
https://doi.org/10.1038/ng.513
https://doi.org/10.1038/ng.3528
https://doi.org/10.1126/science.1135245
https://doi.org/10.1002/art.24389
https://doi.org/10.1007/s00296-009-0883-x
https://doi.org/10.1002/art.24763
https://doi.org/10.1136/annrheumdis-2012-202925
https://doi.org/10.1007/s10067-016-3263-4
https://doi.org/10.1016/S1074-7613(00)80038-2
https://doi.org/10.1136/annrheumdis-2013-203643
https://doi.org/10.1038/nm.2817
https://doi.org/10.1002/art.40753
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Kavadichanda et al.

HLA-B27 and SpA

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Braun ], Baraliakos X, Deodhar A, Poddubnyy D, Emery P, Delicha EM,
et al. Secukinumab shows sustained efficacy and low structural progression
in ankylosing spondylitis: 4-year results from the MEASURE 1 study.
Rheumatology. (2019) 58:859-68. doi: 10.1093/rheumatology/key375
Deodhar A, Gensler LS, Sieper ], Clark M, Calderon C, Wang Y, et al.
Three multicenter, randomized, double-blind, placebo-controlled studies
evaluating the efficacy and safety of ustekinumab in axial spondyloarthritis.
Arthritis Rheumatol. (2019) 71:258-70. doi: 10.1002/art.40728

Baeten D, Ostergaard M, Wei JC, Sieper ], Jarvinen P, Tam LS,
et al. Risankizumab, an IL-23 inhibitor, for ankylosing spondylitis:
results of a randomised, double-blind, placebo-controlled, proof-of-concept,
dose-finding phase 2 study. Ann Rheum Dis. (2018) 77:1295-302.
doi: 10.1136/annrheumdis-2018-213328

Araujo EG, Englbrecht M, Hoepken S, Finzel S, Kampylafka E,
Kleyer A, et al. Effects of ustekinumab versus tumor necrosis factor
inhibition on enthesitis: results from the enthesial clearance in psoriatic
arthritis (ECLIPSA) study. Semin Arthritis Rheum. (2019) 48:632-7.
doi: 10.1016/j.semarthrit.2018.05.011

Cuthbert RJ, Fragkakis EM, Dunsmuir R, Li Z, Coles M, Marzo-Ortega H,
et al. Brief report: group 3 innate lymphoid cells in human enthesis. Arthritis
Rheumatol. (2017) 69:1816-22. doi: 10.1002/art.40150

Cuthbert R], Watad A, Fragkakis EM, Dunsmuir R, Loughenbury P, Khan
A, et al. Evidence that tissue resident human enthesis gammadeltaT-cells can
produce IL-17A independently of IL-23R transcript expression. Ann Rheum
Dis. (2019) 78:1559-65. doi: 10.1136/annrheumdis-2019-215210

Reinhardt A, Yevsa T, Worbs T, Lienenklaus S, Sandrock I, Oberdorfer L,
et al. Interleukin-23-dependent gamma/delta T Cells produce interleukin-
17 and accumulate in the enthesis, aortic valve, and ciliary body in mice.
Arthritis Rheumatol. (2016) 68:2476-86. doi: 10.1002/art.39732

Kenna TJ, Davidson SI, Duan R, Bradbury LA, McFarlane J, Smith M, et al.
Enrichment of circulating interleukin-17-secreting interleukin-23 receptor-
positive gamma/delta T cells in patients with active ankylosing spondylitis.
Arthritis Rheum. (2012) 64:1420-9. doi: 10.1002/art.33507

Lories RJ, Matthys P, de Vlam K, Derese I, Luyten FP. Ankylosing enthesitis,
dactylitis, and onychoperiostitis in male DBA/1 mice: a model of psoriatic
arthritis. Ann Rheum Dis. (2004) 63:595-8. doi: 10.1136/ard.2003.013599
Capkova J, Ivanyi P. H-2 influence on ankylosing enthesopathy of the ankle
(ANKENT). Folia Biol. (1992) 38:258-62.

van der Heijde D, Landewe R. Inhibition of spinal bone formation in AS:
10 years after comparing adalimumab to OASIS. Arthritis Res Ther. (2019)
21:225. doi: 10.1186/s13075-019-2045-1

McGonagle D, Marzo-Ortega H, O’Connor P, Gibbon W, Pease C, Reece R,
et al. The role of biomechanical factors and HLA-B27 in magnetic resonance
imaging-determined bone changes in plantar fascia enthesopathy. Arthritis
Rheum. (2002) 46:489-93. doi: 10.1002/art.10125

Lories R], Luyten FP, de Vlam K. Progress in spondylarthritis. Mechanisms of
new bone formation in spondyloarthritis. Arthritis Res Ther. (2009) 11:221.
doi: 10.1186/ar2642

Lories R], Derese I, Luyten FP. Modulation of bone morphogenetic protein
signaling inhibits the onset and progression of ankylosing enthesitis. J Clin
Invest. (2005) 115:1571-9. doi: 10.1172/JCI23738

Lories R], Derese I, Ceuppens JL, Luyten FP. Bone morphogenetic proteins
2 and 6, expressed in arthritic synovium, are regulated by proinflammatory
cytokines and differentially modulate fibroblast-like synoviocyte apoptosis.
Arthritis Rheum. (2003) 48:2807-18. doi: 10.1002/art.11389

Xie Z, Wang P, Li Y, Deng W, Zhang X, Su H, et al. Imbalance between
bone morphogenetic protein 2 and Noggin induces abnormal osteogenic
differentiation of mesenchymal stem cells in ankylosing spondylitis. Arthritis
Rheumatol. (2016) 68:430-40. doi: 10.1002/art.39433

El-Zayadi AA, Jones EA, Churchman SM, Baboolal TG, Cuthbert RJ, El-
Jawhari JJ, et al. Interleukin-22 drives the proliferation, migration and
osteogenic differentiation of mesenchymal stem cells: a novel cytokine
that could contribute to new bone formation in spondyloarthropathies.
Rheumatology. (2017) 56:488-93. doi: 10.1093/rheumatology/kew384
Grandon B, Rincheval-Arnold A, Jah N, Corsi JM, Araujo LM, Glatigny
S, et al. HLA-B27 alters BMP/TGEFp signalling in Drosophila, revealing
putative pathogenic mechanism for spondyloarthritis. Ann Rheum Dis.
(2019) 78:1653-62. doi: 10.1136/annrheumdis-2019-215832

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Liu CH, Raj S, Chen CH, Hung KH, Chou CT, Chen IH, et al
HLA-B27-mediated activation of TNAP phosphatase promotes pathogenic
syndesmophyte formation in ankylosing spondylitis. J Clin Invest. (2019)
129:5357-73. doi: 10.1172/JCI125212

Cortes A, Pulit SL, Leo PJ, Pointon JJ, Robinson PC, Weisman MH, et al.
Major histocompatibility complex associations of ankylosing spondylitis are
complex and involve further epistasis with ERAP1. Nat Commun. (2015)
6:7146. doi: 10.1038/ncomms8146

Schittenhelm RB, Sian TC, Wilmann PG, Dudek NL, Purcell AW. Revisiting
the arthritogenic peptide theory: quantitative not qualitative changes in
the peptide repertoire of HLA-B27 allotypes. Arthritis Rheumatol. (2015)
67:702-13. doi: 10.1002/art.38963

Bowness P. Hla-B27. Annu Rev  Immunol.
doi: 10.1146/annurev-immunol-032414-112110

Cauli A, Shaw J, Giles ], Hatano H, Rysnik O, Payeli S, et al. The arthritis-
associated HLA-B*27:05 allele forms more cell surface B27 dimer and free
heavy chain ligands for KIR3DL2 than HLA-B*27:09. Rheumatology. (2013)
52:1952-62. doi: 10.1093/rheumatology/ket219

Lim Kam Sian TCC, Indumathy S, Halim H, Greule A, Cryle MJ, Bowness
P, et al. Allelic association with ankylosing spondylitis fails to correlate with
human leukocyte antigen B27 homodimer formation. J Biol Chem. (2019)
294:20185-95. doi: 10.1074/jbc.RA119.010257

Laloux L, Voisin MC, Allain J, Martin N, Kerboull L, Chevalier X,
et al. Immunohistological study of entheses in spondyloarthropathies:
comparison in rheumatoid arthritis and osteoarthritis. Ann Rheum Dis.
(2001) 60:316-21. doi: 10.1136/ard.60.4.316

Gracey E, Yao Y, Qaiyum Z, Lim M, Tang M, Inman RD. Altered cytotoxicity
profile of CD8+ T cells in ankylosing spondylitis. Arthritis Rheumatol.
(2020) 72:428-34. doi: 10.1002/art.41129

Fiorillo MT, Maragno M, Butler R, Dupuis ML, Sorrentino R. CcD8*t T-
cell autoreactivity to an HLA-B27-restricted self-epitope correlates with
ankylosing spondylitis. J Clin Invest. (2000) 106:47-53. doi: 10.1172/JCI9295
Atagunduz P, Appel H, Kuon W, Wu P, Thiel A, Kloetzel PM,
et al. HLA-B27-restricted CD8+ T cell response to cartilage-derived self
peptides in ankylosing spondylitis. Arthritis Rheum. (2005) 52:892-901.
doi: 10.1002/art.20948

Taurog JD, Dorris ML, Satumtira N, Tran TM, Sharma R, Dressel R,
et al. Spondylarthritis in HLA-B27/human f;-microglobulin-transgenic rats
is not prevented by lack of CD8. Arthritis Rheum. (2009) 60:1977-84.
doi: 10.1002/art.24599

Turner MJ, Sowders DP, DeLay ML, Mohapatra R, Bai S, Smith JA,
et al. HLA-B27 misfolding in transgenic rats is associated with activation
of the unfolded protein response. | Immunol. (2005) 175:2438-48.
doi: 10.4049/jimmunol.175.4.2438

Tran TM, Dorris ML, Satumtira N, Richardson JA, Hammer RE, Shang
J, et al. Additional human B2-microglobulin curbs HLA-B27 misfolding
and promotes arthritis and spondylitis without colitis in male HLA-
B27-transgenic rats. Arthritis Rheum. (2006) 54:1317-27. doi: 10.1002/art.
21740

Feng Y, Ding J, Fan CM, Zhu P. Interferon-y contributes to HLA-B27-
associated unfolded protein response in spondyloarthropathies. ] Rheumatol.
(2012) 39:574-82. doi: 10.3899/jrheum.101257

Zeng L, Lindstrom MJ, Smith JA. Ankylosing spondylitis macrophage
production of higher of response  to
lipopolysaccharide without induction of a significant unfolded protein
response. Arthritis Rheum. (2011) 63:3807-17. doi: 10.1002/art.30593
Ambarus CA, Yeremenko N, Baeten DL. Altered cytokine expression by
macrophages from HLA-B27-positive spondyloarthritis patients without
evidence of endoplasmic reticulum stress. Rheumatol Adv Pract. (2018)
2:rky014. doi: 10.1093/rap/rky014

Antoniou AN, Lenart I, Kriston-Vizi ], Iwawaki T, Turmaine M, McHugh
K, et al. Salmonella exploits HLA-B27 and host unfolded protein responses
to promote intracellular replication. Ann Rheum Dis. (2019) 78:74-82.
doi: 10.1136/annrheumdis-2018-213532

Bird LA, Peh CA, Kollnberger S, Elliott T, McMichael AJ, Bowness P.
Lymphoblastoid cells express HLA-B27 homodimers both intracellularly and
at the cell surface following endosomal recycling. Eur | Immunol. (2003)
33:748-59. doi: 10.1002/¢ji.200323678

(2015)  33:29-48.

levels interleukin-23 in

Frontiers in Immunology | www.frontiersin.org

10

March 2021 | Volume 12 | Article 601518


https://doi.org/10.1093/rheumatology/key375
https://doi.org/10.1002/art.40728
https://doi.org/10.1136/annrheumdis-2018-213328
https://doi.org/10.1016/j.semarthrit.2018.05.011
https://doi.org/10.1002/art.40150
https://doi.org/10.1136/annrheumdis-2019-215210
https://doi.org/10.1002/art.39732
https://doi.org/10.1002/art.33507
https://doi.org/10.1136/ard.2003.013599
https://doi.org/10.1186/s13075-019-2045-1
https://doi.org/10.1002/art.10125
https://doi.org/10.1186/ar2642
https://doi.org/10.1172/JCI23738
https://doi.org/10.1002/art.11389
https://doi.org/10.1002/art.39433
https://doi.org/10.1093/rheumatology/kew384
https://doi.org/10.1136/annrheumdis-2019-215832
https://doi.org/10.1172/JCI125212
https://doi.org/10.1038/ncomms8146
https://doi.org/10.1002/art.38963
https://doi.org/10.1146/annurev-immunol-032414-112110
https://doi.org/10.1093/rheumatology/ket219
https://doi.org/10.1074/jbc.RA119.010257
https://doi.org/10.1136/ard.60.4.316
https://doi.org/10.1002/art.41129
https://doi.org/10.1172/JCI9295
https://doi.org/10.1002/art.20948
https://doi.org/10.1002/art.24599
https://doi.org/10.4049/jimmunol.175.4.2438
https://doi.org/10.1002/art.21740
https://doi.org/10.3899/jrheum.101257
https://doi.org/10.1002/art.30593
https://doi.org/10.1093/rap/rky014
https://doi.org/10.1136/annrheumdis-2018-213532
https://doi.org/10.1002/eji.200323678
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Kavadichanda et al.

HLA-B27 and SpA

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Payeli SK, Kollnberger S, Marroquin Belaunzaran O, Thiel M, McHugh
K, Giles J, et al. Inhibiting HLA-B27 homodimer-driven immune cell
inflammation in spondylarthritis. Arthritis Rheum. (2012) 64:3139-49.
doi: 10.1002/art.34538

Allen RL, Raine T, Haude A, Trowsdale ], Wilson M]J. Leukocyte
receptor complex-encoded immunomodulatory receptors show differing
specificity for alternative HLA-B27 structures. J Immunol. (2001) 167:5543-
7. doi: 10.4049/jimmunol.167.10.5543

Zhang Z, Hatano H, Shaw J, Olde Nordkamp M, Jiang G, Li D, et al.
The leukocyte immunoglobulin-like receptor family member LILRB5
binds to HLA-class I heavy chains. PLoS ONE. (2015) 10:¢0129063.
doi: 10.1371/journal.pone.0129063

Kollnberger S, Bird LA, Roddis M, Hacquard-Bouder C, Kubagawa H,
Bodmer HC, et al. HLA-B27 heavy chain homodimers are expressed
in HLA-B27 transgenic rodent models of spondyloarthritis and are
ligands for paired Ig-like receptors. J Immunol. (2004) 173:1699-710.
doi: 10.4049/jimmunol.173.3.1699

Kollnberger S, Bird L, Sun MY, Retiere C, Braud VM, McMichael A,
et al. Cell-surface expression and immune receptor recognition of HLA-B27
homodimers. Arthritis Rheum. (2002) 46:2972-82. doi: 10.1002/art.10605
Chan AT, Kollnberger SD, Wedderburn LR, Bowness P. Expansion
and enhanced survival of natural killer cells expressing the Kkiller
immunoglobulin-like receptor KIR3DL2 in spondylarthritis. Arthritis
Rheum. (2005) 52:3586-95. doi: 10.1002/art.21395

Wong-Baeza I, Ridley A, Shaw J, Hatano H, Rysnik O, McHugh K, et al.
KIR3DL2 binds to HLA-B27 dimers and free H chains more strongly than
other HLA class I and promotes the expansion of T cells in ankylosing
spondylitis. J Immunol. (2013) 190:3216-24. doi: 10.4049/jimmunol.1202926
Shen H, Goodall JC, Gaston JS. Frequency and phenotype of T helper 17
cells in peripheral blood and synovial fluid of patients with reactive arthritis.
J Rheumatol. (2010) 37:2096-9. doi: 10.3899/jrheum.100146

Lopez de Castro JA. How ERAP1 and ERAP2 shape the peptidomes
of disease-associated MHC-I proteins. Front Immunol. (2018) 9:2463.
doi: 10.3389/fimmu.2018.02463

Evans DM, Spencer CC, Pointon JJ, Su Z, Harvey D, Kochan G, et al.
Interaction between ERAP1 and HLA-B27 in ankylosing spondylitis
implicates peptide handling in the mechanism for HLA-B27 in disease
susceptibility. Nat Genet. (2011) 43:761-7. doi: 10.1038/ng.873

Harvey D, Pointon JJ, Evans DM, Karaderi T, Farrar C, Appleton LH,
et al. Investigating the genetic association between ERAP1 and ankylosing
spondylitis. Hum Mol Genet. (2009) 18:4204-12. doi: 10.1093/hmg/ddp371

94.

95.

96.

97.

98.

99.

100.

Martin-Esteban A, Gomez-Molina P, Sanz-Bravo A, Lopez de Castro
JA. Combined effects of ankylosing spondylitis-associated ERAP1
polymorphisms outside the catalytic and peptide-binding sites on the
processing of natural HLA-B27 ligands. J Biol Chem. (2014) 289:3978-90.
doi: 10.1074/jbc.M113.529610

Reeves E, Colebatch-Bourn A, Elliott T, Edwards CJ, James E. Functionally
distinct ERAP1 allotype combinations distinguish individuals with
ankylosing spondylitis. Proc Natl Acad Sci USA. (2014) 111:17594-9.
doi: 10.1073/pnas.1408882111

Roberts AR, Appleton LH, Cortes A, Vecellio M, Lau ], Watts L, et al. ERAP1
association with ankylosing spondylitis is attributable to common genotypes
rather than rare haplotype combinations. Proc Natl Acad Sci USA. (2017)
114:558-61. doi: 10.1073/pnas.1618856114

Haroon N, Tsui FW, Uchanska-Ziegler B, Ziegler A, Inman RD.
Endoplasmic reticulum aminopeptidase 1 (ERAP1) exhibits functionally
significant interaction with HLA-B27 and relates to subtype specificity
in ankylosing spondylitis. Ann Rheum Dis. (2012) 71:589-95.
doi: 10.1136/annrheumdis-2011-200347

Tran TM, Hong S, Edwan JH, Colbert RA. ERAP1 reduces accumulation
of aberrant and disulfide-linked forms of HLA-B27 on the cell surface. Mol
Immunol. (2016) 74:10-7. doi: 10.1016/j.molimm.2016.04.002

Chen L, Ridley A, Hammitzsch A, Al-Mossawi MH, Bunting H,
Georgiadis D, et al. Silencing or inhibition of endoplasmic reticulum
aminopeptidase 1 (ERAP1) suppresses free heavy chain expression and Th17
responses in ankylosing spondylitis. Ann Rheum Dis. (2016) 75:916-23.
doi: 10.1136/annrheumdis-2014-206996

Evnouchidou I, Weimershaus M, Saveanu L, van Endert P. ERAP1-ERAP2
dimerization increases peptide-trimming efficiency. J Immunol. (2014)
193:901-8. doi: 10.4049/jimmunol.1302855

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Kavadichanda, Geng, Bulusu, Negi and Raghavan. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

11

March 2021 | Volume 12 | Article 601518


https://doi.org/10.1002/art.34538
https://doi.org/10.4049/jimmunol.167.10.5543
https://doi.org/10.1371/journal.pone.0129063
https://doi.org/10.4049/jimmunol.173.3.1699
https://doi.org/10.1002/art.10605
https://doi.org/10.1002/art.21395
https://doi.org/10.4049/jimmunol.1202926
https://doi.org/10.3899/jrheum.100146
https://doi.org/10.3389/fimmu.2018.02463
https://doi.org/10.1038/ng.873
https://doi.org/10.1093/hmg/ddp371
https://doi.org/10.1074/jbc.M113.529610
https://doi.org/10.1073/pnas.1408882111
https://doi.org/10.1073/pnas.1618856114
https://doi.org/10.1136/annrheumdis-2011-200347
https://doi.org/10.1016/j.molimm.2016.04.002
https://doi.org/10.1136/annrheumdis-2014-206996
https://doi.org/10.4049/jimmunol.1302855
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Spondyloarthritis and the Human Leukocyte Antigen (HLA)-B27 Connection
	Introduction
	HLA-B27 and Disease Phenotype of SpA
	Gut Inflammation in SpA
	Enthesitis in SpA
	New Bone Proliferation

	Role of HLA-B27 in SpA Pathogenesis
	Arthritogenic Peptide Theory: HLA–B27 Presents Specific Antigens to CD8+ T Cells
	HLA-B27 Induces ER Stress
	Cell Surface HLA–B27 FHC and B272 Regulate Immune Responses
	Role of ERAP

	Concluding Remarks
	Author Contributions
	Funding
	Acknowledgments
	References


