1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Mol Immunol. 2014 January ; 57(1): . doi:10.1016/j.molimm.2013.07.013.

HLA-B27 Misfolding and Ankylosing Spondylitis

Robert A. Colbert, Tri M. Tran, and Gerlinde Layh-Schmitt
Pediatric Translational Research Branch, National Institute of Arthritis and Musculoskeletal and
Skin Diseases, National Institutes of Health, Bethesda, MD, USA

Abstract

Understanding how HLA-B27 contributes to the pathogenesis of spondyloarthritis continues to be
an important goal. Current efforts are aimed largely on three areas of investigation; peptide
presentation to CD8 T cells, abnormal forms of the HLA-B27 heavy chain and their recognition
by leukocyte immunoglobulin-like receptors on immune effector cells, and HLA-B27 heavy chain
misfolding and intrinsic biological effects on affected cells. In this chapter we review our current
understanding of the causes and consequences of HLA-B27 misfolding, which can be defined
biochemically as a propensity to oligomerize and form complexes in the endoplasmic reticulum
(ER) with the chaperone BiP (HSPA5/GRP78). HLA-B27 misfolding is linked to an unusual
combination of polymorphisms that identify this allele, and cause the heavy chain to fold and load
peptides inefficiently. Misfolding can result in ER-associated degradation (ERAD) of heavy
chains, which is mediated in part by the E3 ubiquitin ligase HRD1 (SYVNL), and the ubiquitin
conjugating enzyme UBE2JL. Upregulation of HLA-B27 and accumulation of misfolded heavy
chains can activate ER stress signaling pathways that orchestrate the unfolded protein response. In
transgenic rats where HLA-B27 is overexpressed, UPR activation is prominent. However, it is
specific for heavy chain misfolding, since overexpression of HLA-B7, an allele that does not
misfold, fails to generate ER stress. UPR activation has been linked to cytokine dysregulation,
promoting IL-23, IFNp, and IL-1a production, and may activate the 1L-23/1L-17 axis in these rats.
IL-1a and IFNP are pro- and anti-osteoclastogenic cytokines, respectively, that modulate
osteoclast development in HLA-B27-expressing transgenic rat monocytes. Translational studies of
patient derived cells expressing HLA-B27 at physiologic levels have provided evidence that ER
stress and UPR activation can occur in peripheral blood, but this has not been reported to date in
isolated macrophages. Inflamed gastrointestinal tissue reveals evidence for HLA-B27 misfolding,
ERAD, and autophagy, without acute UPR activation. A more complete picture of conditions that
impact HLA-B27 folding and misfolding, the full spectrum and time course of consequences of
ER stress, and critical cell types involved is needed to understand the role of HLA-B27 misfolding
in spondyloarthritis pathogenesis.
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Introduction

The group of diseases considered under the rubric of spondyloarthritis, affects around 1% of
the population, and constitutes an important area of clinical, translational, and basic
investigation in rheumatology (Dougados and Baeten, 2011; Helmick et al., 2008).
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Ankylosing spondylitis, the prototypic form of spondyloarthritis, affects up to 0.5% of
individuals in several populations, and is associated with the greatest disease burden.
Despite considerable advances in treatment of ankylosing spondylitis with TNF inhibitors
the goal of remission off medication remains elusive, and it is unclear whether structural
damage can be slowed (Song and Maksymowych, 2012). Our understanding of genetic
susceptibility to ankylosing spondylitis has grown immensely in the last several years with
genome-wide association studies involving tens of thousands of patients and unaffected
controls (Burton et al., 2007; Cortes et al., 2013; Evans et al., 2011; Reveille et al., 2010).
What has emerged is a rich mixture of over two-dozen genes (or genomic regions) that
together with HLA-B27 result in a chronic inflammatory disease with a predilection for the
axial skeleton, entheseal inflammation, and altered bone homeostasis. Combined with
translational and animal studies of pathogenesis, new pathways and potential targets have
been implicated in ankylosing spondylitis and related diseases (Bowness et al., 2011; DelLay
et al., 2009; Kenna et al., 2012; Layh-Schmitt and Colbert, 2008; Shen et al., 2009; Sherlock
etal., 2012; Wendling et al., 2007). Despite these advances, our understanding of the most
upstream molecular mechanisms that are likely to include effects of HLA-B27 in ankylosing
spondylitis is far from complete (Colbert et al., 2010). Revealing these mechanisms
continues to be an important goal as it offers the best chance to induce sustained remission
and change disease outcome. The purpose of this review is to provide an update on our
understanding of HLA-B27 misfolding in the context of other normal and abnormal features
of this allele, and how this may contribute to our understanding of pathogenesis. We will
consider known and potential consequences of misfolding, highlighting what has been
learned from animal models as well as human studies.

Unusual Features of HLA-B27

There are three principle features of HLA-B27 that are known to distinguish it from other
major histocompatibility complex (MHC) class | molecules. These include peptide binding
specificity (Jardetzky et al., 1991; Madden et al., 1993), a tendency to misfold (Dangoria et
al., 2002; Mear et al., 1999), and a predilection for forming heavy chain homodimers during
cell surface recycling (Allen et al., 1999; Bird et al., 2003; Kollnberger et al., 2002). Each of
these properties has been hypothesized independently to play a role in the pathogenesis of
spondyloarthritis (Benjamin and Parham, 1990; Colbert, 2000; Edwards et al., 2000)
(summarized in Figure 1). In the absence of definitive data to suggest otherwise, it is
possible that more than one mechanism is involved. Although multiple mechanisms would
seem to violate the principle that “plurality should not be posited without necessity”
(Occam’s Razor) a single explanation may not be adequate. Part of the difficulty in
resolving these question relates to the fact that many of the polymorphisms that determine
the unique peptide binding specificity also cause it to misfold and dimerize (Allen et al.,
1999; Antoniou et al., 2004; Dangoria et al., 2002).

HLA-B27 Misfolding

Historical Perspective

The tendency of HLA-B27 to misfold was discovered serendipitously. Mutagenesis studies
revealed that the B pocket in the peptide-binding groove conferred a slow folding phenotype
that resulted in endoplasmic reticulum (ER)-associated degradation (ERAD) of a portion of
newly synthesized heavy chains in transfected as well as EBV-transformed B cells with a
single copy of HLA-B27, indicating that this was not an overexpression phenomenon (Mear
etal., 1999). This occurred in transfected as well as EBV-transformed cells with a single
copy of HLA-B27, indicating it was not an overexpression phenomenon. ERAD of other
alleles was not found, and replacing the entire B pocket with residues from HLA-A2
corrected the abnormality, suggesting specificity and a possible relationship to peptide
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selection. Moreover, peptide-binding studies revealed a requirement for 30-fold more
peptide to induce proper folding of HLA-B27, due solely to the change in B pocket residues.
Subsequent studies showed that newly synthesized HLA-B27 heavy chains oligomerized in
disulfide-linked complexes, including dimer-sized structures whose formation was
dependent on the unpaired cysteine at position 67 (Cys®”) (Dangoria et al., 2002). While
these studies revealed that Cys®’ could be involved in oligomerization, it was not sufficient
alone for oligomerization, as mutations that induced rapid folding also prevented the
formation of disulfide-linked complexes, even when Cys®’ was present. Thus the
relationship between individual amino acid residues and the abnormal behavior of HLA-B27
is complex, and cannot be inferred without expression and functional studies. Subsequent
work has revealed that other unpaired Cys residues in HLA-B27 can contribute to the
formation of disulfide-linked complexes (Fussell et al., 2008; Lenart et al., 2012). These
studies used innovative methods that trap and modify cysteine residues in their native state,
and thus enable visualization of unique structures after electrophoresis. This has revealed
multiple species of oligomerized heavy chains, and more complexity than previously
appreciated including intra- and inter-molecular disulfide-linked complexes. More work is
needed to fully understand the aberrant behavior of HLA-B27.

ERAD of MHC class | was initially described for situations where misfolding was induced
by heavy chain expression in the absence of om, or when the peptide supply to the ER was
dramatically limited by genetic deletion of peptide transporter subunits (Hughes et al.,
1997). ERAD involves deglycosylation and dislocation of the heavy chain from the ER into
the cytosol, with subsequent ubiquitination and proteasome-mediated degradation. Recent
studies have shown that ubiquitination requires the E3 ubiquitin ligase HRD1 (SYVNL1 or
synoviolin), and the E2 ubiquitin conjugating enzyme UBE2J1 (Burr et al., 2011).
Interestingly, in the absence of HRD1 misfolded HLA-B27 oligomers accumulated in HeLa
cells, even in the presence of an intact class | assembly pathway, providing further evidence
for HLA-B27 misfolding and demonstrating that ERAD is important for the clearance of
these aberrant complexes (Burr et al., 2011). These studies raise the possibility that
overexpression of HRD1 and/or UBE2J1 might prevent the accumulation of HLA-B27
oligomers. However, it should be noted that widespread HRD1 overexpression in mice can
have detrimental consequences, including the development of arthropathy (Amano et al.,
2003).

The ER chaperone BiP (HSPA5/GRP78) binds transiently to many ER-synthesized proteins,
including MHC class | heavy chains (Noessner and Parham, 1995). In contrast, newly
synthesized HLA-B27 heavy chains exhibit a prolonged association with BiP, and stable
complexes can be readily purified at steady state from transfected cells expressing HLA-B27
using the HC10 antibody (Colbert et al., 2010). HC10 recognizes a subset of HLA-B and C
heavy chains before they completely fold (pre-folded) and associate with pom (Stam et al.,
1986), as well as unfolded heavy chains that have lost fom and peptide. It also recognizes
HLA-B27 oligomers and dimers that are considered misfolded (see below) (Dangoria et al.,
2002). In contrast, HLA-B27 complexes purified using the antibody W6/32 contain fom and
exhibit no association with BiP. BiP has been shown to bind predominantly to oligomers of
HLA-B27 in cells from HLA-B27/human Bom (hpom) transgenic rats (Tran et al., 2004).
Since BIiP binds transiently to class | heavy chains that do not dimerize, it seems likely that
binding to HLA-B27 would precede dimerization. BiP binds to exposed hydrophobic
regions of proteins to prevent self-association, but is found associated with disulfide-bonded
aggregates of other proteins that misfold (Molinari et al., 2002; Molinari et al., 2005). It
might remain bound to HLA-B27 as a consequence of oligomerization. The biochemical
details of these processes for HLA-B27 have not been elucidated.
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Influence of HLA Class | Assembly Pathway Components

Although misfolding of HLA-B27 might imply the formation of specific structures such as
dimers, our current definition is primarily functional. Evidence of misfolding is based on
oligomerization, prolonged BiP binding and ER accumulation of heavy chains, together with
evidence of ERAD. For certain proteins that misfold, ERAD is so efficient that the aberrant
protein does not accumulate, and thus the consequences of misfolding are due to loss of the
functional gene product. It should be noted that when HLA-B27 is expressed in cells
depleted of ER peptides due to TAP transporter deficiency, oligomers are not readily
observed despite significant accumulation of unfolded heavy chains (Dangoria et al., 2002),
suggesting that peptides are required for HLA-B27 oligomerization. This is of particular
importance given evidence that polymorphisms in intracellular peptidases that can influence
the quality and quantity of peptides available for presentation by HLA class | molecules
affect susceptibility to ankylosing spondylitis (Cortes et al., 2013; Evans et al., 2011).
Interestingly, the genetic effect of ERAPL (ER aminopeptidase-1), which trims peptides in
the ER, is limited to HLA-B27 positive individuals (Evans et al., 2011), while ERAP2 and/
or LNPEP (leucyl/cystinyl aminopeptidase), and possibly NPEPPS (puromycin sensitive
aminopeptidase) variants appear to be independently associated with disease (Cortes et al.,
2013). These observations, together with the effects of peptide supply on HLA-B27
misfolding, suggest a complex relationship that will need to be elucidated with careful
investigations.

Consequences of Protein Misfolding in the ER

Protein misfolding has a variety of biological effects depending on the nature and quantity
of the protein that misfolds, the severity of the defect, where the protein is synthesized, the
sufficiency of quality control processes, and how cells or tissues respond to the
accumulation of aberrant proteins. Our understanding of protein quality control and its
complexity has grown tremendously, and with it an appreciation for the importance of
protein misfolding and its consequences for the pathogenesis of a number of diseases. For
interested readers, Gregersen and Bross recently provided a comprehensive overview of the
cellular response to protein misfolding, highlighting the cytosolic, mitochondrial, and
endoplasmic reticulum compartmentalization of protein quality control and unfolded protein
responses (Gregersen and Bross, 2010). The ER is the major cellular compartment where
secreted and membrane bound proteins are synthesized and folded, and in some cases such
as MHC class | heavy chains, where they are loaded with cargo. For the purposes of this
review we will focus our attention on the ER.

The accumulation of misfolded or even unfolded proteins can perturb ER function resulting
in ER stress (summarized in Figure 2). Quality control processes such as ERAD may be able
to prevent the accumulation of misfolded proteins and thus circumvent an ER stress
response (Ellgaard and Helenius, 2003). However, whether or not a misfolded protein is
efficiently and completely degraded by ERAD depends on a host of factors that remain
incompletely understood. In recent years it has become apparent that autophagy also plays
an important role in maintaining ER homeostasis and is part of a larger ‘integrated stress
response’ (Kroemer et al., 2010). Autophagy is a conserved and tightly regulated pathway
whereby cellular contents can be sequestered and targeted for lysosomal degradation (Kundu
and Thompson, 2008). Autophagy can dispose of cellular components either in a non-
specific (bulk autophagy, or simply autophagy) or specific fashion (chaperone-mediated
autophagy). Basal levels of autophagy occur in most cells, and this pathway can be
dramatically upregulated during cellular differentiation or by a number of stimuli including
nutrient deprivation, accumulation of misfolded proteins or protein aggregation, and is also
important for sequestration and elimination of intracellular microbes. Autophagy can be
activated by ER stress through at least two signal transducers. Eukaryotic initiation
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factor-2a (elF2a) kinase (PERK, encoded by EIF2AK3) activation can lead to
transcriptional induction of key autophagy genes, LC3 and ATG5 particularly under hypoxic
conditions (Rouschop et al., 2010). This is mediated by PERK-induced elF2a
phosphorylation, which results in translational induction of ATF4 and CHOP transcription
factors that induce autophagy genes. Interestingly, X-box binding protein-1 (XBP1) has
been reported to be a negative regulator of autophagy (Hetz et al., 2009). In the absence of
XBP1, basal autophagy is increased which enhances the turnover of mutant SOD-1 in an
animal model of amyotrophic lateral sclerosis, thereby increasing resistance to disease (Hetz
et al., 2009). More recent studies have implicated the protein product of the unspliced XBP1
mMRNA (XBP1u) in this process, since it can control the turnover of FOXO1, a key
transcription factor that upregulates autophagy genes and can also activate ATG7 and
autophagy through direct binding (Vidal and Hetz, 2013; Zhao et al., 2013). XBP1u can
bind to activated FOXO1, targeting it for proteasomal degradation, and thus limiting basal
autophagy. Therefore, lower levels of XBP1u due to a gene deletion, or possibly due to
Inositol requiring-1 (IRE1)-mediated splicing of XBP1u during acute ER stress could reduce
levels of XBP1u protein and activate autophagy. However, IRE1 activation can increase
autophagy through JNK1 (Jun N-terminal kinase-1) phosphorylation (Ogata et al., 2006).
Since the dominant effect of acute ER stress is to activate autophagy, the role of XBP1u may
come later. Since ER stress can upregulate XBP1u expression, XBP1u may be more
important in later stages dampening the autophagic response to ER stress (Kroemer et al.,
2010).

Consequences of HLA-B27 Misfolding

Our current understanding of many of the consequences of HLA-B27 misfolding, derive
from experiments using transgenic rats. Consequently we will briefly review key aspects of
this animal model.

HLA-B27 Transgenic Rats

There are currently two animal models of HLA-B27-associated disease in rats (Hammer et
al., 1990; Tran et al., 2006). In 1990, Taurog and colleagues demonstrated that
overexpression of HLA-B27 together with hom could induce ‘spontaneous’
spondyloarthritis-like disease, with inflammatory bowel disease in virtually 100% of rats,
but a lower frequency of peripheral and minimal axial arthritis (Taurog et al., 1999) (SpA-1)
(Figure 3). In SpA-1, disease occurs in rats with 40 copies of the HLA-B27 transgene
together with 30 copies of h,m, but not 20 copies of HLA-B27 and 15 copies of hom
(Taurog et al., 1993). HLA-B27 heavy chain (and hp,m) expression is greater with higher
transgene copy number, indicating a critical threshold produced between 20 and 40 copies.
However, it is important to note that comparable overexpression of the HLA-B7 heavy chain
in rats (from 52 copies of HLA-B7 and 10 copies of hpom) does not cause disease (Taurog et
al., 1999), and thus non-specific overexpression of an HLA class | allele is not sufficient.

The second rat model of spondyloarthritis (SpA-2) occurs with 20 as well as 55 copies of
HLA-B27, but requires greater overexpression of hom from an additional 35 copies of this
transgene (Tran et al., 2006). Interestingly, in SpA-2, rats with 20 copies of HLA-B27 are
not affected with IBD or arthritis, but the extra hp,m causes more frequent and severe
arthritis and spondylitis, better resembling ankylosing spondylitis (Figure 3). It remains
unclear how the additional h,m causes arthritis and spondyloarthritis. It reduces free heavy
chain expression on the cell surface of PBMC (peripheral blood mononuclear cell)
subpopulations without increasing levels of folded HLA-B27. The extra hom promotes
HLA-B27 folding and reduces oligomerization, but it does not eliminate it (see below). In
transgenic rats with 55 copies of HLA-B27, IBD is not changed by the additional hp,m, yet
arthritis and spondylitis are more frequent and more severe (Tran et al., 2006). Whether the
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affect of extra hom on the spondyloarthritis phenotype is exerted through HLA-B27 or
independently is not clear. It is possible that the additional h,m induces biological effects
on cells such as fibroblasts and macrophages (Hou et al., 2001; Miyata et al., 1996; Schmidt
et al., 2001). Since hf3om overexpression in the absence of HLA-B27 does not cause disease,
any off-target effect must still require a biological effect of HLA-B27.

The ability of HLA-B27 to cause spondyloarthritis in a high percentage of transgenic rats in
the absence of any other known predisposing genes is quite remarkable given the situation in
humans, where 95-99% of HLA-B27 positive individuals remain healthy (Reveille, 2012).
It could be that HLA-B27 overexpression overcomes the need for additional susceptibility
alleles, and promotes the highly penetrant phenotype. There is evidence that homozygosity
for HLA-B27 carries an increased risk for developing ankylosing spondylitis (Jaakkola et
al., 2006), and that increased HLA-B27 expression in human PBMCs is associated with
disease (Cauli et al., 2002; Cauli et al., 2012). Copy number variation at the HLA-B locus in
humans has not been reported or to our knowledge examined in ankylosing spondylitis. It
would be interesting to examine low copy number HLA-B27 transgenic rats with genetic
modifications that mimic other ankylosing spondylitis susceptibility alleles to see if this
promotes disease.

HLA-B27-Induced UPR Activation

In early studies of HLA-B27 misfolding in transgenic rats, we focused on the question of
whether there was sufficient misfolding to generate ER stress and activate the UPR. This
was apparent in bone marrow macrophages from rats with established disease, but in young
healthy animals, UPR activation only became apparent during upregulation of HLA-B27
(Turner et al., 2007; Turner et al., 2005). We established a strong correlation between the
magnitude of HLA-B27 induction by interferons (IFN) and TNFa and upregulation of the
ER chaperone, BiP (Turner et al., 2007). Induction of HLA-B27 led to increased formation
of disulfide-linked HLA-B27 oligomers and a large increase in the accumulation of BiP-
bound heavy chains indicating exacerbated misfolding. To determine whether UPR
activation simply reflected the overexpression of an HLA class | heavy chain, we compared
HLA-B7 transgenic rats with a similar HLA-B transgene copy number (52 vs. 55 for HLA-
B27). HLA-B7 overexpression and upregulation fails to activate ER stress signaling
pathways despite levels of HLA class | heavy chain expression comparable to HLA-B27.
Moreover, we find no evidence of HLA-B7 oligomerization or BiP binding (Colbert et al.,
2010; Turner et al., 2007). It is also notable that the ratio of unfolded to folded heavy chains
at steady state and after upregulation with IFNy is considerably higher for HLA-B27 than
for HLA-B7.

HLA-B27 Misfolding and ER Stress in Low Copy Number Rats

The discovery that additional hp,m expression could alter the phenotype of HLA-B27
transgenic rats raised the important question of whether misfolding and UPR activation were
affected, and ultimately whether this experiment could inform the relationship between these
phenomena and disease (Tran et al., 2006). Additional hom overexpression promoted HLA-
B27 folding as evidenced by more rapid conversion of unfolded heavy chains to folded
trimolecular complexes (Tran et al., 2006), and attenuated but did not eliminate
oligomerization. When lectin (con-A)-activated splenocytes were examined, additional h,m
overexpression was associated with a reduction in BiP mRNA levels of approximately 25%,
with relative expression being reduced to a level seen in non-transgenic or HLA-B7
transgenic rats. This led to the suggestion that UPR triggering, although potentially
important for colitis, was unlikely to be involved in the arthritis component of disease.
However, subsequent studies examining macrophages from these rats and under conditions
of HLA-B27 upregulation, revealed that UPR activation is still quite robust, and only
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diminished in magnitude by additional h,m (Colbert et al., 2010). Enhanced cytokine
expression as a consequence of UPR activation was still present (discussed below). Con-A-
activated splenocytes do not exhibit substantial upregulation of HLA-B27 or activation of
the UPR, even from high copy number rats (Turner et al., 2007). These results underscore
the importance of understanding how HLA-B27 expression and ER stress affect different
cell types, including those most directly linked to disease pathogenesis. In addition, UPR
activation may be a double-edged sword. Strong and unmitigated UPR activation, while
having the potential to be strongly pro-inflammatory in one context, might lead to premature
apoptotic cell death thus limiting inflammation and having a beneficial effect in another
context. We also know little about effects of chronic protein misfolding and adaptation,
which might be reflected in differences in baseline BiP expression that alter the
responsiveness of cells to further stressors.

UPR and Cytokine Regulation

Several studies have revealed convergence between UPR signaling pathways and cytokine
regulatory networks. XBP1 is synthesized from the spliced form of the XBP1 mRNA
(XBP1s), which is generated by IRE1a (encoded by ERN1) following ER stress activation.
In addition to functioning as a transcriptional promoter for many UPR target genes including
those in the ERAD pathway, XBP1s can bind to a downstream enhancer in I1fnbl and
promote transcription and IFNp production following ER stress (Smith et al., 2008b; Zeng et
al., 2010). The effect on IFNp production is small unless other stimulators of the Ifnb1 gene
such as TLR3/TLR4 agonists are present, whereupon synergistic induction is seen (Smith et
al., 2008b). Martinon and colleagues have shown that IRELa/XBP1 play a role in TLR-
mediated regulation of IL-6 and TNFa (Martinon et al., 2010). In particular, after several
hours of treatment with TLR4 or TLR2 agonists, IRE1a activation and XBP1 splicing were
seen without PERK or activating transcription factor-6 (ATF6) activation, indicating that a
full UPR was not activated. The TLR-mediated IRE1a activation was dependent on the
NOX2 NADPH oxidase together with TRAF6 and required production of reactive oxygen
species (ROS). In these studies XBP1 was shown to be critical for full IL-6, TNFa, and
IFNP induction by TLR agonists. Thus XBP1 is important for normal expression of these
cytokines during an immune response, and can contribute to synergistic induction during ER
stress.

IL-23 production is also influenced by UPR activation (DeLay et al., 2009). There is
substantial synergistic induction of 1L-23p19 mRNA and production of active cytokine in
TLR3/TLRA4-treated macrophages experiencing ER stress induced either by pharmacologic
agents or by HLA-B27 upregulation (Colbert et al., 2010; DeLay et al., 2009). The UPR
effect on IL-23 is mediated by CHOP (C/EBP homologous protein 10, DDIT3), which is
induced via PERK activation, and binds to the IL23A promoter (Goodall et al., 2010). The
recent discovery that IL-23 receptor (IL23R) expressing T cells reside in the entheses, and
when triggered by systemic I1L-23 can produce spondyloarthritis, provides unique insights
into how this phenotype may develop in humans (Sherlock et al., 2012). These T cells are
unusual in that they resemble Th17 T cells but are CD4/CD8 negative (IL23R+/ROR-yt+/
Scal+/CD3+/CD8-/CD4-). They are covered in another chapter of this issue, and thus we
will not elaborate on their potential importance here, except to point out that this discovery
provides evidence contrary to the notion that tissue specific antigen presentation is a pre-
requisite for development of spondyloarthritis.

We recently found that bone marrow derived monocytes from HLA-B27 transgenic rats
produce more IL-1a as well as IFNP when ER stress is induced by TNFa-mediated
upregulation of HLA-B27 (Layh-Schmitt et al., 2013). This was discovered when we
observed that HLA-B27 expression promoted TNFa-induced osteoclast development from
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transgenic bone marrow monocytes, an effect that could be completely blocked with anti-
IL-1a neutralizing antibodies. Interestingly, we found that blocking IFNf resulted in an even
greater increase in TNFa-driven osteoclast formation. IFNP is known to antagonize pro-
osteoclastogenic effects of RANKL (receptor activator of NF-xB ligand) by autocrine
inhibition of RANKL-induced c-Fos expression (Takayanagi et al., 2002). This feedback
inhibitory loop plays an important role in regulation of osteoclast formation and bone
destruction during inflammation. We found no effect of HLA-B27 on RANKL-stimulated
osteoclastogenesis, consistent with the failure of RANKL to induce HLA-B27 expression,
accumulation of misfolded oligomers, and UPR activation. Furthermore, HLA-B7 had no
effect on TNFa-driven osteoclastogenesis, consistent with lack of ER stress in cells
expressing this allele. Our studies demonstrate that IFNP can play a role in TNFa-mediated
osteoclastogenesis in the context of HLA-B27 misfolding and ER stress-mediated
pathogenic mechanisms. Whether physiological levels of TNFa-induced IFNp (Yarilina et
al., 2008) inhibit osteoclastogenesis has not to our knowledge been examined. The
demonstration that HLA-B27 expression can promote the production of both pro- and anti-
osteoclastogenic cytokines is intriguing given the bone phenotype of ankylosing spondylitis
where bone loss and abnormal formation can occur in close proximity in vertebral bodies.

Together these studies demonstrate interesting and unexpected convergence of signaling
pathways and suggest that ER stress and its consequences may contribute to low-grade
tissue inflammation that is further enhanced by innate immune signaling through TLR
pathways. In addition, generation of ER stress in HLA-B27-expressing cells exposed to
TNFa and IFNs may alter the cellular response to these cytokines and change the biological
outcome in ways that are relevant to disease pathogenesis. This latter concept has
implications for how we think about HLA-B27 and disease. For example, cell intrinsic
effects of HLA-B27 that alter osteoclast development or possibly osteoblast function would
be considered downstream in pathogenesis, yet play a critical in the alteration of bone
homeostasis. These effects of HLA-B27 may not be pro-inflammatory, but rather serve to
modulate the response to pro-inflammatory signals.

Cell Type Dependence

HLA class | molecules are nearly ubiquitously expressed, and thus misfolding of an HLA-B
allele has the potential to affect a variety of cell types. However, cell types differ in their
basal and inducible expression of HLA class I, and in their ability to handle misfolded
proteins, so biological effects can vary or be limited. For example, splenocytes (primarily T
and B lymphocytes) from HLA-B27 transgenic rats accumulate significant amounts of
HLA-B27 heavy chain monomers and disulfide-linked oligomers, yet exhibit little increase
in HLA-B27 expression when treated with IFNy (<2-fold), and no significant upregulation
of BiP or activation of XBP1 splicing (Turner et al., 2007). Prior to cytokine treatment,
splenocytes expressing HLA-B27 have about 2-fold higher levels of BiP mRNA, and exhibit
low levels of ongoing XBP1 splicing (2—-3%) that are higher than non-transgenic cells,
suggesting low level UPR activation and/or adaptation to misfolded heavy chain expression.

Our recent studies on osteoclast development in HLA-B27 transgenic rats have revealed that
bone marrow monocytes are affected by HLA-B27 misfolding (Layh-Schmitt et al., 2013),
and similar effects can be seen in osteoblasts (unpublished observations). Other potentially
disease-relevant cells that need to be examined include mesenchymal and hematopoietic
stem cells and lineage progenitors, T/B/NK cells, and even fibroblasts. Although finding
effects in monocytes as well as macrophages (Smith et al., 2008b; Turner et al., 2007;
Turner et al., 2005) may not seem surprising, macrophages may be better suited to handle
misfolded proteins. Dickhout and colleagues have shown that monocyte to macrophage
differentiation is associated with UPR activation, which conferred cytoprotection from
further exposure to ER stress inducing agents (Dickhout et al., 2011).
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HLA-B27 Expression. Misfolding, and ER Stress in Human Cells and Tissues

Early studies of adherent synovial fluid macrophages from spondyloarthritis patients
compared to similar cells from individuals with rheumatoid arthritis showed greater
expression of BiP mRNA, suggesting the presence of a UPR (Gu et al., 2002). This
observation was confirmed and extended by Dong et al., who reported greater BiP protein
expression in macrophages from peripheral joints of subjects with ankylosing spondylitis
compared to osteoarthritis (Dong et al., 2008). There was also a correlation between
synovial fluid cytokines TNFa and IL-6 and macrophage BiP expression, and between
serum IL-6, disease activity and macrophage BiP (Dong et al., 2008). We wanted to address
the question of whether IFNy upregulation of HLA-B27 would activate the UPR in
macrophages from HLA-B27-positive ankylosing spondylitis subjects. To do this we
cultured peripheral blood monocytes in GM-CSF for 6—7 days to derive macrophages, but
found no significant upregulation of HLA-B transcripts with IFNy, nor did we see evidence
of UPR activation (Smith et al., 2008a). Subsequent studies by Zeng et al. using M-CSF-
derived macrophages obtained approximately 2-fold upregulation of HLA-B with IFNy that
did not activate the UPR (Zeng et al., 2011). In contrast, unfractionated PBMC from patients
with active ankylosing spondylitis and reactive arthritis have revealed evidence for UPR
activation in HLA-B27 positive subjects, and with IFNy treatment (Feng et al., 2012). One
study examining dendritic cells (DCs) derived from peripheral blood monocytes using IL-4
and GM-CSF over 5 days, followed by LPS maturation for 3 days, showed HLA class |
dimer formation in controls lacking HLA-B27 as well as in HLA-B27 positive patients
(Campbell et al., 2011). Although dimers were HC10 reactive, it was not clear whether they
were intracellular or located on the cell surface. BiP mRNA expression and XBP1 mRNA
splicing were unchanged at the end of the experiment, and thus there was no evidence for
ER stress occurring in either group. The absence of XBP1 splicing was unexpected since the
gene is required for DC maturation, and constitutive splicing has been noted in immature
DCs (Iwakoshi et al., 2007). It will be important to determine whether monocytes and
immature or mature DCs respond to cytokines and HLA-B upregulation similarly to PBMC.
It is clear that additional studies are needed to confirm UPR activation in PBMC from
ankylosing spondylitis patients, to define the cells that are exhibiting ER stress, and to
establish whether HLA-B27 is mediating this process.

Inflammatory gut lesions are present in up to 70% of ankylosing spondylitis patients
(Jacques et al., 2012), while an estimated 5-6% of patients have co-existing inflammatory
bowel disease. Recently Ciccia and colleagues have extensively evaluated the immunology
of subclinical inflammatory gut lesions in patients with ankylosing spondylitis. They
discovered that IL-23p19 is overexpressed in ileal tissue from ankylosing spondylitis
patients with chronic lesions, similar to individuals with Crohn’s disease (Ciccia et al.,
2009). However, ankylosing spondylitis patients lacked significant IL-17A upregulation or
other downstream or Thl cytokines that were seen in Crohn’s disease patients. Ankylosing
spondylitis patients exhibited increased IL-22 expression, and IL-22-producing NKp44 NK
cells that were hypothesized to be protective (Ciccia et al., 2012). More recently, potential
mechanisms for IL-23 overproduction were examined (Ciccia et al., 2013). Increased
expression of XBP1u was noted in chronic lesions from ankylosing spondylitis patients, but
other markers of an acute UPR such as BiP (HSPADb), protein disulfide isomerase-4
(PDIA4), or XBP1s were not elevated. However, there was strong evidence for activation of
the autophagy pathway in mononuclear cells in chronic lesions from ankylosing spondylitis
patients similar to Crohn’s disease. Unfolded or misfolded HLA-B heavy chains recognized
by the HC10 antibody were prominent in ankylosing spondylitis patients with chronic
inflammation, where increased staining for HRD1 (SYVN1) was also noted. Indeed, a
striking number of cells co-stained with HC10 and HRD1 in ankylosing spondylitis patients
but not Crohn’s disease or healthy controls. Moreover, folded heavy chains stained with
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W6/32 did not localize with HRD1. These studies are consistent with the possibility that
unfolded/misfolded HLA-B27 heavy chains may be accumulating in inflammatory gut
lesions of ankylosing spondylitis patients despite active ERAD. This might be linked to
activation of autophagy pathways as a mechanism to clear heavy chain aggregates either
without activating the UPR, or after transient UPR activation in affected cells. Blocked
autophagy has been shown to increase 1L-23 expression and secretion from dendritic cells
(Peral de Castro et al., 2012). However, the lack of SQSTM1 (sequestosome-1)
accumulation argued against this occurring in gut tissue. These important observations need
to be extended to better define the role of HLA-B27, and to establish whether autophagy is
activated in other cells and tissues, and ultimately whether this is related to the misfolding
and oligomerization of HLA-B27.

In our experience studying HLA-B27 transgenic rat cells, UPR activation is most readily
apparent when baseline expression of HLA-B27 begins low and is then maximally
upregulated. Some of the most prominent changes in expression are observed in cells
derived from the bone marrow, which is a difficult tissue to obtain routinely from research
subjects. In addition, the UPR is indeed a ‘response’ — a time dependent process that decays
over time particularly when ER stress is mild and can be resolved. This needs to be taken
into account when looking for evidence of UPR activation in cells and tissues.

Conclusions and Future Considerations

The evidence that HLA-B27 misfolds and can generate ER stress has many implications for
spondyloarthritis and ankylosing spondylitis pathogenesis. The altered response of cells
exhibiting UPR activation to innate immune stimuli can alter cytokine production.
Conceptually, the UPR or subsequent consequences like autophagy may act as additional
signals promoting production of certain pro-inflammatory cytokines such as IL-23, and thus
be situated upstream in pathogenesis. However, consequences of HLA-B27 misfolding
during the response to cytokines including TNFa and IFNy may play a more important
downstream role that contributes to the unique spondyloarthritis phenotype. Consequences
of HLA-B27 misfolding are prominent in transgenic rats where greater expression and
upregulation can be readily achieved. In human cells and tissues evidence for HLA-B27
misfolding and its consequences is accumulating, but not surprisingly effects are more subtle
and the spectrum of involved cells and tissues may be different. More work is needed to
better define the types of cells and conditions that elicit these responses. While UPR
activation is an important consequence of ER stress, it is not the only one. We need to better
understand the relationship between HLA-B27 misfolding, HRD1 overexpression and
ERAD, and activation of autophagy as a potential consequence of ER stress or the response
to other microbial stimuli.
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Figure 1.

Current hypotheses linking HLA-B27 to spondyloarthritis pathogenesis. (1) Arthritogenic
Peptides: Self peptides selected and presented by properly folded forms of HLA-B27
complexed with Bom have been hypothesized to be the target of autoreactive CD8+ T cells,
and serve as an upstream initiator of inflammation. (2) Recognition of Non-Canonical
HLA-B27: Naturally occurring cell surface HLA-B27 dimers are hypothesized to be
recognized by killer immunoglobulin receptors (such as KIR3DL?2) in the leukocyte
immunoglobulin-like receptor family (LILR), and trigger inflammation. (3) HLA-B27
Misfolding: The formation of misfolded oligomers and BiP binding by newly synthesized
HLA-B27 heavy chains causes ER stress, which has intrinsic effects on cellular function that
are hypothesized to promote development of spondyloarthritis. HLA-B27 can exhibit all
three of these behaviors in the same cell, and these concepts are not mutually exclusive.
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Figure 2.

Consequences of ER protein misfolding. Misfolded ER proteins may be eliminated by
ERAD, which involves dislocation from the ER to the cytosol, ubiquitination, and
proteasomal degradation. Autophagy contributes to the elimination of aberrant proteins,
particularly when ERAD is insufficient or when cytosolic proteins aggregate. ER protein
aggregates that do not activate stress response pathways can contribute to cellular
dysfunction. An acute ER stress response may be signaled when misfolded or unfolded
proteins sequester BiP, thus allowing activation of IRE1, PERK and ATF6. XBP1s and
ATF6p50 are active transcription factors, and elF2a phosphorylation (P) results in
translational induction of ATF4 and CHOP, two additional UPR transcription factors, that
together orchestrate transcriptional changes that enhance the cell’s ability to fold and secrete
proteins, thus reducing ER stress. Transcriptional changes subside after a successful UPR,
resulting in adaptation, which may alter the threshold for a subsequent ER stress response.
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Figure 3.

Comparison of the principle phenotypic features of rat and human spondyloarthritis. Rats
with 20-40 or more copies of the HLA-B27 transgene in the presence of 15-30 copies of
hBom develop spondyloarthritis-like inflammatory disease spontaneously, beginning shortly
after weaning. IBD develops in virtually 100% of HLA-B27 transgenic rats, while
peripheral and axial arthritis occur with significantly reduced frequency, and generally after
several months of age (Rat SpA-1). Human spondyloarthritis (undifferentiated
spondyloarthritis classified various ways) exhibits a more equal mix of IBD (Crohn’s
disease and ulcerative colitis), and peripheral and axial arthritis. Psoriatic arthritis and
psoriatic spondylitis are not represented here. Nevertheless, development of skin and nail
changes have been reported in HLA-B27 transgenic rats and psoriatic skin lesions occur in
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IL-23 overexpressing mice. Human AS represents the other end of the spectrum where axial
arthritis in the form of radiographic sacroiliitis occurs in 100% of affected individuals (by
definition), and peripheral arthritis and overt IBD are significantly less frequent. However,
sub-clinical IBD occurs in close to 70% of individuals with AS, with overt IBD in ~6%. A
second rat spondyloarthritis model (SpA-2; not shown) occurs with forced overexpression of
additional hpom (35 transgene copies) in rats with 20 or more copies of HLA-B27 and at
least 50 copies of hom. Rat SpA-2 does not require IBD, although this phenotypic feature
still occurs in high copy HLA-B27 transgenic rats with additional h,m. Both peripheral and
axial arthritis occur at much higher frequency and severity with additional h,m, but arthritis
is primarily restricted to male rats and requires epididymoorchitis.

Mol Immunol. Author manuscript; available in PMC 2015 January 01.



