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Abstract

Nowadays, understanding complex association among HLA-B27, ER stress pathways and Spondyloarthropathies (SpAs) has been considered to be important
situation. Hitherto, many theories have been claimed by researchers in order to explain this association, but HLA-B27 misfolding theory can be the key theory
among all theories. HLA-B27 misfolding is related to UPR (Unfolded Protein Response) and EOR (ER Overload Mechanism), since UPR mechanism protect ER
homeostasis against misfolded protein and EOR system provide normal ER function to work on accumulating protein. On the other hand, ER associated degradation
(ERAD) degrades unfolded or misfolded proteins which are re-translocated to cytosol for degradation. Present work aims to summarize the main pathways of UPR

and ERAD, and then to reveal the relation between the tendency of HLA-B27 to misfold, ER stress and SpAs, especially Ankylosing Spondylitis (AS).

Introduction

ER is a system of membranes, lies between cell membrane and
nucleus in most eukaryotic cells. ER contains small vesicles called
cisterns and tubules made of membranes. ER is named as rough ER or
granulated ER and agranulated ER depending on containing ribosome
on its outer surface or not, respectively. Because ER participates in
important cellular events as protein folding, biosynthesis of lipids,
intracellular membrane trafficking and intracellular calcium signaling;
ER is in the center of many studies [1-3].

The process that interrupts the physiologic functions of ER caused
by several factors as redox, pH change, hyperthermia, etc., is called ER
stress. First of all, the misfolded proteins are exported back to cytoplasm
for proteasomal degradation. The process is called ER-associated
degradation (ERAD). If protein accumulation occurs via impairment in
proper protein folding and forming unfolded and misfolded proteins,
ER stress response is initiated. ER stress stimulates the Unfolded
Protein Response (UPR) for recovering the stress conditions [4-6]. The
UPR orchestrate is initiated by three transmembrane proteins which
are localized in ER in physiologic conditions and inhibited by glucose
related protein 78 (Grp78) binding: Inositol Requiring 1 (IRE1), Protein
Kinase R-like ER Kinase (PERK), and Activating Transcription Factor
6 (ATF6) [7]. Figure 1 summarizes the UPR and ERAD pathways.

The inhibitory molecule, Grp78, was first discovered in fibroblastic
glucose-free cell culture medium [8]. Grp78 is also referred as
immunoglobulin binding protein (BiP) [9]. Grp78 is one of the ER
molecular chaperons that assist protein folding and localized in ER
lumen [10-13]. It has 60% amino acid homology with Heat Shock
Protein-70 (HSP70); homology domain also contains ATP-binding
domain which is necessary for its chaperon activity [14]. Main activity
of Grp78 in ER stress signaling is that it has inhibitory effect on UPR
regulators IRE1, PERK and ATF6 during stress-free conditions. After
having stress signals, Grp78 dissociates from UPR regulators and UPR
regulators become at ‘on state’ [15]. Proper protein folding is achieved by
N-linked protein glycosylation and dissociation of Grp78 is also related
with N-glycosylation. N-glycosylation is a co-translational and also a
post-translational modification of protein folding. Glucose or mannose
binding via N-glycosylation generates a docking site for molecular
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chaperons, calreticulin and calnexin, to help proper protein folding.
After forming intra-molecular disulfide bonds and non-covalent
bonds, carbohydrate group is released by glycosidase-II enzyme and
folded protein is sent to cytosol. If proper folding is not formed,
protein is sent to folding process again or sent to ERAD pathway for
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Figure 1. Unfolded and misfolded proteins are exported back to cytoplasm for degradation
by proteasomal system; the process is called ERAD system. Also unfolded and misfolded
protein accumulation cause UPR activation. UPR pathway is organized by three members:
IRE1, PERK and ATF6.
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ubiquitin- and ATP-dependent degradation by proteasomal system.
Unfolded or misfolded proteins have chemo-attractive sites for Grp78
so that Grp78 can leave the ER-resident transmembrane UPR regulator
molecules and attach to unfolded or misfolded proteins which cause
UPR pathway activation in response [6,16-19].

ER and Golgi together with proteasomal system have crucial roles
in immune system as sampling protein pool, antigen loading to human
leukocyte antigen (HLA) molecules and antigen presentation on cell
surface. So those ER and proteasomal system are important research
areas in immune system diseases [20]. As an example, ankylosing
spondylitis (AS), which is an autoinflammatory disease, has been shown
to be related with ER stress and HLA processing. Instead of undefined
molecular mechanism of AS and several suggested hypothesis, one of
the most accepted theory is HLA-B27 misfolding and ER stress. In
the present work, the current knowledge on the HLA-B27 folding,
misfolding and their relation with AS pathogenesis will be summarized.

HLA-B27, ER stress and spondyloarthropathies

HLA-B27, encoded in HLA-B locus at located on the short (p) arm
of chromosome 6 is a class of MHC class I molecule. Generally, peptide
presentation, formed from intracellular antigens, to CD8+ cytotoxic
T cells and acting as a ligand for Natural Killer cells are crucial
functions of MHC class I molecules. MHC class I molecules, which
are glycoproteins which can fold within the lumen of the endoplasmic
environment, in ER, are comprised a heavy chain noncovalently
associated with the light chain beta-2-microglobulin (f2m) and loaded
with a 8-13 amino acid long peptide [21,22].

HLA Class I molecules especially HLA-B27 exhibit unique protein
folding status that can conflict with ER quality control mechanism
and have tendency to switch to misfolded state [23]. Other two
unique features of HLA-B27, besides a tendency to misfolded state,
such as peptide binding specificity and ability for forming heavy
chain homodimers in cell surface recycling, three are also considered
to diversify it from among all other MHC Class I molecules [24-
25]. Tendency of HLA-B27 misfolding was discovered randomly
with mutagenesis studies that claim B pocket in the peptide binding
groove resulting in a slow folding phenotype and after ERAD of
newly synthesized heavy chains in experiments with transfected EBV-
transformed cells with a single copy of HLA-B27 [26].

HLA-B27 allele class is one of the most studied alleles among all
HLA molecules since they generally have significant relation between
Spondyloarthropathies [27]. Newly, importance of these molecules has
enlarged with studies that protective role has been discovered in viral
infection like AIDS and Hepatitis C [28,29]. HLA-B27 allele family
has differences from each other with one or a few amino acids in their
peptide binding groove region that have been reported to have an
association [27].

Among all Spondyloarthropathies (SpAs) that are known as
inflammatory arthritic conditions, HLA-B27 is associated to be
presented most typically with Ankylosing Spondyltis (AS) that is an
example of SpAs [30,31]. In all SpAs, MHC genes have been presented
with 40-50% genetic tendency and especially approximately 30% of the
tendency has been related with HLA-B27 [31-33]. Although, HLA-B27
expression ratio in AS patients is about 90-95%, the pathogenesis
of AS with HLA-B27 association has not to be enlighten, yet [23].
The possible role of HLA-B27 in pathogenesis of SpAs has several
difficulties to understand precisely, since genetic and environmental
elements of autoimmune diseases presentation that are known as
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complex and multifactorial disorder, increase the heterogeneity [34].
Subsequently, many theories, such as arthritogenic peptide hypothesis,
cell surface HLA-B27 homodimers hypothesis, enhanced survival of
some microbes in HLA-B27 cells hypothesis have been suggested to
enlighten the possible SpAs and HLA-B27 association but HLA-B27
misfolding is considered to be the most accepted theory (Figure 2).
Therefore, HLA-B27 misfolding theory is referred as the main focus
of this paper.

HLA-B27 misfolding and biochemical properties

Up to now, biochemical studies indicate that HLA-B27 can show
different biochemical pattern from most other MHC class I molecules.
HLA-B27 molecules has been assumed that they have unique
biochemical properties such as enhanced tendency to misfold and
susceptible to aggregation [24,27]. As a comparison to other HLA-B
molecules, the content of residues in B pocket, is the region where the
molecule binds to N-terminal motif of MHC class I associated peptides,
are quite remarkable and unique such as His9, Thr24, Glu45, Cys67,
Lys70, Ala71, and GIn97. These residues are sorted in the B pocket
and can bind the second anchor residue of associated peptides. Firstly,
this phenomenon was considered an evidence for HLA-B27-specific
arthritogenic peptides theory but artificially placed of these residues
into other MHC class I molecules concluded in increased misfolding of
non-SpA-associated HLA molecules [35].

Other key factor for understanding HLA-B27 misfolding with
biochemical characteristics is formation of a result of slow heavy chain
folding and aberrant disulfide bond formation and also after increased
exposure of unpaired Cys residues in oxidized ER environment [25].
Besides enhanced tendency of misfolding, HLA-B27 was demonstrated
that it can form aggregates in a study of purified recombinant protein
[24]. Also, HLA-B27 dimers can be correlated with disease prevalence
in the HLA-B27 transgenic rat models, so these aggregate structures
may be responsible for “toxicity gain of function” [36].

Generally, HLA-B27 dimerization was considered to be formed at
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Figure 2. Three most important theories in pathogenesis of SpAs. i) Arithrogenic peptide
theory: Properly fold forms of HLA-B27 can form complex with beta-2 microglobuline
(B,m) and self-peptide selection and presentation; so it has been considered that this
complex can be the target of autoreactive CD8+ T cells, resulting in inflammation. ii) Cell
surface HLA-B27 homodimers theory: Randomly formed cell surface HLA-B27 dimers
are hypothesized to be bind killer immunoglobulin receptors and trigger inflammation. iii)
HLA-B27 misfolding theory: Misfolded HLA-B27 chains and after that BiP binding by
newly synthesized HLA-B27 heavy chains causes ER stress, that is considered to be the key
factor development of spondyloarthritis through UPR activation.
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p67 from an unpaired cysteine which constitutes part of the peptide
binding groove. This Cys67 residue is thought to be quite important
in dimerization at the cell surface; while dimerization in the ER can
occur through structurally conserved cysteine at pl64 [37]. In a
study with transgenic rats, mutant HLA-B27 molecule without Cys67
is demonstrated to still develop disease but in a lower incidence.
Therefore, Cys67 is a crucial residue and plays important role in dimer
formation of HLA-B27 and HLA-B27 dimers can be considered as a
disease marker for SpAs [38].

HLA-B27 misfolding hypothesis and UPR activation

The history of HLA-B27 misfolding hypothesis started in the mid-
1990s with a crucial biological discovery. The observation of global
protein machinery impairment in the ER, which can induce cellular
responses resulting in activation of genes and protein production to
recover ER homeostasis, provide first hints for protein misfolding
mechanism [39,40]. The terms for these cellular responses are
ER stress responses that there are two types such as UPR and ER
Overload Response (EOR). Generally, main goal in UPR is to protect
ER homeostasis against misfolded protein; while EOR system deals
with accumulating protein in order to provide normal ER function.
In HLA-B27 misfolding hypothesis, HLA-B27 misfolding occurs
within ER environment and can cause toxicity function by activation
of UPR and EOR; also this phenomenon leads to impairments in
normal cellular function and activation of proinflammatory cytokine
production related to SpAsdevelopment [41] (Figure 3).

Generally, SpAs are classified as autoinflammatory disease rather
than autoimmune disease and proinflammatory cytokine production
related with HLA-B27 misfolding and ER stress is an interesting fact
for HLA-B27 misfolding and SpAsassociation [22]. Autoinflammatory
disorders are manifested with inflammation without autoantibodies
and antigen specific T cells, which are two important conditions that
SpAs surprisingly have [42]. Unlike UPR as stated before in this review,
EOR has not been enlighten yet; however it has been considered that
accumulation of misfolded protein in the ER can cause the activation of
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Figure 3. Cytokine upregulation involvement in HLA-B27 misfolding-E.R stress
mechanism resulting UPR activation and inflammation. After IFNs induce increase of
MHC Class I expression, UPR activation can be occur within antigen-presenting cells of
HLA-B27-expressing individuals when a critical threshold of misfolding is reached. UPR
pathway trigger can be trigger cytokine activation and release affecting helper T cells, while
EOR system maintains ER homeostasis within ER environment. Helper T cells can trigger
IL-17 responsive cell via IL-17 release and this activate IL-17 responsive cells to produce
TNFa, IL-1 and IL-6; especially IL-1 can cause inflammation.
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transcription factor NF-kB. Therefore, activation of NF-kB can explain
the association between HLA-B27 misfolding and the production of
proinflammatory cytokine production [43,44].

In a study about association between UPR activation and HLA-B27
related diseases in HLA-B27 transgenic rats, accumulation of misfolded
B27 heavy chain was determined in splenocytes and macrophages
from in those transgenic rats. Furthermore, UPR activation was
demonstrated that it can be occurred in bone marrow macrophages
from rats with active disease but not in younger animals that has not
have the disease yet [45,46]. These studies were the first proof to explain
association between increased expression of HLA-B27, misfolding and
accumulation of its heavy chain in the ER, induction of UPR, and B27-
associated disease phenotype.

In cells, levels of misfolded proteins are focused to monitor
carefully and accumulation of misfolded proteins, for example in
cytosol, induces a response to help protein refolding accumulated
protein. Familiarly, in ER, increased level of transcription of genes that
facilitates misfolded protein to refold involved in retrotranslocation
and protein degradation in the cytosol [1]. The studies about protein
quality process have been dealt with its increased complexity but the
importance of relation between protein misfolding pathogenesis of a
number of diseases [47]. Even in a full MHC class I assembly induction
event, disulfide-linked homodimers and multimers can be formed as
a result of accumulation of misfolded HLA-B27 heavy chains in the
ER. Studies about B pocket mutants with developed folding specialties
but still retaining Cys67 residue showed that any dimerization or
accumulation have been occurred in ER; so this explains that covalent
dimerization is a result of misfolding instead of a cause [25].

Among all factors that can be a key for understanding HLA-B27
misfolding and SpAs, CREBH, a transcription factor within the liver,
is activated via elevated ER stress induction and the proinflammatory
mediators and cytokines. Activated CREBH has enhanced production
of proinflammatory mediators and also other transcription factors of
the ER stress pathway can be participated in proinflammatory cytokine
production such as XBP-1 and CHOP [48-50]. Proinflammatory
cytokines, exclusively TNFa, can elevate ER stress and this event can
cause a positive feedback mechanism that HLA-B27 misfolding lead
to induce ER stress and proinflammatory cytokine production [51,
52]. That feedback mechanism can contribute to understand the link
between ER stress and a proinflammatory cytokine environment, also
characteristic feature of AS patients.

Interestingly, there may be a systematic relation between capacities
to trigger UPR of HLA-B27 subtypes in terms of protein folding
characteristics and AS disorder. According to recent data, B*2706
and B*2709 have much more folding capacity than disease-associated
B*2702, B*2704 and B*2705 subtypes, indicating a synergy between
folding properties, HLA-B27 subtypes and association to AS. Although
B*2707 subtypes has the most prevalence among all subtypes in AS
patients in most of the populations examined, it can be fold efficiently
same with other non-disease associated subtypes. Therefore, relation
between folding, HLA-B27 subtypes and disorder association is not
directly proportional [53].

HLA-B27 misfolding and transgenic animal models

There is another key factor for understanding how HLA-B27 can
cause disease which is production of transgenic rat models. Firstly,
HLA-B27/human f2m (hB2m) transgenic rats were demonstrated that
those transgenic rats can manifest spontaneous spondyloarthritis-like
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phenotype that included colitis and arthritis [45]. This breakthrough
firstly proved that HLA-B27 could directly cause disease and HLA-B27
can be associated with SpAs. Interestingly, CD8a/p T cells are not
essential for arthritis or colitis manifestation. Also, spondyloarthritis-
like phenotype from occurring in rats cannot be avoided with antibody-
mediated CD8+ T-cell depletion and a chemically induced mutation in
the CD8a gene. These findings are supported with that there will be
no developing arthritis or colitis in CD4+ T cells efficiently transfer
colitis to athymic nude rats if high level of HLA-B27 /hf2m expression
is carried on the bone marrow [38,54,55].

Despite of several studies about HLA-B27 transgenic rat strains,
how some of these strains remain healthy is still mysterious; yet this
enigma can be explained with the genetic backgrounds of the strains that
were chosen for these studies [56]. Also, this effect can be related with
95-99% of HLA-B27 positive individuals remain healthy. It is possible
that HLA-B27 overexpression may achieve the need for additional
susceptibility alleles and enhance increased penetrant phenotypes. It
has been considered that people with developing ankylosing spondylitis
has an increased risk with homozygosity for HLA-B27 [57,58]. It has
been never reported a copy number variation in HLA-B human locus.
Therefore, studies must be focused on low copy number variations in
HLA-B27 transgenic rats with genetic modifications for tendency in
ankylosing spondylitis.

Clinical relation of HLA-B27 and AS

The frequency of HLA-B27 in patients with AS is approximately
94% [64]. In addition to HLA-B27, also HLA-B27 subtypes have been
shown to have different incidences and relations with disease onset.
According to previous data analyzing HLA-B27 polymorphisms and
clinical symptoms related with spondyloarthropathies, no relations
have been found between AS and HLA-B-27:06 or HLA [62,63].
Cytokines analysis is also a reliable marker inflammatory condition,
comparing the cytokine profile of HLA-B27 positive and negative
patients and healthy controls were performed by several studies. Since
inflammation is an important component of AS, inflammation related
cytokine profiles have gained importance. Rudwaleit et al. (2001) found
that T cells producing TNF-a and IFN-y are decreased in healthy
controls both HLA-B27+ and HLA-B27- compared to HLA-B27+ AS
patients [59]. Another interesting property of HLA-B27 is that 2-
microglobulin free heavy chains of HLA-B27 were shown to interact
with killer cell immunoglobulin-like receptor 3DL2 (KIR3DL2) and
leucocyte immunoglobulin-like receptor B2 (LILRB2) with a higher
affinity than heteromeric HLA-B27- P2-microglobulins in patients
with spondyloarthropathies [60,61].

Conclusions

The researches to understand the molecular mechanisms of
autoimmune diseases and ER stress-related diseases have been
progressed tremendously in recent years. important
achievements in this can be listed as the identification of the key players
involved in these pathways and their organization to study how these
pieces work together and organize the whole pathway.

Several

Uncovering the crosstalk between ER-stress and HLA-B27
triggered autoimmune response and HLA-B27 misfolding; and also
the intersections of ER-stress and/or HLA-B27 triggered autoimmune
response with other cellular pathways will eventuate with important
insights of cellular homeostasis.
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