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HLA-B27 and disease pathogenesis:
new structural and functional insights

Paul Bowness, Nathan Zaccai, Lucy Bird and E. Yvonne Jones

The human leukocyte antigen class | allele HLA-B27 is a major histocompatibility
complex (MHC) antigen that is strongly associated with the spondyloarthritic
group of human rheumatic diseases, the most commmon of which is ankylosing
spondylitis. Although the mechanism underlying this disease association
remains unknown, numerous theories have been proposed. Much moreis known
of the natural role of HLA-B27 in binding and presenting antigenic peptides
to T cells. The *arthritogenic peptide hypothesis’ suggests that the role of
HLA-B27 in disease relates to its specificity for binding certain peptides.
Recently, it has also been shown that HLA-B27 has an unusual cell biology and
can adopt a novel homodimeric structure. In this review, a molecular model of
the HLA-B27 homodimer is presented and the possible pathogenic significance
of such a structure is discussed.

The association of the HLA class I allele HLA-B27
with the rheumatic disease ankylosing spondylitis
has been recognised for over 25 years (Ref. 1).
Ankylosing spondylitis is a relatively common
and debilitating inflammatory rheumatic disease,
affecting approximately 0.1-0.5% of the UK
population. A recent study found that 94% of
patients with AS carry at least one HLA-B27 allele,
compared with only 9.4% of controls, giving an

odds ratio of 171, with a 95% confidence interval
of 135-218 (Ref. 2). HLA-B27 is also associated
with several other diseases, albeit less strongly
(Table 1). These diseases are collectively known
as the spondyloarthropathies because they are
characterised by the involvement of the spine and
sacroiliac joints.

Although the pathogenetic role of HLA-B27
in the spondyloarthropathies is unknown,
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numerous theories have been proposed (Table 2).
Notably, all such theories should attempt to Table 1. Diseases associated with
explain not only the relationship of disease with HLA-B27 (tab001pbo)

specific triggering organisms, which has been
found most clearly for reactive arthritis, but also
the striking tissue distribution of these diseases.

Ankylosing spondylitis

This review describes the possible mechanisms | Reactive arthritis (follows infection with Chlamydia,
by which HLA-B27 might be involved in disease Salmonella, Shigella, Campylobacter and
pathogenesis, and discusses the data available Yersinia species)

from HLA-B27-transgenic animals, biochemical
analysis of HLA-B27 function and molecular
epidemiology studies.

Sacroileitis associated with inflammatory bowel
disease

Sacroileitis associated with psoriasis
Theories explaining the association of ) ) ,
HLA-B27 with the spondyloarthropathies | Undifferentiated oligoarthropathy
Several different mechanisms have been put
forward to explain the association of HLA-B27
with the spondyloarthropathies. Some of these | Aortic regurgitation together with cardiac
theories, summarised in Table 2, may be applicable conduction abnormality
to other HLA-associated autoimmune diseases.
Theories 14 suggest that the pathogenic role of

Anterior uveitis

Enthesis-related juvenile idiopathic arthritis

Table 2. Theories explaining the association of HLA-B27 with the
spondyloarthropathies (tab002pbo)

Theories implicating immune function Comments

(1) ‘Arthritogenic peptide hypothesis’; presentation Peptide(s) might be derived from self and/or

of arthritogenic peptides by HLA-B27 bacterial proteins (including HLA-B27 itself)

(2) Thymic selection of T-cell repertoire This would probably also involve peptide binding

(3) HLA-B27 has an unusual cell biology Cys67 might affect the assembly of HLA-B27

compared with other HLA molecules

(4) ‘Altered-self hypothesis’; chemical modification Might result in immune stimulation

of Cys67

Theories not directly implicating immune function Comments

(5) Linkage to a disease-associated gene Unlikely because HLA-B27-transgenic rats
develop a disease resembling spondyloarthritis

(6) Crossreactivity between antibodies This has difficulty explaining the tissue specificity

directed at bacterial protein(s) and HLA-B27 of disease

(7) HLA-B27 is a receptor for a bacterial ligand

(8) Interaction of HLA-B27 with a bacterial
superantigen causes nonspecific T-cell stimulation

(9) HLA-B27-derived peptides are presented by
HLA class Il molecules to T cells
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b Enlargement of the peptide-binding groove

Structure of the HLA-B27 molecule
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Figure 1. Structure of the HLA-B27 molecule. (a) Ribbon diagram representation of the entire extracellular
domains of the HLA-B27 molecule, using the HLA-B27 crystal structure coordinates (Refs 9, 38). The HLA
heavy chain (a,, a, and a, domains) is shown in dark blue and the ,-microglobulin in light grey (at the
centre-left of the figure). The bound peptide (at the top of the figure) is shown as a yellow tube. The Cys67
side-chain of HLA-B27 is highlighted in red. (b) Close-up view of the HLA-B27 B pocket. The side-chains of
particular importance for the B pocket are labelled and shown in light blue. The Arg P2 side-chain of the bound
peptide is shown in yellow. The figures were produced using the programs BobScript (Ref. 42) and Raster3D

(Ref. 43) (fig001pbo).

HLA-B27 stems directly from its natural function
in the immune system (i.e. peptide binding and
presentation to T cells). Thus, HLA-B27 might be
capable of specifically binding certain arthritogenic
peptides, derived from either microbial or self-
proteins, that are not bound by other HLA
molecules (theory 1) (Ref. 3). Since the development
of T cells in the thymus is also dependent on
recognition of HLA—peptide complexes, HLA-B27

may also have an effect on the development of the
T-cell repertoire (theory 2). HLA-B27 is unusual in
possessing an unpaired cysteine residue at
position 67 of the a, helix (Fig. 1a). Cys67,
probably in combination with other residues,
might affect the molecular assembly and function
of HLA-B27 (theory 3). Modification of the Cys67
sulphydryl could result in immune stimulation
(the “altered-self hypothesis’; theory 4).

Accession information: (99)00111-8a.pdf (short code: txt001pbo); 26 October 1999
ISSN 1462-3994 ©1999 Cambridge University Press

https://doi.org/10.1017/51462399499001118 Published online by Cambridge University Press

“ HLA-B27 and disease pathogenesis: new structural and functional insights


https://doi.org/10.1017/S1462399499001118

http://www-ermm.cbcu.cam.ac.uk

expertreviews

in molecular medicine

A second group of theories suggests that the
immune function of HLA-B27 is not directly
related to its pathogenic role. The possibility that
the association with HLA-B27 is due to a linked
pathogenic gene (theory 5) is now considered
unlikely since HLA-B27-transgenic rodents
develop diseases resembling spondyloarthritis.
Similarly, the tissue specificity of disease is not
explained by the idea that antibodies directed at
bacterial proteins can cause disease through
crossreactivity with HLA-B27 (theory 6). Indeed,
although anti-HLA antibodies are found in
patients, controlled studies show no evidence
that they are specific for HLA-B27 (Ref. 4).
Alternatively, HLA-B27 might interact with
ligands other than the T-cell receptor (TCR) of an
HLA-B27-restricted T cell; for example, HLA-B27
might interact with a bacterial receptor (theory 7)
or superantigen (theory 8). However, there is no
direct evidence for either of these mechanisms and
HLA class I-reactive superantigens have not been
described. The final theory suggests that HLA-
B27-derived peptides are capable of being bound
and presented to CD4* T cells by HLA class II
molecules, and could thus stimulate autoimmunity
(Ref. 5). Indeed, proliferative CD4* T-cell responses
to a synthetic peptide comprising residues 60-72
of HLA-B27 have been detected in some, but
not all, patients with ankylosing spondylitis
(Ref. 6). However, recent data from transgenic
mice (see below) would appear to rule out such
a mechanism, since MHC class II molecules are
not required for the development of arthritis
(Ref. 7).

Structure and function of HLA-B27: its
role in antigen presentation

Itis now known that the principle function of HLA
molecules is to bind and present antigenic
peptides to T cells (Ref. 8). HLA class I molecules
present peptides to CD8* cytotoxic T lymphocytes
(CTLs) and HLA class II molecules present
peptides to CD4" T cells. These findings have led
to the suggestion that the spondyloarthropathies
might result from the ability of HLA-B27 to bind
a unique set of peptides. This ‘arthritogenic
peptide hypothesis’ proposes that these diseases
result from a CD8*, HLA-B27-restricted CTL
response to a peptide(s) that is found only in joint
tissues (Ref. 3).

Figure 1a shows the molecular structure of
HLA-B27. Elucidation of this crystal structure
(Ref.9), together with amino acid analysis of self-

peptides eluted from HLA-B27 (Refs 10, 11) and
binding studies using synthetic peptides (Refs 12,
13), have shown that HLA-B27 binds a unique set
of peptides. These bound peptides almost always
have an “anchor’ arginine residue at their second
position, known as Arg P2 (Fig. 1b). The side-chain
of this Arg is bound in a B pocket, which is ringed
with key amino acids that, in combination, are
unique to HLA-B27: His9, Thr24, Glu45 and
Cys67. The HLA-B27 D and F pockets bind
‘secondary anchor’ amino acid side-chains of the
peptide at the third and C-terminal positions,
respectively (Ref. 11). A schematic diagram
showing binding of a typical peptide to HLA-B27
is shown in Figure 2.

Atleast 12 molecular subtypes of HLA-B27 are
now recognised, all of which differ primarily at
residues lining the peptide-binding groove
(reviewed in Ref. 14). Interestingly, small
epidemiological studies suggest that some HLA-
B27 subtypes, such as B*2706 and B*2709, might
not be associated with ankylosing spondylitis
(Refs 15, 16). These subtypes appear to bind subtly
different, but overlapping, subsets of peptides
(e.g. see Ref. 17). Confirmation of such data would
strengthen the arthritogenic peptide hypothesis
of disease pathogenesis, and might facilitate the
identification of ‘pathogenic’ peptides from
candidate bacteria.

Transgenic models of HLA-B27-

associated disease
Direct evidence for the involvement of HLA-B27
in disease pathogenesis comes from transgenic
animal models. Rats made transgenic for HLA-
B27, but not HLA-B7, develop a multi-system
disease with many features resembling the human
spondyloarthropathies (Ref. 18). Rats develop
arthritis and gut inflammation only after transfer
from germ-free conditions, and gut flora has been
implicated as a disease trigger (Ref. 19). Arthritis
is dependent on supraphysiological levels of
HLA-B27 expression (Ref. 20), and requires the
presence of HLA-B27* bone-marrow-derived cells
(Ref. 19) and T cells (Ref. 21), suggesting a direct
immune role.

Khare and colleagues have developed a
murine model of HLA-B27-associated arthritis in
which HLA-B27-transgenic mice lacking murine
B,-microglobulin (,-m) develop arthritis (Ref. 22).
Disease incidence in these mice can be reduced in
vivo by treatment with the monoclonal antibody
(mAb) HC10, which recognises the heavy (H)
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Figure 2. Schematic diagram showing binding of antigenic peptides to HLA-B27 and recognition by the
T-cell receptor. The side-chains of peptide ‘anchor’ residues P2, P3 and P9 (C-terminal) are bound in pockets.
The side-chains of P1, P4 and P8, which extend out of the peptide-binding groove, are critical for T-cell

recognition (Ref. 13) (fig002pbo).

chain of HLA-B27 (Ref. 23). This suggests that cell-
surface expression of HLA-B27 H chains not
associated with B,-m is directly involved in
disease pathogenesis in at least these animal
models.

HLA-B27-restricted T-cell responses
ex vivo
It has proved relatively difficult to grow CD8*
CTLs from patients with spondyloarthritis, partly
because of the lack of identification of candidate
self-antigen(s) that specifically drive and expand
these cells. Nevertheless, Hermann and colleagues
have isolated and grown CTL clones from the joint
fluid of patients with reactive arthritis, and three
such clones specifically recognize and kill HLA-
B27 targets infected with Yersinia and Salmonella
(Ref. 24). Furthermore, HLA-B27-restricted CTL

responses to the 321-329 peptide from Yersinia
heat shock protein Hsp60 have recently been
identified in patients with Yersinia-induced
reactive arthritis (Ref. 25). However, in general,
CD4", rather than CD8*, T-cell responses to
triggering organisms have been found more
widely in patients with reactive arthritis (e.g. see
Ref. 26).

Evidence that HLA-B27 has an unusual
cell biology
The role of HLA-B27 in disease pathogenesis
might be explained by some unique feature of its
biochemistry or cell biology. Indeed, several lines
of evidence suggest that HLA-B27 does not
behave like other MHC class I molecules.
Benjamin and colleagues have detected ‘empty’
cell-surface HLA-B27 molecules that were
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relatively stable under physiological conditions
and could present exogenously supplied
peptides to T cells (Ref. 27). It was suggested
that spondyloarthritis might result from the
presentation by HLA-B27 of extracellular peptides
that were not normally accessible to the MHC
class I processing pathway (Ref. 27). Subsequently,
a subset of HLA-B27 molecules has been
identified that bind unusually long peptides (Ref.
28). This might reflect either an unusual flexibility
in the structure of the HLA-B27 peptide-binding
groove or perhaps a greater promiscuity in
peptide loading. There is also evidence implying
that HLA-B27 is capable of unconventional
interactions with molecules involved in antigen
processing. For example, HLA-B*2705, but not
B*4402, is able to form peptide complexes without
associating with the peptide transporter TAP. This
might result in a greater degree of flexibility in
the repertoire of peptides presented by HLA-B27
(Ref. 29).

Evidence that the HLA-B27 Cys67
residue might be involved in disease
pathogenesis
As mentioned above, a distinctive feature of HLA-
B27 is the presence of an unpaired Cys67 residue
within the extracellular a, domain (Fig. 1).
Although an unpaired Cys residue is also present
at position 67 in other HLA-B alleles (such as B14,
B38, B39 and B65), the chemical reactivity of Cys67
in HLA-B27 might be altered by the proximity of
Lys70, a residue that is unique to HLA-B27 (Ref.
30). Direct evidence for a pathogenic role of Cys67
comes from studies of rats that have been
engineered to carry a mutated HLA-B27 transgene
in which Cys67 is changed to Ser67; these animals

appear less susceptible to arthritis (Ref. 31).

How might Cys67 predispose to arthritis?
Three mechanisms, which are not mutually
exclusive, seem plausible. First, Cys67 might be
chemically modified under certain conditions to
alter the antigenicity of HLA-B27 (Ref. 32).
Second, a similar chemical modification might
alter the peptide-binding properties of HLA-B27
(Ref. 33). Last, the presence of Cys67 might be
responsible for unusual features in the cell biology
of HLA-B27, such as the ability to dimerise
(described below). Interestingly, despite its
position at the ‘mouth’ of the B pocket of the
peptide-binding groove (Fig. 1b), Cys67 does not
seem to play an essential role in the presentation
of peptide to T cells (e.g. see Ref. 34).

HLA-B27 can form H-chain homodimers
in vitro and in vivo

A potential pathogenic role for HLA-B27 Cys67
has been highlighted by a recent study showing
that HLA-B27 can form H-chain homodimers that
are not associated with B,-m (Ref. 35). This study
demonstrates that dimerisation of truncated HLA-
B27 molecules in vitro is dependent on disulphide
bonding through Cys67. Despite the absence of
B,-m, this novel homodimeric form (HC-B27)
maintains some functional conformation of its
peptide-binding groove and is capable of
binding peptide. HC-B27 is recognised by the
mAb W6/32, which recognises a conformation-
specific epitope on HLA class I molecules, and by
the HLA H-chain-specific mAb HC10 (Ref. 36),
but not by the mAb ME1 that recognises a
conformational epitope in the region of the
HLA-B27 Cys67 (Ref. 37). The acquisition of the HC10
epitope on HC-B27 implies partial unwinding of
the o, helix of HLA-B27 around Arg62, and the
loss of ME1 antibody reactivity suggests a
structural change in the region surrounding
Cys67. Unwinding of the a, helix might enable the
binding of an altered repertoire of antigenic
peptides to HLA-B27, and these might be longer
at their N-termini compared with most peptides
bound to MHC class I. In addition, a partially
unwound o, helix might resemble the a-chain
helix of an MHC class II molecule, and provoke
recognition by CD4* T cells. Although it has
previously been documented that the mouse
MHC class I allele H-2DP can retain its antigen-
presenting function in the absence of f3,-m,
HLA-B27 might be unique among human MHC
class I alleles in its ability to bind peptide and
remain W6/32 reactive in the absence of 3 -m.

Molecular model of HC-B27
These observations were investigated further by
building a hypothetical model of the HC-B27
HLA-B27 dimer (Fig. 3; N. Zaccai and E.Y. Jones,
unpublished). The model was based on the crystal
structure of the extracellular region of HLA-B27
(Ref. 38). In the B,-m-associated HLA-B27
structure (shown in Fig. 1), residue Cys67 lies
buried in the wall of the B pocket of the peptide-
binding groove. To form a disulphide-linked
homodimer of two H chains, the conformation of
Cys67 and its immediate environment had to be
altered by interactive modelling — computer
graphics followed by molecular dynamics — to
expose the Cys67 side-chain (shown in red in

____________________________________________________________________________________________________________|
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Figure 3. Model of the HC-B27 HLA-B27 heavy-
chain homodimer. The view of the HC-B27
homodimer is rotated by approximately 90° relative
to Figure 1, as if looking down towards the cell
surface. The a, and a, domains of the two HLA-B27
heavy chains are depicted in ribbon representation
(copy 1 and copy 2 of the heavy chain in blue and
green, respectively). The disulphide bond between
the two Cys67 residues is coloured red and the
(putative) bound peptides are depicted schematically
as yellow tubes. The model was created with HLA-B27
crystal structure coordinates using the interactive
computer graphics program O (Ref. 44) and the
molecular dynamics program X-PLOR (Ref. 45). The
most favourable relative orientation of the HLA-B27
heavy chains was assessed by rotation (in 5°
increments about the disulphide bond) of one of the
two heavy-chain copies. At each increment, a rigid
body minimisation, followed by individual atom
positional refinement, was run using standard X-PLOR
protocols. The figures were produced using the
programs BobScript (Ref. 42) and Raster3D (Ref. 43)
(fig003pho).

Fig. 3). In its energetically most favourable form,
the resulting HC-B27 model consists of the two
HLA-B27 H chains aligned in parallel, in an
arrangement that is compatible with both chains

being ‘tethered’ to the cell surface. The stability
of this structure is provided by the formation of a
continuous B sheet between the two HLA-B27
molecules (the two copies of the B strand
comprising residues 3643 form hydrogen bonds
across the dimer interface; Fig. 3).

The a-helical conformation of the a, helix in
the region of Cys67 could not be preserved during
modelling of HC-B27. This model thus concurs
with the experimental evidence that a region of
the a, helix encompassing Arg62 and Cys67 is
altered in HC-B27 (Ref. 35). The HC-B27 model
retains all the structural features required for both
copies of the HLA-B27 to bind peptide; however,
the model does display some deformation of the
binding grooves. In particular, the B pocket is
necessarily altered because of the displacement
of the Cys67 side-chain. Clearly, such changes
could alter the peptide-binding repertoire of
HC-B27 and could therefore be of pathogenic
relevance. Strikingly, however, the relative
orientation of the two peptide-binding grooves
would preclude the binding of TCRs, as currently
understood for the “footprint’ mapped out in
the TCR-MHC class I structures determined to
date (e.g. see Ref. 39). This argues against classical
TCRaf-mediated recognition of HC-B27, and
it will be important to look for evidence of
recognition by yd T cells, natural killer (NK)
receptors or other ligands.

HC-B27 homodimers
and disease pathogenesis:
clinical implications
HC-B27 homodimers have been demonstrated in
cell lines (Ref. 35), although not yet in patients or
HLA-B27-transgenic animals. It is possible that
HC-B27 expression in vivo might only occur
under particular conditions, which might explain
why not all HLA-B27* humans and animals
develop disease. One possible mechanism by
which expression of HC-B27 could lead to joint
inflammation is by the presentation of peptides
to either CD4* or CD8* T cells. Our molecular
model suggests that TCRs would probably not
be able to ‘dock’” with HC-B27 using exactly
the same footprint described recently for
several classical MHC class I-restricted responses
(Ref. 39). Alternatively, HC-B27 might be a ligand
for NK receptors (Ref. 40) or other receptors, or it
might be the target of an autoantibody response.
If expression of an aberrant form of HC-B27 has a
pathogenic role in disease, the future development

____________________________________________________________________________________________________________|
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of a mAb that recognises HC-B27 could be
valuable for research, disease diagnosis and
monitoring, and therapy. Rationally designed
therapy could also be directed to inhibit formation
of HC-B27 (perhaps by modifying intracellular
conditions in antigen-presenting cells) or against
downstream effector molecules of disease such as
cytokines.

Summary

Although the role of HLA-B27 in the pathogenesis
of the spondyloarthropathies still remains
obscure, its central role has been confirmed by
studies of transgenic rodents. Structural studies
have shown that particular molecular features
of the HLA-B27 peptide-binding groove
dictate a unique and strong preference for
antigenic peptides with an Arg residue at their
second position (Arg P2). HLA-B27-restricted
presentation of “arthritogenic’ peptides might be
involved in disease pathogenesis; however,
evidence from studies using transgenic mice has
implicated HLA-B27 H chains acting at the cell
surface in the absence of 3,-m. HLA-B27 H chains
can form homodimers that are disulphide-
bonded through Cys67 and are not associated
with B,-m. Although the conditions required for
HC-B27 homodimer formation in vivo have not
yet been ascertained, HC-B27 formation could
both explain the murine data and suggest novel
pathogenic mechanisms.

Research in progress
Understanding of the role of HLA-B27 in
disease pathogenesis is likely to be rapidly
advanced by research in three key areas. First,
HLA-B27-transgenic animal models of
spondyloarthropathy are being used to dissect the
pathogenic roles of various cell types in this
disease (e.g. see Refs 7, 41). The types of T cells
involved in disease should be determined by
transducing or ‘knocking out’ various genes, as
well as by cell-transfer experiments. Second, it is
important to confirm the epidemiological studies
suggesting that not all HLA-B27 subtypes are
associated with spondyloarthropathy. Finally,
studies are ongoing to elucidate the cell biology
of HLA-B27 in antigen presentation and, in
particular, the conditions leading to HC-B27
homodimer formation and its consequences.
This may identify cellular targets for
pharmacological or immunological intervention
in these diseases.
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The Arthritis Research Campaign (ARC) is the fifth biggest medical research charity in the UK, and the only
charity in the country dedicated to finding the cause of, and cure for, arthritis. Their website details the
purpose and work of the ARC, cites cutting edge research funded by the ARC, and is supported by a
comprehensive index to help find subjects of interest to the reader.

The National Ankylosing Spondylitis Society (NASS), based in the UK, is a support group for individuals with
ankylosing spondylitis. The society also provides an educational resource for the social and medical
management of the disease, and supports and funds a modest amount of research.
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Table 1. Diseases associated with HLA-B27 (tab001pbo).
Table 2. Theories explaining the association of HLA-B27 with the spondyloarthropathies (tab002pbo).

Figure 1. Structure of the HLA-B27 molecule (fig001pbo).

Figure 2. Schematic diagram showing binding of antigenic peptides to HLA-B27 and recognition by the T-cell
receptor (fig002pbo).

Figure 3. Model of the HC-B27 HLA-B27 heavy-chain homodimer (fig003pbo).
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