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Figure 5. Group C: the W3:4-1 loop is essential for PA anti-allbB3 Ab binding. (A} Relative binding of PA Abs to m(W2:3-4)H (black), m(W3:4-1}H (white}, and
Hm(W3:4-1)H (shaded) compared with wt «lIbB3. (B) Relative binding of PA Abs to mouse «llb replaced from the N-terminus to the indicated loops with the human
corresponding sequences. (C) Relative binding of PAAbs to human «llb replaced the indicated loop with the mouse corresponding sequences. (D) Relative binding of PAADs to
mH(W3:4-1-W4:1-2Ym and mH(W3:4-1-B-propeller)m that the mouse wllb carried the human sequences from W3:4-1 to the C-terminal of the g-propeller domain. (E) Relative
binding of PA Abs to 2 amino acids insertion mutant in W3:4-1 loop (KO variant allb83). Shown were means of = 2 independent experiments.

W2:3-4 loop. Again, we examined the effects of substituting these
single amino acids on PA Ab reactivity. We found that the PA Ab
reactivity in the sample from PT 36 remained markedly impaired
with either the G44N or the P45A mutation in the W1:2-3 loop.
However, no mutation in the W1:2-3 loop significantly impaired the PA
Ab reactivities in samples from the other 4 patients (Figure 4E). In
contrast, the R139G mutation in the W2:3-4 loop impaired reactivity in
the samples from all 4 of these patients. In addition, samples from PTs
3 and 12 showed a similarly impaired pattern in the PA Ab reactivities
with the P135L, E136Q, and R139G mutations (Figure 4F).

Group C: the W3:4-1 loop is essential for PA anti-alIbB3 Ab
binding. 1In 4 samples (from PTs 1, 6, 34, and 45) the PA Ab
reactivity was markedly impaired with m(W3:4-1)H compared
with m(W2:3-4)H. In addition, the PA Ab reactivity was similarly
impaired with Hm(W3:4-1)H (Table 2; Figure 5A). These results
suggested that the W3:4-1 loop was essential for PA Ab reactivity
in these samples. Interestingly, in samples from PTs 1, 34, and
45, the PA Abs showed nearly fully restored reactivity with
H(W4:4-1)m (Figure 5B). This suggested that the W4:4-1 loop may
also affect PA Ab reactivity. In fact, in PTs 34 and 45, the PA Ab
reactivity was markedly impaired with Hm(W3:4-1)H and moder-
ately impaired with Hm(W4:4-1)H (Figure 5C). The sample from

PT | was not tested because of insufficient sample. The sample
from PT 34 showed PA Ab reactivity with mH(W3:4-1-W4:1-2)m
that was nearly comparable with its reactivity with wt allb (Figure
5D). This supported the notion that both W3:4-1 and W4:4-1 loops
were important for PA Ab reactivity in this patient. In contrast, in
the sample from PT 45, PA Ab reactivity was not restored with
mH(W3:4-1-W4:1-2)m (Figure 5D). Finally, we tested the
sample from PT 45 with the mouse «llb that carried the human
sequence from W3:4-1 to the C-terminal of the B-propeller
domain, mH(W3:4-1-B-propeller)m. We found that the sample
from PT 45 showed reactivity with the mH(W3:4-1-3-
propeller)m comparable with reactivity with the wt allb. This
suggested that the C-terminal half of the B-propelier domain
may also contribute to PA Ab binding in the sample from
PT 45 (Figure 5D). In the sample from PT 6, PA Ab reactivity
was not fully restored with H(W4:4-1)m but was almost fully
restored with H(B-propeller)m (Figures 5B and 2E). However,
the PA Ab reactivity was impaired with mH(W3:4-1-8-
propellerym (Figure 5D). These results suggested that the
N-terminus and the C-terminal portion of the B-propeller
domain were important for the PA Ab reactivity in the sample
from PT 6.
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Figure 6. Lighi-chain usage of PA anti-«llbp3 Abs. Platelet eluates were reacted with wt allbp3-expressing 293T cells, followed by the incubation with FITC-anti-k,
PE-anti-\, and APC-anti-CD61 Abs. Anti-k (horizontal) and anti-\ (vertical) Abs bindings were analyzed in a subset of cells that were highly positive for CD61. Representative

results of = 2 independent experiments are shown.

There are many amino acid differences between human and
mouse in the W3:4-1 and W4:4-1 loops (Figure 1A). Therefore, it
was difficult to identify critical residues in these regions. However,
we previously studied a KO variant of allbp3 with a 2-amino acid
(Arg-Thr) insertion between F160 and S161 in the W3:4-1 loop. In
that study, we found that this insertion affected PA Ab reactivity as
well as ligand binding capacity.’> In the present study, samples
from all 4 patients of group C showed impaired PA Ab reactivity
with this mutation (KO; Figure 5E).

Samples from the remaining 4 patients (PTs 2, 5, 7, and 37)
could not be classified in the 3 groups described. However, all
4 had PA anti-alIbB3 Abs that mainly recognized the N-terminal
half of the B-propeller domain of oIlb. In these patients, we did not
detect any unique characteristics that might identify an epitope on
any specific loop(s).

Light chain-restricted usage of PA anti-allbB3 Abs

Our findings indicated that autoantigenic epitopes may be located
on highly restricted regions of allb, which also suggested that
many PA anti-alIbB3 Abs might exhibit clonality. Therefore, we
next determined whether PA Abs exhibited restricted /A light
chain usage in the 11 eluates that had been classified in 1 of the
3 groups described in the previous paragraphs. We determined that
samples from PTs 1, 3, 12, and 36 clearly showed restricted k-chain
usage, and the sample from PT 17 showed restricted A-chain usage.
In contrast, the PA Abs in samples from PT 45 were polyclonal. The
samples from the remaining 5 patients also showed k-chain
preference, although the positivity was weak (Figure 6). These
results suggested that the PA anti-alIbf3 Abs were clonal in many
patients with primary ITP.

Discussion

Previous reports have found the importance of the B-propeller
domain in ollb, particularly the W3:4-1 loop, for PA anti-
olIbB3Ab binding in patients with chronic ITP315 In this study,
we found that samples from 15 patients with primary ITP harbored
PA anti-alIbB3 Abs that mainly recognized the N-terminal half of
the B-propeller domain (L1-W235) of ollb. A systematic examina-
tion with human-mouse allb chimeras found 3 main recognition
sites: (1) a conformational epitope composed of W1:1-2 and
W2:3-4 loops, (2) a region containing the W1:2-3 loop, and (3) a
region containing the W3:4-1 loop. We further identified some
single residues in these loops that were critical for PA Ab reactivity.
Moreover, PA anti-alIbB3 Abs in many patients showed restricted
/A light chain usage. Our findings indicated that major epitopes of
PA anti-allbB3 Abs were localized in highly restricted regions in
the B-propeller domain of allb and that PA anti-oIIbB3 Abs may be
monoclonal or oligoclonal in many patients with ITP.

It was surprising that PA anti-aITbB3 Abs did not bind to mouse
ollbB3. allb and B3 showed 82% and 85% nucleotide sequence
homology, respectively, between human and mouse. However, one
report suggested that anti-human platelet Abs produced from
splenocytes obtained from patients with ITP exhibited low cross-
reactivity with mouse platelets.>* Another report showed that an
anti—-human alIb antibody generated in mice exhibited significantly
diminished binding to ITP platelets compared with normal plate-
lets.” Those results suggested that the reactivity of PA anti-oIIbf3
Abs may be affected by subtle conformational differences between
human and mouse aIIbB3.
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Figure 7. Crystal structure of the recognition sites for the PA Abs. (A) Crystal structure of the recognition sites of group A made by PyMOL Version 1.4 software (DeLano
Scientific LLC). W1:1-2 (blue) and W2:3-4 (green) loops and 4 critical residues (S29, R32, E138, R139) for the binding of PA Abs were indicated. (B) Crystal structure of the
recognition sites of group B. W1:2-3 loop (orange) is located in the upper surface of allbf3 interface, and W2:3-4 and W3:3-4 loops (green) are in the lower surface. Five critical
residues (G44, P45, P135, E136, R139) for the binding of PA Abs were also indicated. (C) Crystal structure of the recognition sites of group C. W3:4-1 (red) and W4:4-1 (pink)
loops were indicated. Both loops are located in the upper surface of allbB3 interface, which is near the ligand binding site.

Two patients of group A had PA Abs that recognized the W1:1-2
and W2:3-4 loops. Although these 2 loops are separated by
~ 100 amino acids in the primary allb sequence, the crystal
structure showed that the W1:1-2 loop was close to the W2:3-4
loop on the lower face of the B-propeller domain (Figure 7A).
Furthermore, the binding of PA Abs from PT 17 to wt alIb33 could
not be inhibited by linear peptides that corresponded to W1:1-2,
W2:3-4, or a mixture of these peptides; this also suggested that the
PA Abs recognized a conformational epitope composed of these
2 loops (data not shown). Moreover, the reactivity of Abs was
highly affected by single amino acid substitutions (S29K, R32S,
E136Q, and R139G) in the W1:1-2 and W2:3-4 loops (Figure
3D-E). Because arginine (R), lysine (K), and glutamic acid (E) are
charged amino acids, these substitutions may affect ionic bonds between
oIb and the complementarity determining regions of the PA Abs.

We found that the W1:2-3 loop was critical for the reactivity of
PA Abs in 5 patients of group B. However, when epitopes of the
mouse «allb were swapped with the corresponding human
N-terminus sequences, recovery of PA Ab binding was heteroge-
neous among the patient samples (Figure 4B). In particular, the PA
Abs from PT 36 appeared to exclusively recognize the W1:2-3
loop, and we further found that the PA Ab reactivity was markedly
impaired with a single G44N or P45A substitution in the loop
(Figure 4E). Because asparagine (N) has an amino group and
proline (P) has a cyclic structure, the presence or absence of these
amino acids may have highly affected hydrogen bonding between
the Abs in PT 36 and ollb, and/or they may have disrupted the
conformation of the W1:2-3 loop. In addition, swapping human and
mouse loop sequences showed that W2:3-4 loop was also important
for the reactivity of PA Abs in the eluates of the remaining

4 patients. Finally, the W3:3-4 loop appeared to contribute to PA Ab
binding in the eluates from 2 patients, PTs 3 and 12 (Figure 4C).
Interestingly, the R139G mutation in the W2:3-4 loop had a
profound effect on PA Ab binding in the eluates of the 4 patients in
group B and the 2 patients in group A (Figures 3E and 4F). This
indicated that R139 may be a critical epitope for many PA Abs. The
crystal structure of allb showed that the W1:2-3 loop was located
on the upper face, and the W2:3-4 and W3:3-4 loops were on the
lower face of the B-propeller domain (Figure 7B). Although we
could not rule out the possibility that PA Abs may be polyclonal and
recognize different epitopes, we hypothesized that PA Abs recog-
nize conformational epitope(s) composed of these multiple loops,
based on our findings that PA Ab binding was markedly impaired
with a single loop substitution. The crystal structure showed that
the W1:2-3 and W2:3-4/W3:3-4 loops were located ~ 30 A apart;
this circumscribes an area consistent with the typical contact areas
between protein antigens and their cognate Abs.2627 The
3-dimensional structure suggested that these loops formed a
relatively flat surface (Figure 7B), also consistent with the observa-
tion that Abs typically interact with protein antigens on relatively
flat complementarity determining regions.?

In the 4 patients of group C, we confirmed our previous finding
that the W3:4-1 loop was one of the main target epitopes for PA
anti-adIbf3 Abs. The PA Abs from these 4 eluates showed impaired
reactivity with the KO variant odIb@3.202° We also showed that the
W4:4-1 loop was important for the binding of 3 of 4 sample eluates.
Again, the 3-dimensional structure (Figure 7C) indicated that the
W3:4-1 loop was immediately adjacent to the W4:4-1 loop on the
upper face of the B-propeller domain; this suggested that the PA
Abs recognized an epitope composed of these 2 loops. Moreover,
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the C-terminal half of the B-propeller domain was important for
efficient binding of the PA Abs in the samples from PTs 6 and 45.
This suggested that the C-terminal region might maintain the
proper conformation of the W3:4-1 loop region for the binding
of PA Abs.

Our findings that many PA anti-alIbf3 Abs in patients with ITP
recognized restricted regions of the B-propeller domain in allb
have some interesting implications. The cause of primary ITP
remains obscure; however, it has been suggested that molecular
mimicry may trigger an immune response against platelet antigens
in some secondary forms of ITP.!*30 A recent study reported that
many bacterial proteins contained the human integrin-type
B-propeller domain®!; this suggested that conformational mimicry
between these bacterial proteins and the $-propeller domain in oIlb
might be involved in the production of PA anti-allbf3 Abs.
Consistent with other reports,3??3 we observed that many of the PA
anti-allbB3 Abs exhibited restricted k/\ light chain usage, which
further suggested that PA Abs might arise from an antigen-derived
clonal expansion rather than from polyclonal B-cell activation
triggered by nonspecific stimuli.

Of note, all 4 eluates that did not show clear epitopes (PTs 2, 5,
7, and 37) were collected > 6 years after the diagnosis; in contrast,
all 5 eluates collected within 1 year after diagnosis were catego-
rized as group B or C (PTs 1, 6, 34, 36, and 45; Table 1). These
results suggested that restricted epitopes tended to be more
common in the early stages of ITP and that epitopes may spread out
in the later, chronic phase of the disease, although in some cases,
such as PTs 17 and 23, highly specific epitopes were identified in
patients with a long ITP history. This time dependence was also
found in other autoimmune diseases.3*35 In this context, it is
intriguing that PA Abs which were categorized as group C were
only found in patients with a diagnosis made < 1 year ago in this
study. In fact, the PA Abs from PT 12, which showed highly
impaired reactivity with the substituted epitopes in the KO
mutation in our previous study (PT 6 [patient no. 6] in the previous
study'3), appeared to react with extended or changed epitopes in the
W1:2-3, W2:3-4, and W3:3-4 loops in the present study, with
eluates collected > 10 years later. These results suggest that
W3:4-1 loop may be the target epitope of the early phase of ITP.
Clearly, concrete evidence of epitope spreading will require
long-term studies of patients with ITP.
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This study had several limitations. First, we used human-mouse
allb chimeras for epitope mapping; thus, we could not evaluate
whether identical residues between human and mouse were signifi-
cant. Second, there was an inevitable bias for patient and sample
selection, because patients with severe thrombocytopenia could not
provide sufficient platelet eluates for the study. Finally, we analyzed
only PA anti-odIbR3 Abs; thus, we could not rule out the possibility that
PA Abs that recognized other GPs (such as GPIb/IX/V) might play a role
in the pathogenesis of ITP in our patients.

In summary, we have shown that PA anti-oIIbB3 Abs tend to
recognize highly restricted regions in the N-terminal half of the
B-propeller domain of allb with clonality. These results may
contribute to a better understanding of the pathogenesis of chronic ITP.
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ATL = adult T-cell leukemia = B¢ T MM E L
HTLV-1 = human T-cell leukaemia virus type 1 = & T MU F A 7 A LA
HLA = human leukocyte antigen = & b HUfLERHH
PBMC = peripheral blood mononuclear cell = 34 i BRI

sIL-2R = soluble interleukin-2 receptor =
EEXEOULHD ORI
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