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High-affinity autoreactive plasma cells disseminate
through multiple organs in patients with immune
thrombocytopenic purpura
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The major therapeutic goal for immune thrombocytopenic purpura (ITP) is to restore normal platelet counts using drugs

to promote platelet production or by interfering with mechanisms responsible for platelet destruction. Eighty percent

of patients with ITP possess anti-integrin allbf3 IgG autoantibodies that cause platelet opsonization and phagocytosis.
The spleen is considered the primary site of autoantibody production by autoreactive B cells and platelet destruction. The
immediate failure in approximately 50% of patients to recover a normal platelet count after anti-CD20 rituximab-mediated
B cell depletion and splenectomy suggests that autoreactive, rituximab-resistant, IgG-secreting B cells (I1gG-SCs) reside in
other anatomical compartments. We analyzed more than 3,300 single IgG-SCs from spleen, bone marrow, and/or blood

of 27 patients with ITP, revealing high interindividual variability in affinity for allbf3, with variations over 3 logs. IgG-SC
dissemination and range of affinities were, however, similar for each patient. Longitudinal analysis of autoreactive IgG-SCs
upon treatment with the anti-CD38 mAb daratumumab demonstrated variable outcomes, from complete remission to
failure with persistence of high-affinity anti-allbp3 IgG-SCs in the bone marrow. This study demonstrates the existence
and dissemination of high-affinity autoreactive plasma cells in multiple anatomical compartments of patients with ITP
that may cause the failure of current therapies.

Introduction

Immune thrombocytopenic purpura (ITP) is an immune disorder
characterized by a strong autoimmune response against platelet
autoantigens that causes platelet destruction (1). Clinical mani-
festations often present as mild bleeding on the skin or mucosal
surfaces, but can also include life-threatening internal bleeding
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episodes in more severe cases (2, 3). The hallmark of ITP is the
presence of anti-platelet antibodies, which contributes to the
accelerated destruction of platelets by mechanisms that include
FcR-mediated phagocytosis by macrophages, and inhibition
of new platelet generation by megakaryocytes. Autoantibodies
against platelets are predominantly of the IgG isotype (4), with
IgG1 being the most prevalent subclass (5). Although several plate-
let surface proteins are known to be targeted by autoantibodies,
namely the CD42 complex (GPIb/IX/V), integrin 021 (GPIa/Ila),
and GPVI (6), the integrin alIbp3 complex (GPIIb/IIla) has long
been known as the dominant autoantigen in ITP, with anti-integ-
rin alIbB3 antibodies found in 60% to 90% of patients (6-8).

The spleen plays a major role in the pathophysiology of ITP (9),
and splenectomy remains the most effective and curative therapy
(10). Indeed, autoreactive anti-allbf3-secreting cells arise from
germinal center reactions located in the spleen of patients with
ITP. Germinal center expansion results from T follicular helper

1


https://www.jci.org
https://doi.org/10.1172/JCI153580

:

RESEARCH ARTICLE

cell activation (11) and reduced Treg cell numbers (12). Pathogenic
anti-alIbp3 antibody-secreting cells can be detected by ELISpot in
the spleen and blood of patients with ITP (9, 13, 14). In this proto-
typic antibody-mediated autoimmune disease, B cell depletion
using rituximab (anti-CD20 mAb) is widely used, with up to 60% of
patients having a short-term complete response (15), 40% achieving
durable responses (6-12 months), and only 20% to 30% achieving a
long-term response (5 years; refs. 16, 17). Paradoxically, B cell deple-
tion therapy stimulates an adaptation of splenic short-lived plasma
cells that leads to their reprogramming into long-lived spleen cells
in patients with ITP, explaining in part primary failure of rituximab
(13). Furthermore, relapse of ITP after B cell depletion therapy with
rituximab usually occurs during B cell lymphopoiesis (more than
6 months after treatment), corresponding to the reinitiation of an
autoimmune B cell response. We recently demonstrated that ritux-
imab-resistant memory B cells directly contributed to ITP relapses
by enabling autoreactive germinal centers along with the recruit-
ment of naive B cells and leading to anti-aIIbp3 secretion by newly
formed antibody-secreting cells (ASCs) (18).

In a T cell-dependent response such as ITP, ASCs arise from
germinal centers or memory B cells and egress the spleen as short-
lived ASCs to circulate in the blood, with some maturing into long-
lived plasma cells in the bone marrow. The longevity of ASCs is
not primarily cell intrinsic but largely depends on signals provided
by their microenvironment (19-21). Despite their fundamental
role, a major impediment to studying heterogeneity of autoim-
mune ASCs is the difficulty in assessing the specificity of such cells
that express no or relatively few immunoglobulins at their surface.
In order to decipher the exact contribution of different subsets of
anti-aIIbB3 ASCs to the pathogeny in different organs and in dif-
ferent clinical situations, we performed herein a high-throughput
phenotypic analysis of these autoreactive human IgG-secreting
cells (IgG-SCs) at single-cell level, comparing patients with ITP
and healthy donors. We describe a 3-log repertoire of affinities
of anti-alIIbB3 IgG autoantibodies secreted from freshly isolated
spleen, bone marrow, and blood. The proportion of autoreactive
cells among IgG-SCs was highly correlated between the spleen
and the 2 other compartments, and very-high-affinity anti-alIbp3
IgG-SCs were detected in all 3 compartments. A longitudinal anal-
ysis of autoreactive IgG-SCs in 3 patients refractory to approved
treatments who were administered the anti-CD38 mAb daratu-
mumab demonstrated interindividual variability in the targeting
of high-affinity anti-aIIbp3 IgG-SCs. These studies identify the
large repertoire of anti-alIbfB3 affinities in patients with ITP and
demonstrate the existence and dissemination of high-affinity
autoreactive ASCs to the bone marrow of patients with ITP that
may be the underlying cause of failure of current therapies.

Results

Single-cell bioassay allows phenotypic characterization of autoreactive
ASCs. In order to directly characterize the secretion rate, specific-
ity, and affinity for alIbp3 of IgG secreted by autoreactive plasma
cells and plasmablasts, collectively termed ASCs hereafter, with-
out the need to sort, clone, or re-express antibodies, we adapted a
single-cell bioassay in microfluidic droplets (termed “DropMap”)
that we have described previously (22, 23). In this assay, mono-
nuclear cells from the spleen, bone marrow, or blood of patients
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and fluorescent bioassay reagents are coencapsulated in droplets,
immobilized within an observation chamber, and imaged over 1
hour by time-lapse fluorescence imaging. Magnetic beads in each
droplet form a line (beadline) under a magnetic field to serve
as a physical surface for a double-fluorescent sandwich ELISA,
revealing IgG secretion from the cell and specificity of that IgG for
alIbp3 (Figure 1A). The time-resolved fluorescence signals allow
for estimation of IgG secretion rates and affinity for alIbp3 of the
secreted IgG by using calibration curves generated with monoclo-
nal anti-aIIbp3 IgG of known affinity (K,). The anti-aIIbp3 refer-
ence curve, generated using 9 anti-alIbp3 IgG mAbs of various
affinities, allows for measurements over 2 logs of affinities, i.e., 2.5
x107° <K <5x10%M (Figure 1B). Therefore herein, IgG interact-
ing with aIIbp3 at a calculated K, below 5 x 10"® M was considered
binding, i.e., anti-alIbp3 IgG antibodies, and the cells secreting
such IgG were termed “allbB3-reactive ASCs.”

As an example, samples from the spleen, bone marrow, and
blood were obtained at the time of splenectomy from 1 patient
(patient “F”; 73-year-old male) who was splenectomized 8 months
after the last rituximab infusion due to treatment failure (Figure 1,
C-E). All data from these samples were acquired in duplicate on the
same day with high reproducibility in total and autoreactive IgG-
SC detection per replicate (Supplemental Figure 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI153580DS1). For each organ we analyzed 5,000-9,000 single
cells in total, and found IgG-SCs represented 0.55%, 0.41%, and
1.26% of the mononuclear cell pool in the spleen, bone marrow, and
blood, respectively. IgG-SCs from the 3 organs displayed a similar
range (5-500 molecules per second [IgG/s]) and median values
(approximately 50 IgG/s) of IgG secretion (Figure 1C). Within the
IgG-SC pool of all 3 organs, a fraction secreted anti-oIIbp3 IgG
antibodies with K values in the 5 x 10 M to 1 x 107° M range that
we categorized into low-affinity (50 nM < K, < 10 nM), medium-
affinity (10 nM < K, <1 nM), and high-affinity (K, <1 nM) alIbp3-
reactive IgG-SCs to facilitate subsequent analyses (Figure 1D). In
this patient, the spleen contained IgG-SCs with significantly higher
affinities for alIbB3 as compared with the blood, and the propor-
tion of alIbf3-reactive cells among IgG-secreting cells was 25% in
the spleen, 20% in the bone marrow, and 12% in the blood, with
high-affinity antibodies detected only in the spleen (Figure 1E).

High interindividual variability of autoreactive ASC presence
and affinity in spleen, bone marrow, and blood of patients with
ITP. Our cohort included 25 patients diagnosed with chronic or
acute ITP, with a median age of 51 years (ranging 21-79 years),
to investigate the anatomical distribution, affinity, and secretion
rate of anti-aIIbB3 IgG-SCs. Clinical characteristics are present-
ed in Table 1. Eight patients (8 of 18) achieved complete response
after splenectomy, with a follow-up of 14 to 24 months, while 10
patients (10 of 18) had no significant increase in platelet counts
after splenectomy. A bone marrow aspirate was also performed
in 7 of 18 patients in addition to the programmed splenecto-
my. We also analyzed bone marrow and blood from 9 patients
with ITP that were not splenectomized (Table 1), and 21 healthy
donors (no immune disease) as controls for spleen, bone mar-
row, or blood samples. For every sample, we analyzed an average
of 50,000 to 100,000 droplets in total, representing an aver-
age of 10,000 to 27,000 single mononuclear cells containing
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Figure 1. Single-cell analyses reveal allbp3 affinity and secretion rate from IgG-SCs. (A) Schematic of the DropMap pipeline. Single mononuclear cells are
encapsulated in droplets, together with magnetic beads coated with anti-« light chain nanobody (VHH) and fluorescently labeled anti-IgG F(ab’),-Alexa
Fluor 647 (red) and allbB3-Alexa Fluor 488 (green). Droplets are immobilized in the chip, exposed to a magnetic field to induce beads to form a beadline,
and imaged over time. (B) allbp3 affinity reference curve generated using anti-allbf3 mAbs with known K and values obtained from DropMap experi-
ments using these mAbs. (C-E) DropMap analysis of spleen (SP), bone marrow (BM), and blood (BL) samples from patient F at the time of splenectomy.
(C) 1gG secretion rate. (D) Affinity for allbB3 (K,) classified into high (red), medium (orange), and low (yellow) affinity, with dotted lines separating these
categories. (E) Distribution of IgG-SCs into low (yellow), medium (orange), and high (red) affinity binders to allbB3 or nonbinders (white), with total 1gG-SC
numbers indicated. (C and D) Single-cell values and medians are plotted. *P < 0.05 using Welch's t test and multiple-testing P-value adjustment. NS, not

significant. See Supplemental Table 2 for further details.

0.01%-5% 1gG-SCs (Supplemental Figure 2). Compared with the
detection of anti-aIIbp3 IgG-SCs by ELISpot, DropMap was far
more sensitive (Supplemental Figure 3A).

We first analyzed the global IgG-SC response per organ for all
patients and healthy donors and found that among mononuclear
cells, 0.01% to 5% had detectable levels of IgG secretion, with a
wide range of IgG secretion rates (1-713 IgG/s) (Figure 2A and Sup-
plemental Figure 2C). In healthy donors, IgG secretion rates were
not significantly different between the spleen, blood, and bone
marrow. However, in patients with ITP the IgG secretion rates in the
bone marrow were significantly higher than in spleen and blood.
Unexpectedly, splenic IgG-SCs showed significantly (2.5-fold)
lower secretion rates in patients with ITP compared with healthy
donors, with median values of 46 IgG/s and 116 IgG/s, respectively.
Similar findings were observed for IgG-SCs from peripheral blood,
with a 2-fold lower secretion rate in patients with ITP (median 37
IgG/s) compared with healthy donors (74 IgG/s). However, IgG-SCs
in the bone marrow had similar secretion rates between patients
with ITP and healthy donors (median 60 and 59 IgG/s, respective-
ly) (Figure 2A). In all 3 compartments, the top approximately 20%
highest IgG producers were responsible for approximately 50% of
the total amount of secreted IgG (Supplemental Figure 3, B and C).
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Similar to the first patient we analyzed as a proof of concept (Fig-
ure 1, C-E), we identified IgG-SCs with affinity in the 5x 10 M to 5 x
10" M range for alIbp3 in pooled data from all 3 anatomical sites of
patients with ITP, but also in significantly fewer numbers in pooled
data from healthy donors in the 5x 10 M to 5 x 10 M range (Figure
2B). Only patients with ITP had IgG-SCs with very high estimated
affinity (K, below 10° M), mathematically extrapolated from values
outside the boundaries of the reference curve presented in Figure 1B.
A weak (low R value) but significant positive correlation was found
between K and secretion rate using the pooled data, suggesting that
high-affinity autoreactive ASCs tend to secrete less than low-affini-
ty autoreactive ASCs (Supplemental Figure 3, D-F). No correlation,
however, was found between time elapsed since the end of ritux-
imab treatment and either secretion rate or affinity in any compart-
ment analyzed (Supplemental Figure 4). Only a fraction (8%-13%)
of IgG-SCs showed cross-binding to alIbf3 and antigens used for
polyreactivity testing (keyhole limpet hemocyanin [KLH] and insu-
lin; ref. 24) with poor affinity (10-50 nM), as expected from IgG-
secreting plasma cells (25), and increased affinity for alIbp3 did not
increase affinity for these other antigens (Supplemental Figure 5).
These results demonstrate that approximately 90% of the IgG-SCs
with reactivity for aIIbB3 analyzed herein are not polyreactive. The
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Table 1. Characteristics of patients with ITP

PatientID Sex  Age ITP duration Clinical ~ RTX (monthsfrom  RTX efficacy Current therapy Past treatment Splenectomy
(months) pattern last infusion) history outcome

G F 22 240 Chronic 4 R TPO-RA, (S, IVIG (S, IVIG, RTX, TPO-RA (R

J M 24 45 Chronic 18 Failure® Vinblastine, tacrolimus CS, IVIG, OFA, TPO-RA, MMF, (R

tacrolimus
K F 50 37 Chronic = = TPO-RA GS, IVIG, TPO-RA (R
0 M 36 43 Chronic 32 Failure (S, IVIG (S, IVIG, RTX, TPO-RA, dapsone, (R
danatrol
0 M 37 6 Persistent 2 Failure TPO-RA, (S, IVIG, AZA (S, IVIG, RTX, TPO-RA, AZA (R
Al F 79 396 Chronic 2 Failure (S, IVIG, TPO-RA (S, IVIG, TPO-RA (R
AM M 75 192 Chronic 108 Failure (S (3 days)® and TPO-RA CS, IVIG, TPO-RA (R
AG F 55 >24 Chronic 12 Response, relapse -0 CS, IVIG, TPO-RA (R
B F 60 36 Chronic 8 Failure TPO-RA, CS, IVIG (S, IVIG, RTX, TPO-RA, dapsone Failure
F M 73 12 Chronic 8 Failure TPO-RA, MMF, IVIG (S, IVIG, RTX, TPO-RA, AZA Failure
H F 21 30 Chronic 7 Failure TPO-RA, IVIG (S, IVIG, RTX, TPO-RA Failure
| M 22 36 Chronic - - - (S, TPO-RA Failure
M M 70 17 Chronic 4 Failure (S (S, IVIG, RTX, TPO-RA Failure
N M 33 192 Chronic 12 Partial response CS, IVIG, vincristine (S, IVIG, TPO-RA, RTX, vincristine,  Failure
dapsone, MMF
R M 31 7 Persistent 5 Failure IVIG, MMF, TPO-RA (S, IVIG, RTX, TPO-RA, MMF Failure
S M 26 7 Persistent 4 Failure (S, IVIG (S, IVIG, RTX, TPO-RA, MMF Failure
T(D3) F 20 174 Chronic 10 Failure Daratumumab (S, IVIG, RTX, TPO-RA, MMF, Failure
dapsone, splenectomy
D1 M 34 95 Chronic 3 Failure Daratumumab CS, IVIG, RTX, TPO-RA, MMF, CSA, Failure
HCQ, splenectomy
AC F 68 24 Chronic = = TPO-RA (S, TPO-RA =
AD M 65 0 Acute - - No - -
AE F 30 156 Chronic 1 Failure RTX (1 month) (S, IVIG, vincristine, RTX, TPO-RA, -
chemotherapy and autologous stem
cell transplantation 14 years before
current sample (Hodgkin disease)

AF F 77 0 Acute - - No - -
AH F 72 0 Acute - - €S (1day) (S (1day)" -

Al F 77 12 Chronic 9 Failure MMF (S, IVIG, TPO-RA, RTX, CSA, MMF -
AK F 66 1 Acute - - (S (3 days) (S (3 days)" -
AL M 51 >24 Chronic 12 Response, relapse TPO-RA (S, IVIG, TPO-RA -
D2 F 35 128 Chronic 98 Failure Daratumumab (S, IVIG, RTX, TPO-RA, MMF, CSA, -

AZA, EDX

R-406 F 77 7 Persistent - (R S (S, TPO-RA, dapsone -
R-429 M 74 3 Persistent - (R (S, IVIG (S, IVIG -
R-367 M 75 4 Persistent - (R (S, VIG GS, IVIG -
R-387 F 78 2 Newly diagnosed = (0 TPO-RA, CSA (S, IVIG, TPO-RA, CSA =

ADuration unknown. 8Patient | received anti-CD20 mAb ofatumumab instead of rituximab. ‘Duration of some drug treatments for some patients are
indicated in parenthesis. °Splenectomy performed 1 month after rituximab arrest. RTX, rituximab; OFA, ofatumumab; CR, complete response; -, none

:

or not administered; TPO-RA, thrombopoietin receptor agonist; CS, corticosteroids; IVIG, intravenous immunoglobulins; AZA, azathioprine; MMF,
mycophenolate mofetil; HCQ = Hydroxychloroquine; CSA = Cyclosporine; EDX = Endoxan (Cyclophosphamide).

overall median affinity of anti-aIIbp3 IgG-SCs from pooled patients
with ITP was identical (~8 nM) between the 3 anatomical compart-
ments (Figure 2B). The same result was found for anti-alIbf3 IgG-
SCs of pooled healthy donors, with a significantly lower median
affinity (~23 nM) (Figure 2B). The proportion of autoreactive IgG-
SCs among mononuclear cells was 10-fold, 5-fold, and 3-fold higher
in patients with ITP than healthy donors in the spleen, bone marrow,
and blood, respectively (Figure 2C). Healthy donors harbored 65%
to 75% low-affinity and relatively few high-affinity IgG-SCs, where-
as patients with ITP harbored 37% to 46% medium affinity and 11%

to 16% high-affinity IgG-SCs in the 3 anatomical compartments ana-
lyzed. Compared with healthy donors, patients with ITP secrete IgG
at a lower rate but with a higher proportion of medium- and high-af-
finity anti-aIIbp3 specificities in spleen, bone marrow, and blood.
These results suggest a role for high-affinity autoantibodies secreted
from different anatomical locations in the pathogenesis of ITP.

With the majority of the patients in our cohort being refracto-
ry to various therapies, including B cell depletion and splenectomy,
we wondered whether patients achieving complete response to rit-
uximab therapy would demonstrate a reduction/disappearance of

J Clin Invest. 2022;132(12):e153580 https://doi.org/10.1172/)C1153580


https://www.jci.org
https://doi.org/10.1172/JCI153580

The Journal of Clinical Investigation RESEARCH ARTICLE

A NS B
! NS NS !
I Ll 1
] NS . *% *% *%
*kkk *kkk [ ] I | ]
1000+ T dededek T ns | gekkk
T 1 I 1 — o
oo ©
8 s i . o ITP
o -10.3 ° 3
: & e 8 § HD
o 8
- so§3§ . & o T
(] ngga 003 o Q
@ 883 o oo Es
L 828 888 ° °
3 100 §§§ g 8038 & 0080
° —~ 1 888 o . 8o59
E 3% § S (g0 cgogcﬁo gi?:e % .
Q 9%eal [a) 8gdo ° o
2 6988 X T g o °g8° go88
= §o88g gogg g ° 0805800 °
g ©gog8 oo@soogeoo 0gg° Bog =
2 DL N o0 SO |2
2 BHILR 1117 S R -
g 101 °§§8§° 6% D%g&:s ) o 008800 8%00
8 . o gefths ogisties o 352388
H 20808 ] s«:§.§§ Sog .88 28°6 88
(g’ ° 0388g° 108924 g3 Tost, . | |
e ° A ITP 088480000 588858 9888 5
AR 008 oﬁg ° o °§88 0% 0 0o
&% HD ol 0 Y| (A
o0 % °© _pB . 8o.3foc —e—— oS%E8 °
‘ S 365emats 03§§° % g9%8a8e  TooBE..
N 1 ;gg;%g’gg ogo 8o¥Y83 oco 8°8§°°og° 000
° 4 . 9 ° 0,90 8
1503 499 651 207 714 376 g R LA §88es §oas §ecs
1
Spleen BM Blood Spleen BM Blood
C D Spleen
*% *% *% 15
0.25 ) 1 I 1 I 1 10 ITP 1 HD
3 o] |
O 0.20 Bl High (<1 nM) —
s » 04T
= 1 Med (1-10 nM) O
S 3 Low (10-50 nM) =
0.15 -
[} =
= 5 03
[$}
s 0.1071 |—1 =
o 31
3 3
[<=% — 0.24
3 0.05 &
= <=
3 ’=| ,:1 o
0.00 =
ITP HD ITP HD ITP HD :
Spleen BM Blood I:' | n | :1 H
0.0 AL LT DL H?'?....?.rj..
MLOI~-"X3Z0OXhkgQsLon
IITIIITITIT
E BM F Blood
0.8 0.5
0.7 ITP HD ITP HD
06 I
05
0.4 H 0.44
04 -
? [ | @
(@] o
= = 7]
§ 0.34 § 0.34
o o
> >
k3] N ©
© © E
o 027 L 3 0.2
& ey i
(=N Q.
S S
T 019 3 o.1-ﬂ
ocﬂﬁl_ll_ll_lﬁ':'HHH 0.0 =] lr|H n] HHHHHH”
LRl 22" 5883 L RREIT XL IORXIFRNSARIRISSN
IITITT sNOQOOQ T N
[afak e alalayal
IT IIIT

Figure 2. Autoreactive ASCs with high and low affinity are present in the spleen, blood, and bone marrow (BM) of patients with ITP. (A) IgG secretion
rate and (B) affinity for allbB3 of single ASCs from pooled data of patients with ITP and healthy donors (HD) for spleen (ITP, n = 14; HD, n = 6), BM (ITP,
n=17; HD, n = 4), and blood (ITP, n = 14; HD, n = 10). Single-cell values and medians are plotted. Total numbers of IgG-SCs analyzed per compartment
are indicated in A. In B, affinities are classified into high (red), medium (orange), and low (yellow) affinity, with dotted lines separating these catego-
ries. (C) Frequency of allbB3-reactive IgG-SCs among mononuclear cells (MCs) classified into high, medium, and low affinity from patients (ITP)
and HD according to B. (D-F) Frequency of allbp3-reactive IgG-SCs among MCs classified into high, medium, and low affinity represented for indi-
vidual patients (ITP) and HD for (D) spleen, (E) BM, and (F) blood. (D-F) The dotted line marks the highest frequency found in an HD. **P < 0.01;
****p < 0.0001 using post hoc contrast analysis after linear (A and B) or logistic (C) modeling and multiple-testing P-value adjustment. NS, not signifi-
cant. See Supplemental Table 2 for further details.
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the high-affinity anti-aIIbp3 IgG-SC population after treatment. We
retrospectively analyzed frozen PBMC samples of 4 responder ITP
patients collected 1 week before the first and 3 months after the last
rituximab infusion. Seventy-five percent (3 of 4) patients displayed
3 times or greater less total IgG-SCs after rituximab treatment, with
nevertheless a nonsignificant trend for the group (Supplemental
Figure 6A). IgG secretion rates were, however, significantly higher
after treatment (Supplemental Figure 6B), reminiscent of the high-
er secretion rate of blood IgG-SCs in healthy donors compared with
patients with ITP (Figure 2A). All 4 responder patients had very low
initial frequencies of aIIbf3-specific IgG-SCs in circulation (mean
0.016% among PBMCs), with approximately 10-fold reduction in 2
patients and no major variation in the 2 other patients (Supplemental
Figure 6C). Nevertheless, high-affinity autoreactive IgG-SCs disap-
peared after treatment in these patients in remission (Supplemental
Figure 6D), supporting our hypothesis on the role for high-affinity
ASCsin the pathogenesis of ITP. We then grouped the patients from
our main cohort by rituximab responsiveness and compared them
in terms of alIbB3 reactivity. Even though the number of respond-
ing patients in our cohort was very limited, we observed a tendency
toward lower affinity for aIIbp3 in rituximab-responding patients
as compared with rituximab-failure patients (Supplemental Figure
6E), whereas no difference was observed in the frequency of auto-
reactive ASCs (Supplemental Figure 6F).

;
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complete remission (CR) or failure (F).
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We found varying proportions of autoreactive IgG-SCs among
mononuclear cells between patients with ITP, and within anatom-
ical compartments of a given patient (Figure 2, D-F). This finding
may rely on the heterogeneity of therapeutic regimens and intrin-
sic cell heterogeneity of each anatomical compartment. Neverthe-
less, 71% (10 of 14) of spleen samples, but only 41% (7 of 17) of
bone marrow and 36% (5 of 14) of blood samples harbored more
autoreactive IgG-SCs in patients with ITP compared with the
highest value found in healthy control samples. Fifty percent (7
of 14) of the patients with ITP harbored high-affinity anti-aIIbf3
IgG-SCs in the spleen, compared with 29% (5 of 17) and 36% (5
of 14) in the bone marrow and blood, respectively. No such cell
could be detected in spleens from healthy donors, and only once in
blood and twice in bone marrow at very low numbers. Thus, most
patients with ITP displayed a robust anti-alIbp3 response in the
spleen that underlies the central role of this organ in ITP.

Comparable autoantibody responses in paired organs. In order
to compare the autoantibody response in different immune sites
from the same patient with ITP, we obtained paired samples,
either taken at the time of splenectomy (spleen + bone marrow
and/or blood) or at the time of bone marrow collection (bone
marrow + blood). On average, 20% to 25% of IgG-SCs were
alIbB3 specific in the 3 compartments, with some patients pre-
senting with a robust autoreactive response of up to 75% of auto-
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N Figure 4. Anti-CD38 therapy depletes pathogenic ASCs

in patients with ITP. (A) Flow cytometric identification
of circulating CD27*P63* plasmablasts/plasma cells
from patients D1and D2 before (top panel) and 4 weeks
Before DARA after (bottom panel) the start of daratumumab (DARA)
(W0) treatment. (B-G) Kinetic follow-up of patient D1 (B-D) and
patient D2 (E-G) blood samples for (B and E) frequency of
IgG-SCs among PBMCs and platelet levels. (C and F) Fre-
quency of allbB3-reactive 1gG-SCs among PBMCs classified
into high (red), medium (orange), and low (yellow) affinity.
(D and G) Affinity for allbp3 of single IgG-SCs. Displayed on
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response in patients with ITP disseminates through multiple
organs, resulting in IgG-SC populations with similar ranges of
anti-olIbf3 affinity and proportion among IgG-SCs.

Kinetic follow-up of anti-CD38 therapy with daratumumab
in patients with ITP. The autoreactive IgG-SCs in patients with
chronic ITP that are refractory to conventional therapies (ritux-
imab and/or splenectomy) can be theoretically eliminated using
the anti-CD38 mAb daratumumab that was developed to target
malignant plasma cells (26). We therefore analyzed 3 patients
who received off-label (compassionate use) daratumumab for
severe chronic refractory ITP. After 3 infusions, daratumumab
led to an 89% reduction in circulating CD27"P63* plasmablasts
and plasma cells (27), identified by flow cytometry (Figure 4A
and Supplemental Figure 8).

Patient D1 (34-year-old male) had been splenectomized 9
years prior to daratumumab therapy, but continued to expe-
rience skin and/or mucosal bleedings because of low platelet
counts (<30 x 10°/L) despite receiving several immunosuppres-
sant drugs (including rituximab, mycophenolate mofetil, and
cyclosporin) and thrombopoietin receptor agonist (TPO-RA).

J Clin Invest. 2022;132(12):e153580
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He received 7 daratumumab infusions at 16 mg/kg per week
without other treatment except oral dexamethasone (20 mg)
before each infusion and achieved a complete response last-
ing now over 1 year (defined by platelet count >100 x 10°/L)
(Figure 4B). After a short increase in total IgG-SC (Figure 4B)
and anti-alIbp3 IgG-SC (Figure 4C) numbers in blood, these
proportions dropped 2- to 3-fold and remained low for at least
10 weeks after the last daratumumab infusion. Remarkably,
whereas low-affinity IgG-SCs remained at a third of their initial
level, high-affinity IgG-SCs became undetectable a few weeks
after the end of the treatment (Figure 4, C and D).

Patient D2 (35-year-old female) had not been splenecto-
mized and received her last rituximab infusion 8 years before
receiving weekly daratumumab (without other treatment except
20 mg dexamethasone orally before each infusion) for 6 weeks.
This resulted in a transient complete response lasting 17 weeks
before relapse. Total IgG-SC (Figure 4E) and anti-alIbp3 IgG-SC
numbers in blood nevertheless dropped approximately 10-fold
following daratumumab infusions, again with the disappearance
of high-affinity IgG-SCs (Figure 4, F-G). Overall, both patients
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responded similarly to daratumumab therapy in terms of deple-
tion of IgG-SCs, both total and aIIbf3 specific, and elimination
of high-affinity anti-aIIbp3 IgG-SCs from circulation.

These results emphasize that daratumumab therapy targets
ASCs in patients with ITP and suggest that the depletion of these
cells, which include the autoreactive population, could be related
to clinical improvement.

Spleen-independent reappearance of high-affinity anti-olIbp3
ASCs after daratumumab. Patient T (20-year-old female) had
ITP requiring splenectomy 10 months after rituximab, and
then daratumumab therapy for refractory disease, allowing a
sequential follow-up after these interventions. After splenecto-
my, IgG-SC and anti-alIbp3 IgG-SC numbers in blood dropped
7- and 4-fold, respectively (Figure 5, A and D), supporting the
spleen as an important source of IgG-SCs in circulation (21,
28). On the day of splenectomy, high numbers of IgG-SCs were
found among mononuclear cells in the blood (1.4%), bone mar-
row (1.6%), and spleen (5%) (Figure 5, A-C), i.e., 7-fold higher
than the ITP spleen with the highest numbers we had analyzed
before (Supplemental Figure 2). Among IgG-SCs, 27%, 32%,
and 24% were alIbp3 specific, including high-affinity IgG-SCs,
in the spleen, bone marrow, and blood, respectively, demon-
strating a relatively homogeneous distribution of autoreactive
IgG-SCs across all 3 compartments (Figure 5, D-I). Daratu-
mumab treatment started 3 weeks after splenectomy induced a
transient increase in platelet counts (Figure 5A), associated with
a decrease in total IgG-SC and anti-alIbp3 IgG-SC numbers
(Figure 5D), and led to a disappearance of high-affinity IgG-SCs
(Figure 5G). Daratumumab was discontinued after 4 infusions
because of relapse and an increase in total IgG-SCs, anti-alIbp3
IgG-SCs, and high-affinity IgG-SCs in the blood was observed
after 5 weeks (Figure 5, A, D, and G). This reappearance of auto-
reactive, high-affinity IgG-SCs in circulation occurred after
splenectomy, suggesting autoreactive B cell reservoirs were
present in other anatomical compartments or re-emergence of
autoreactivity from naive B cells in secondary lymphoid organs
(e.g., lymph nodes) (18). Remarkably, whereas bone marrow
IgG-SCs (Figure 5C) and anti-alIbB3 IgG-SCs (Figure 5F) were
reduced 2.5- to 3-fold compared with their content before sple-
nectomy and daratumumab treatment, high-affinity IgG-SCs
could be readily detected in the bone marrow 5 weeks later with
a similar distribution (Figure 5I). These bone marrow-resistant
autoreactive high-affinity IgG-SCs identified after multiple
therapies could correspond to daratumumab-resistant ASCs,
and/or to newly immigrating ASCs generated in another com-
partment that remains to be identified.

Discussion

This study represents the first characterization to our knowledge
of ASCs in humans in terms of their anatomical distribution, anti-
body secretion, and affinity for their target autoantigen, including
both patients with autoimmune disease and healthy donors. It
demonstrates the dissemination of autoreactive IgG-SCs among
the spleen, blood, and bone marrow from patients with ITP. Rates
of IgG secretion per cell were very diverse, with a tendency for
secretion to decrease with decreasing affinity values for aIIbf3,
but globally similar between IgG-SCs from the spleen and blood
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and dissimilar from IgG-SCs from the bone marrow. Whereas
affinities for the platelet autoantigen alIIbp3 varied over 3 logs,
the median affinity and range of affinities were strikingly similar
between the 3 compartments, suggesting a common origin. In
addition, the proportion of autoreactive IgG-SCs closely correlat-
ed between spleen and blood, and spleen and bone marrow, sup-
portive of the spleen being the source of autoreactive IgG-SCs and
the dominant tissue in this disease (9). The persistence of autore-
active ASCs in the bone marrow after failure of anti-CD20 B cell
depletion, splenectomy, and anti-CD38 therapy represents a new
layer of complexity and target for ITP therapy.

Chronic ITP is the most common hematologic indication for
splenectomy (29), making this major secondary lymphoid organ
accessible for research. allbp3-reactive memory B cells (13, 18) and
IgG-SCs (plasma cells) were identified in the spleen of patients
with ITP, as well as increased allbB3-reactive effector T cell (9)
and reduced Treg (12) numbers compared with healthy controls.
The stage of B cell development at which tolerance to platelet anti-
gens breaks down remains to be determined. The identification in
small numbers of anti-alIbp3 IgG-SCs in all healthy donors in this
work supports the hypothesis of a low-level autoreactivity against
platelets in healthy individuals. This is in agreement with the low
frequency (~13%) of self-reactive IgG-secreting plasma cells found
in healthy donors after sorting of CD138*CD27CD38" cells and in
vitro expression of their IgG (25). As the abundance of anti-oIIbp3
IgG-SCs is low, with poor affinity and IgG secretion rates, the
amount and overall affinity of circulating platelet autoantibodies
may be insufficient in these healthy donors to have a meaningful
impact on platelet numbers, but may represent a biomarker for
future evolution into ITP.

In ITP, breakdown of tolerance to platelets leads to the gen-
eration of anti-oIIbp3 ASC clones that are a hallmark of germinal
center autoreactive B cell generation (11, 13, 18). We provided here
a comprehensive view of affinity-matured autoreactive ASCs in
different compartments that possess a broad range of affinities,
including high-affinity binders. Autoantibodies with affinities for
cytokines as high as 3 x 10** M have been reported to develop in
patients with autoimmune polyendocrine syndrome type 1 (APS-1,
also known as autoimmune polyendocrinopathy-candidiasis-ecto-
dermal dystrophy [APECED]) (30). Whether antibody affinities
for the extremely abundant antigen aIIbp3 could reach such values
remains speculative and may certainly require an extreme defect in
tolerance. Remarkably, anti-oIIbp3 subnanomolar affinities could
be identified from IgG-SCs in spleen, blood, and bone marrow in
similar distributions in some individuals. The magnitude of the
response in the spleen correlated with that of the blood and bone
marrow, with a strong decrease in circulating IgG-SCs after sple-
nectomy, highlighting the role of this organ in the generation of IgG-
SCs that are released to the bloodstream. Supportive of this notion,
a correlation in the number of alIbp3-reactive IgG-SCs between
spleen and blood from patients with ITP that responded to splenec-
tomy was reported previously using ELISpot (9).

Only 1 case report previously identified anti-aIIbp3 in the
bone marrow of 1 ITP patient using ELISpot (31). Our study iden-
tified anti-oIIbp3 IgG-SCs in the bone marrow in 40% of patients
with ITP in similar or higher proportions among mononuclear
cells than in the spleen. In a direct comparison, the sensitivity of
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DropMap was overall higher than ELISpot. In this study, we found
the frequency of autoreactive IgG-SCs among mononuclear cells
to be around 0.1%, which is 10 times higher than what was previ-
ously described using ELISpot (9). This may be due to the inherent
higher sensitivity of fluorescent bioassays compared with chromo-
genic assays, or to the necessity of IgG-SCs to secrete over longer
periods of time for ELISpot (hours) than for DropMap (45 min-
utes). The bone marrow is thought to be the main niche for surviv-
al of long-lived ASCs, so the presence of autoreactive IgG-SCs in
this compartment could be correlated to long-term autoantibody
production and, in turn, with the maintenance of chronic disease
(reviewed in ref. 32). Our results constitute one of the first direct
findings to our knowledge of autoreactive plasma cell populations
in human autoimmunity (33), supported also by similar findings in
mouse autoimmunity models of vasculitis (34), lupus (35-38), and
encephalomyelitis (39). The establishment of long-lived ASCs in
the bone marrow could also have important implications for treat-
ment of ITP and other B cell-dependent autoimmune disorders:
first, this population could sustain autoantibody levels following
splenectomy, which may be sufficient to affect clinical manifesta-
tions; and second, long-lived ASCs in the bone marrow have been
observed to be resistant to immunosuppressive agents (36) and to
B cell-targeted therapies, such as anti-CD20 or anti-BAFF anti-
bodies (32, 39), which may partly explain therapeutic failures.

In this context, targeting ASCs with anti-CD38 appeared to
be a very promising option. This work reports anti-CD38 dara-
tumumab off-label use in 3 patients with refractory chronic ITP,
a treatment that has been proposed for autoimmune cytopenia
following bone marrow transplantation (40, 41). Similar to our
results, daratumumab therapy gave drastically different clinical
outcomes, from complete remission to failure of therapy (41). The
bone marrow is probably responsible for immediate failures of
splenectomy by harboring sufficient autoreactive ASCs for effec-
tive platelet destruction. However, targeting autoreactive ASCs
may prove difficult, as bone marrow cells have been reported in
mouse models to be rather resistant to therapeutic antibody deple-
tion (42, 43). Similarly, we showed that autoreactive ASCs persist-
ed in the bone marrow of a patient with no response to daratu-
mumab, providing a possible explanation for treatment resistance.
Another patient achieved complete remission after daratumumab
but relapsed several weeks later, suggesting that a lymphoid organ
was perhaps able to generate new autoreactive ASCs. The lym-
phoid organ responsible may have been lymph nodes in splenecto-
mized patient T (Figure 5) and the spleen (and perhaps also lymph
nodes) in patient D2 who received daratumumab but had not been
splenectomized (Figure 4, E-G). Understanding the reasons for
such variability in clinical responses to B cell depletion therapy
will require more investigation, particularly as we describe here-
in a relatively homogeneous dissemination of IgG-SCs among
spleen, blood, and bone marrow of patients with ITP.

Our work also has several limitations, mostly inherent
to human studies. Patients had varying clinical histories and
received treatments that probably affected the ASC pool. How-
ever, long-term corticosteroids and /or immunosuppressant drugs
are not commonly given for ITP in France, and we took advan-
tage of the various therapeutic sequences, including splenectomy
and daratumumab, to study ASC dissemination in humans. Our
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assay focused on IgG and alIbp3, as previous studies showed that
anti-aIIbB3 IgGs were predominant autoantibodies in ITP (4, 5).
We cannot, however, exclude the possibility that some patients
had a response of another isotype or directed against other, less
common, platelet antigens (e.g., CD42 complex [GPIb/IX/V]
and integrin a2f1 [GPla/Ila]; ref. 44). ASCs are also rare among
mononuclear cells, and in some patients described here only few
alIbp3-reactive cells could be identified that limit broad extrap-
olations on autoreactive ASCs. Our method of analysis proved
nevertheless more sensitive than conventional assays (i.e., ELIS-
pot), which allowed us to investigate secretion rate and affinity for
alIbp3 for more than 3,300 freshly isolated ex vivo IgG-SCs.

This work extends (45-48) our knowledge of autoreactive IgG-
SCs in human ITP. We demonstrate the homogeneous dissemina-
tion of platelet autoreactive ASCs into multiple anatomical com-
partments that could explain splenectomy failure in some patients.
A wide range of affinities for the major ITP autoantigen oIIb3 were
identified, with very high affinities reminiscent of affinities found
in other systemic autoimmune diseases. Anti-CD38 daratumumab
therapy allowed us to demonstrate the crucial contribution of ASCs
in ITP, and to point toward a compartment other than the spleen
that may serve in some patients as a source to reconstitute autoreac-
tive ASC pools in circulation and in the bone marrow.

Methods

ITP patients and controls

All patients included in this study were adults (>18 years old) and were
diagnosed with ITP according to international guidelines (10). Patients
with underlying immunodeficiencies, hepatitis C virus or human
immunodeficiency virus infection, lymphoproliferative disorders, and
defined systemic lupus erythematosus (=4 American Rheumatism
Association criteria) were excluded. Patients had acute (<3 months),
persistent (3-12 months), or chronic (>12 months) ITP. According
to these guidelines, a bone marrow smear biopsy was performed in
patients over 60 years old to exclude myelodysplastic syndromes.
Complete response to splenectomy was defined by a platelet count
over 100 x 10°/L and the absence of bleeding, partial response was
defined by a platelet count over 30 x 10°/L and below 100 x 10°/L and
at least doubling values from baseline, and failure by a platelet count
under 30 x 10°/L or use of salvage therapy after 1 month. Relapsing
patients were defined as those that initially had a complete response,
but then had a drop in the platelet count, below 30 x 10°/L, as well
as a medical intervention by the treating physician. Healthy controls
were individuals with no autoimmune disease or lymphoma. Control
spleen samples were obtained from organ donors that died from stroke
or head trauma. Control bone marrow aspirate samples were taken
from healthy organ transplantation donors and were obtained from
the Pitié-Salpétriere Hospital (AP-HP). Control blood samples were
obtained from the French Blood Establishment (EFS).

Sample processing

Splenic tissue was obtained from splenectomy and maintained at 4°C
for transportation to the laboratory. Splenic tissue fragments were
homogenized using a dissociator (gentleMACS, Miltenyi Biotec), and
cell suspensions were subsequently filtered and diluted in RPMI-1640
(Invitrogen). Ficoll density gradient (Ficoll Paque Plus, GE Health-
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care) centrifugation at 300 g for 20 minutes with no brake was used
to obtain mononuclear cells. Bone marrow cells were obtained from
bone marrow aspiration and immediately placed in sodium heparin
tubes (BD) for transportation to the lab at room temperature. Bone
marrow cells were then dissociated by flushing thoroughly through a
syringe needle and diluted in RPMI-1640, before processing by Ficoll
density gradient to obtain mononuclear cells. Blood was obtained in
sodium heparin tubes and transported at room temperature. After
dilution in RPMI-1640, blood was processed by Ficoll density gra-
dient. After isolation, mononuclear cells from all organs were resus-
pended in RPMI-1640 supplemented with 10% HyClone FBS (Ther-
mo Fisher Scientific) and 1% penicillin/streptomycin (Thermo Fisher
Scientific). From this point on, cell suspensions were maintained on
ice. All experiments were performed within 12 hours from sample
collection, except for PBMCs from 4 patients with nonrefractory ITP
that were analyzed from frozen samples. Although these 4 samples
had been frozen for storage, their frequencies of IgG-SCs (mean
0.27% among PBMCs) were comparable to those found on average in
fresh PBMCs from the rest of the cohort.

Aqueous phase I: preparation of cells for droplet compartmentalization
Cell suspensions were centrifuged (300g, 5 minutes) and resuspended
twice using MACS buffer consisting of PBS pH 7.2, 0.2% bovine serum
albumin, and 2 mM EDTA. After each resuspension, cells were filtered
through a 40-pm cell strainer to eliminate aggregates. Cells were
then spun (300g, 5 minutes) and resuspended in DropMap buffer,
which consisted of RPMI-1640 (without phenol red) supplemented
with 0.1% Pluronic F68, 25 mM HEPES pH 7.4, 5% KnockOut serum
replacement (all Thermo Fisher Scientific), and 0.5% human serum
albumin (Sigma-Aldrich). Cell number in the suspension was adjusted
to achieve a A (mean number of cells per droplet) of approximately 0.3.
For calibration curves, IgG mAbs were diluted in DropMap buffer.

Aqueous phase IlI: preparation of beads and bioassay reagents
Paramagnetic nanoparticles (Bio-Adembeads Streptavidin plus 300
nm, Ademtech) were washed with Dulbecco’s PBS with calcium and
magnesium (DPBS++, Thermo Fisher Scientific). The nanoparticles
were resuspended in DPBS++ containing 1 uM biotin-labeled anti-
human « light chain (Igx) (CaptureSelect, Thermo Fisher Scientif-
ic), and incubated 20 minutes at room temperature. After another
wash with DPBS++, nanoparticles were resuspended in 5% Pluronic
F127 (Thermo Fisher Scientific) and incubated 20 minutes at room
temperature. The nanoparticles were washed again and resuspend-
ed in DropMap buffer containing fluorescent reporter proteins at
a final concentration of 1.25 mg/mL beads. Reporter proteins were
Alexa Fluor 647-labeled F(ab’), fragment of rabbit anti-human IgG
Fe-specific (Jackson ImmunoResearch) used at 75 nM final in-droplet
concentration and Alexa Fluor 488-labeled (Thermo Fisher Scientif-
ic) alIbp3 (purified protein, Enzyme Research) used at 30 nM final
in-droplet concentration.

Droplet production and collection

Droplets were generated using hydrodynamic flow-focusing on a
microfluidic chip as described previously (22). The wafer master of an
SU-8 photoresist layer (MicroChem) with approximately 40 pm thick-
ness was manufactured using soft lithography (49) and microfluidic
chips were fabricated using polydimethylsiloxane (Sylgard; ref. 22).
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The continuous phase consisted of 2% (wt/wt) 008 Fluorosurfactant
(RAN Biotechnologies) in Novec HFE7500 fluorinated oil (3M). Aque-
ous phases I and II were coflowed and partitioned into droplets. The
flow rate of aqueous phases I and II was 70 pL/h, whereas that of oil
was 600 pL/h in order to achieve monodisperse droplets of approxi-
mately 40 pL volume. Newly generated droplets were directly injected
into the DropMap 2D chamber system (22) and mounted on a fluores-
cence microscope (Ti Eclipse, Nikon). The emulsion was exposed to a
magnetic field, forcing the nanoparticles inside each droplet to form
an elongated aggregate termed a “beadline.”

Data acquisition

Images were acquired using a Nikon inverted microscope with a
motorized stage (Ti Eclipse). Excitation light was provided by a
light-emitting diode (LED) source (SOLA light source, Lumencor Inc.).
Fluorescence for the specific channels was recorded using appropriate
bandpass filters and camera settings (Orca Flash 4.0, Hamamatsu) at
room temperature and ambient oxygen concentration. Images were
acquired using a 10x objective (NA 0.45). An array of 10 x 10 images
was acquired for each replicate, every 7.5 minutes in all channels over
37.5 minutes (6 measurements total). Duplicates or triplicates were
systematically acquired for every sample, with each replicate being the
filling of the DropMap 2D chamber with a different droplet population
acquired over time on a 10 x 10 image array.

Image analysis and calculations

Images were analyzed using a custom-made MatLab script (MathWorks)
that identifies each droplet and the beadline within each droplet. Fluo-
rescence values associated with the beadline were extracted as well as
the mean fluorescence of the entire droplet except the beadline (back-
ground fluorescence). A value of fluorescence relocation for each droplet
at each time point was calculated, i.e., fluorescence value of the beadline
divided by the fluorescence value of the background. Data were export-
ed to Excel (Microsoft) and sorted for droplets showing an increase in
relocation of the anti-IgG reporter fluorescence (Alexa Fluor 647) over
time and above a threshold of Alexa Fluor 647 relocation greater than
1.5. The sorted droplets were visually controlled for the presence of a sin-
gle cell within the droplet, for droplet movement between image acqui-
sitions, absence of fluorescent particles other than the beadline (e.g.,
Alexa Fluor 647-anti-IgG or Alexa Fluor 488-aIIbp3 protein aggregates,
cell debris) and undesired aggregation of fluorescent reporters on the cell
surface inside the droplet. IgG secretion rate and dissociation constant
(K,) were estimated as described previously (22).

Estimation of IgG concentration within each droplet. A calibration
curve for the estimation of IgG concentration was obtained by pre-
paring droplet populations containing all bioassay reagents except
cells that were replaced by a range of concentrations of monoclo-
nal IgG1 (one concentration per droplet population). Images were
acquired exactly 3 minutes after the droplets were immobilized in
the DropMap chamber for each IgG concentration, and fluorescence
relocation calculated. The calibration curve was subsequently used
to estimate the IgG concentration and secretion rate (IgG/s) for each
time interval, and the mean secretion rate was calculated by averag-
ing the values of all intervals.

Estimation of K, for alIbp3 within each droplet. A calibration curve
was obtained by defining relocation values for both anti-IgG (Alexa
Fluor 647) and aIIbB3 (Alexa Fluor 488) for a collection of 10 anti-
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alIbp3 mAbs (listed in Supplemental Table 3) with a range of K, over 1
log as defined using bio-layer interferometry (ForteBio). Droplet pop-
ulations were generated for different concentrations of each mAb to
be analyzed by the DropMap bioassay. A curve was defined by plotting
the relocation from the anti-IgG (Alexa Fluor 647) against relocation
of olIbp3 (Alexa Fluor 488), and the slope of the resulting line was
calculated and termed the “DropMap slope.” The calibration curve
was defined by the linear relationship between K, for oIIbp3 and the
DropMap slope of each mAb, and allowed to extract a K, value for each
DropMap slope value calculated from a droplet containing an IgG-SC
of unknown affinity for aIIbp3.

Affinity determination of mAbs

Bio-layer interferometry measurements were performed using anti-
human IgG sensors in an Octet system (ForteBio). Anti-aIIbp3 mAbs
(10 pg/mL) were captured on the sensors for 10 minutes. Equilibri-
um dissociation constants (K,) were determined by monitoring over
85 minutes the association between the immobilized antibodies and
alIbB3 in solution in duplicate for 7 concentrations of antigen (200,
100, 50, 25, 12.5, 6.25, and 3.13 nM). An irrelevant IgG mAb was used
as negative control to subtract the background signal. Data analysis
was performed using the Octet Analysis software (ForteBio), and K,
values were calculated by steady-state analysis.

Flow cytometry

Fresh PBMCs were isolated from venous blood samples via stan-
dard density gradient centrifugation. For surface staining, cells were
washed and resuspended at 2 x 10° in 100 pL PBS with 2% FBS and
incubated with Zombie Violet fixable viability dye (BioLegend) and
an antibody cocktail for 25 minutes at 4°C in the dark. Following sur-
face staining, cells were fixed/permeabilized for 30 minutes at 4°C
in the dark with an eBioscience FoxP3 transcription factor buffer
kit and incubated with antibodies recognizing intracellular targets
for 30 minutes at 4°C in the dark. Samples were acquired on an LSR
Fortessa (BD Biosciences). Data were analyzed with Kaluza soft-
ware (Beckman Coulter). A list of antibodies used in this panel can
be found in Supplemental Table 1 and the detailed gating strategy is
depicted in Supplemental Figure 8.

ELISpot

Anti-oIIbp3 ELISpot assays were performed as previously described
(13). Briefly, KLH (2.5 pug/mL), goat anti-human Ig polyvalent anti-
body (10 pg/mL; Invitrogen), or purified alIbf3 (15 pg/mL; Stago) was
coated in PBS and 0.05% CaCl, in multiscreen 96-well filter plates
(MSIPS4510, Millipore) with overnight incubation at 4°C.

Then, 1x10° splenocytes were serially diluted in culture medium
(RPMI-1640 supplemented with 10% HyClone FBS and 1% penicil-
lin/streptomycin) in triplicate before transferring to ELISpot plates
and incubated overnight at 37°C with 5% CO,. Cells were removed
and the ELISpot plate was incubated for 4 hours at 4°C with bioti-
nylated goat anti-human IgG Fc (Invitrogen), followed by incubation
for 1 hour at room temperature with horseradish peroxidase-conju-
gated (HRP-conjugated) avidin (Vector Laboratories). HRP activity
was further revealed using 3-amino-9-ethylcarbazole (BD Bioscienc-
es) for 8 minutes at room temperature in the dark. Spots were enu-
merated in each well with an ELISpot reader using AID software v3.5
(AutoImmun Diagnostika).
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Statistics

The R environment v4.0.5 was used for all the analyses (50). Data
were neither averaged nor normalized prior to analyses. Response
variables were log, converted for better adjustment to linear mod-
els. Data were fitted to a linear (quantitative response) or logistic
(qualitative response) model that includes the variables of inter-
est, i.e., group (healthy donor or ITP classes) and sample type (SP,
BL or BM classes), plus the patient variable nested into the group
variable. Group and sample type interaction was added in the
model related to Figure 2A because of the post hoc inter-variable
contrast comparisons. Otherwise, it was removed from the models
when the effect was not significant. Age and sex covariates were
not incorporated, as their effects were already represented by the
patient variable. Mixed models using the lmer() function of the
Ime4 package were used in order to consider the effect of patient
and patient-group interaction as random. ANOVAs were per-
formed with the Anova() function of the car package. Type 3 sum
of squares was applied because of unbalanced designs. Two-by-
two effect comparisons (contrast comparisons) were performed
with the emmeans() function of the emmeans package. Unequal
variance t test (Welch’s test) was used in bivariate designs, i.e.,
when data were analyzed on a single patient (Figure 1) or in the
presence of a single value per patient (Figure 3A). In Figure 3, D-F,
Pearson’s correlation test was performed after removal of zero
values, log, transformation, and residuals checking of the linear
regression carried out in both ways. Statistical significance was set
to a P value of 0.05 or less. In each figure, type I error was con-
trolled by correcting the P values according to the Benjamini &
Hochberg method [“BH” option in the p.adjust() function of R].
Results are detailed in Supplemental Table 2.

Study approval

This study was conducted in compliance with the Declaration of Hel-
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and the Institutional Review Boards Comité de Protection des Per-
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11 (healthy donor spleens). All patients with ITP provided written
informed consent before the collection of samples.
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