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Abstract

Breakthrough treatment for refractory and relapsed immune thrombocytopenia (ITP) patients is urgently needed. Autoan-
tibody-mediated platelet clearance and megakaryocyte dysfunction are important pathogenic mediators of ITP. Glycoprotein 
(GP) Ibα is a significant autoantigen found in ITP patients and is associated with poor response to standard immunosup-
pressive treatments. Here, we engineered human T cells to express a chimeric autoantibody receptor (CAAR) with GPIbα 
constructed into the ligand-binding domain fused to the CD8 transmembrane domain and CD3ζ-4-1BB signaling domains. 
We performed cytotoxicity assays to assess GPIbα CAAR T-cell selective cytolysis of cells expressing anti-GPIbα B-cell re-
ceptors in vitro. Furthermore, we demonstrated the potential of GPIbα CAAR T cells to persist and precisely eliminate 
GPIbα-specific B cells in vivo. In summary, we present a proof of concept for CAAR T-cell therapy to eradicate autoimmune 
B cells while sparing healthy B cells with GPIbα CAAR T cells that function like a Trojan horse. GPIbα CAAR T-cell therapy 
is a promising treatment for refractory and relapsed ITP patients.

Introduction

Primary immune thrombocytopenia (ITP) is a bleeding dis-
order mainly mediated by pathogenic anti-platelet autoan-
tibodies secreted by autoreactive B cells and plasma cells, 
eventually leading to accelerated platelet destruction and 
megakaryocyte dysfunction.1-3 Platelet autoantibodies are 
predominantly directed against the platelet glycoproteins 
(GP) IIb/IIIa (CD41/CD61) and GPIb/IX (CD42b/CD42c/CD42a) 
in ITP.4,5 B-cell-targeted therapies in ITP patients appear to 
be well tolerated short term but lack long-term tolerance, 
and many patients relapse after drug withdrawal. Only 20% 
to 30% of patients treated with CD20-targeted B-cell deple-
tion therapy (rituximab) can achieve a long-term response 
(5 years).6-8 A possible reason for this therapeutic failure is 
the presence of rituximab-resistant splenic memory B cells 
and long-lived plasma cells (LLPC) secreting high-affinity 
autoantibodies.9-12 Failure of splenectomy therapy may be 
due to the presence of peripheral memory B cells and bone 
marrow LLPC in ITP patients.9,13 Thus, novel therapeutic 
strategies that eradicate autoreactive B cells (including 

memory B cells) while sparing healthy B cells would sig-
nificantly advance ITP treatment.
Chimeric antigen receptor (CAR) T-cell therapy has achieved 
remarkable success in neoplastic hematologic disorders, 
especially B-cell malignancies, with the cost of eradicating 
normal B cells. Based on CAR T-cell therapy, the concept 
of chimeric autoantibody receptor T cells (CAAR T) was 
proposed and applied to the treatment of pemphigus14 and 
muscle-specific tyrosine kinase myasthenia gravis.15 The 
extracellular ligand-binding domain of the CAAR structure 
was designed to contain autoantigens, thus mediating the 
specific cytolysis of autoreactive B cells by T cells in the 
above studies.
GPIbα, a surface membrane protein of platelets, initiates 
signaling events within platelets by binding to the A1 domain 
of von Willebrand factor (VWF).16,17 In ITP, platelet-associ-
ated anti-GPIb/IX antibodies are associated with a lower 
platelet count18,19 and inadequate responses to corticoste-
roids, intravenous immunoglobulin (IVIg), rituximab, and 
recombinant human thrombopoietin (rhTPO) compared 
with anti-GPIIb/IIIa antibodies.20-24 Epitope mapping of ITP 
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sera containing anti-GPlb/lX antibodies revealed that most 
autoepitopes are in different sites in GPIbα.25 In addition, 
anti-GPIbα antibodies can induce profound irreversible 
thrombocytopenia by an Fc-independent mechanism.26 
As the intermembrane distance of the immunologic syn-
apse is a critical design parameter of the ligand-binding 
domain,27 various truncated forms of GPIbα were used as 
the targeting domain in the study.
In this work, we proposed a new strategy for immunother-
apy for ITP in which autoantigen-modified T cells function 
like a Trojan horse to trap autoreactive B cells and perform 
specific killing. We constructed the GPIbα fragment into 
the second-generation CAR structure and verified that 
GPIbα CAAR T cells function as expected in vitro and in 
vivo. GPIbα CAAR T is a precision cellular immunotherapy 
with potential to induce complete and durable remission 
of refractory and relapsed ITP patients.

Methods

Animal experiments were approved by the Ethics Committee 
of Tongji Medical College, Huazhong University of Science 
and Technology (IACUC no. 3284). Experiments involving 
humans were conducted per the Declaration of Helsinki and 
were approved by the Ethics Committee of Union Hospital, 
Tongji Medical College, Huazhong University of Science and 
Technology (IEC-J (487)).

GPIbαα chimeric autoantibody receptor plasmid 
construction
The native GPIbα ectodomain of various lengths was con-
structed into a second-generation CAR structure containing 
a CD8α hinge/transmembrane region, 4-1BB co-stimulatory 
domain, and intracellular CD3ζ domain. Lentiviral vectors 
with or without green fluorescent protein (GFP) expression 
were used. GFP was linked with the CAAR fragment to fa-
cilitate the detection of GPIbα CAAR expression. The GPIbα 
mutant plasmid was constructed using the QuikChange 
Site-Directed Mutagenesis Kit.

Modified light transmission analysis
CAAR3 and GPIbα residue 233-mutated CAAR3 (CAAR3-mut-
g233k) were expressed on the Jurkat T-cell surface with lenti-
virus transduction. Jurkat-CAAR3-T and Jurkat-CAAR3-mut-
g233k T cells were resuspended to a concentration of 107 
cells/mL, and 300 μL of cell suspension was added to a 
colorimetric cup. Then, 5 μg/mL human VWF was added 
in the presence of 0.25 mg/mL ristocetin. Under the shear 
force and the induction of ristocetin,16 the VWF protein 
binds to Jurkat T cells expressing extracellular domains 
of GPIbα (CAAR3) on the surface, eventually triggering an 
aggregation reaction of the cells, which can be measured 
as an increase in light transmission collected by a platelet 
aggregation analyzer.

In vitro cytotoxicity assays
Donor-matched non-transduced T (NTD-T) cells or GPIbα 
CAAR T cells were co-incubated with control hybridoma 
(PE) and the target anti-GPIbα hybridoma cells (APC) at an 
effector to target (E:T) ratio of 5:1, while the ratio of target 
hybridoma cells to control hybridoma cells was 3:1. Cyto-
toxicity was evaluated at 24 hours using flow cytometry 
based on the changes in the ratio of target hybridoma cells 
to control hybridoma cells.

Anti-GPIbαα hybridoma xenograft models
Six-to-eight-week-old NSG mice (NOD-scid IL2Rγnull) 
were intravenously inoculated with anti-GPIbα B cells (105 
cells per mouse), followed 2 days later by injection with 
LBD-mutg233k T cells or NTD T cells (107 cells per mouse), 
and monitored for engraftment and therapeutic response 
by the IVIS® system every few days.

Cytometric bead array
The microbeads carrying different fluorescence (APC) inten-
sities were separately coated with monoclonal antibodies: 
anti-GPIX (clone: sz-1), anti-granule membrane protein 
(GMP) 140 (clone: sz-51), anti-GPIb (clone: sz-2), anti-GPIIb 
(clone: sz-22), and anti-GPIIIa (clone: sz-21). Platelets were 
isolated from ITP patients or healthy controls, then platelet 
lysate was incubated with the coated microbeads, followed 
by FITC-conjugated goat-anti-human IgG polyclonal anti-
bodies, and finally analyzed with flow cytometry.

GPIbαα enzyme-linked immunospot assay
GPIbα CAAR T-cell-specific cytolysis of anti-GPIbα anti-
body-producing human B cells was measured using an 
enzyme-linked immunospot (ELISpot) assay. peripheral 
blood mononucelar cells isolated from patients and healthy 
control were stimulated and then incubated with GPIbα 
CAAR T cells, anti-CD19 CAR T cells, or NTD T cells on the 
polyvinylidene difluoride-bottomed microplate coated with 
human GPIbα protein, anti-human IgG antibody, or BSA. 
Specific antibodies secreted by B cells will form spots on 
the microplates, which can be counted.
Details on these protocols and additional methods are 
provided in the Online Supplementary Appendix.

Results

Development of GPIbαα chimeric autoantibody receptor 
plasmids
GPIbα is the largest subunit of the GPIb-IX complex (Figure 
1A), and 282 N-terminal membrane-distal residues, which 
are composed of seven leucine-rich repeats (LRR), make 
up the ligand-binding domain (LBD), which binds to VWF 
and other ligands. The VWF binding region is followed by 
a heavily O-glycosylated macroglycopeptide domain and a 
mechanosensory domain (MSD).28 Anti-LBD antibodies are 
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Figure 1. Construction and validation of the GPIbαα chimeric autoantibody receptor structure. (A) The GPIb-IX complex contains 
GPIbα, GPIbb (green), and GPIX (blue); GPIbα is the largest subunit. GPIbα is composed of seven leucine-rich repeats (LRR), make 
up the ligand-binding domain (LBD), followed by a heavily O-glycosylated macroglycopeptide domain and a mechanosensory do-
main (MSD). (B) Schematic of GPIbα chimeric autoantibody receptor (CAAR) constructs comprising diverse lengths of the native 
GPIbα ectodomain, followed by the CD8α transmembrane domain and 4-1BB-CD3ζ intracellular co-stimulatory and activation 
domains, named LBD, CAAR1, CAAR2, CAAR3, and CAAR4. (C) Crystal structures (Protein data bank ID: 1m10) of the NH2-terminal 
domain of GPIbα (green, residues 1 to 290) and its complex with the von Willebrand Factor (VWF) A1 domain (blue, residues 498 
to 705) are shown, and the loss-of-function mutation at residue 233 of GPIbα (red, G233K) is indicated. (D) Ristocetin-induced 
VWF binding to GPIbα fragments expressed on Jurkat T cells. CAAR3 and residue 233-mutated CAAR3 (CAAR3-mutg233k) were 
expressed on the surface of Jurkat T cells, and cell aggregation was measured as an increase in light transmission (%) (N=3; 
*P<0.05). (E) In order to identify the mature conformational epitopes, mutated-GPIbα CAAR plasmids were transfected into 
HEK293T cells, and then the cells were stained with an anti-human CD42b (GPIbα) antibody (clone: HIP1). (F) At a multiplicity of 
infection (MOI) of 25, primary human T cells were transduced with LBD-mutg233k-CAAR, CAAR3-mutg233k-CAAR, and CAAR4-
mutg233k-CAAR lentivirus, and CAAR expression was determined using an anti-human CD42b antibody (clone: HIP1). The 
transduction efficiency of GPIbα CAAR+ in T cells from 3 healthy donors was calculated. SSC: side scatter; NTD T: non-trans-
duced T cells. ****P<0.0001.
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associated with refractoriness to IVIg or steroids in ITP pa-
tients,23,26,29 and the MSD juxtamembrane portion of GPIbα 
is related to ligand binding and signal transduction.30 Native 
GPIbα ectodomains of various lengths (LBD/CAAR1/CAAR2/
CAAR3/CAAR4) were constructed into a second-generation 
CAR structure containing a CD8α hinge/transmembrane 
region, 4-1BB co-stimulatory domain, and intracellular CD3ζ 
domain, as shown in Figure 1B and Online Supplementary 
Figure S1. LBD CAAR contains the LRR domain; CAAR1 con-
tains the macroglycopeptide domain; CAAR2 contains the 
macroglycopeptide domain plus MSD; CAAR3 comprises 
the LRR domain, the macroglycopeptide domain, and MSD; 
and CAAR4 consists of the LRR domain and the macro-
glycopeptide domain. The five CAAR structures were first 
expressed on the surface of HEK293T cells, and the proper 
conformation of the CAAR structures was verified by the 
anti-human platelet GPIbα antibody (clone: HIP1). As shown 
in Online Supplementary Figure S2A, CAAR expression was 
successfully detected in LBD CAAR, CAAR3, and CAAR4 but 
not in CAAR structures that did not contain LBD (CAAR1, 
CAAR2), probably because this antibody recognizes a site 
in the LBD. The above results preliminarily proved that the 
conformational epitope of GPIbα CAARs is consistent with 
that of native human platelet GPIbα. CAAR expression in 
primary human T cells was also detected. T cells were 
transduced with GPIbα-CAAR lentivirus (multiplicity of 
infection 25 to 100), and the transduction efficiencies of 
GPIbα CAAR T cells were determined with an anti-human 
platelet GPIbα antibody (clone: HIP1) by flow cytometry 
(Online Supplementary Figure S2B).

GPIbαα G233K mutation inhibited von Willebrand factor 
binding to GPIbαα chimeric autoantibody receptor T cells
The platelet surface membrane protein GPIbα participates 
in platelet plug formation by binding to the A1 domain of 
VWF, which is already attached to the subendothelium.16 The 
b-switch region (AAs 227-241) of GPIbα plays an essential 
role in forming the GPIbα-VWF complex, and residue 233 
plays a critical role in regulating VWF binding.31-33 The crystal 
structures of the NH2-terminal domain of GPIbα (residues 
1 to 290) and its complex with the VWF-A1 domain (resi-
dues 498 to 705) are shown in Figure 1C. In order to avoid 
affecting the regular role of the GPIbα-VWF complex in 
the process of hemostasis after CAAR T-cell infusion, we 
chose residue 233 (G233K) of GPIbα for mutation in the 
CAAR structure. CAAR3 and GPIbα residue 233-mutated 
CAAR3 (CAAR3-mutg233k) were expressed on the Jurkat 
T-cell surface with lentivirus transduction. As shown in 
the aggregometry measurements in Figure 1D, under shear 
force and induction by ristocetin, the VWF protein bound 
to Jurkat-CAAR3 T cells, triggering a cell aggregation reac-
tion, and an increase in light transmission was observed, 
which was not detected in the Jurkat-CAAR3-mutg233k 
T-cell group. The results demonstrated that the G233K 
mutation of GPIbα expressed on the cell surface strongly 

inhibits its binding to VWF, which could alleviate possible 
off-target effects after CAAR T-cell infusion in vivo. The 
mutated GPIbα CAAR structures were named LBD-mut-
g233k, CAAR3-mutg233k, and CAAR4-mutg233k, and the 
integrity of the CAAR epitopes was confirmed with HIP1 
(Figure 1E). The transduction efficiencies of the mutated 
GPIbα CAAR T cells are presented in Figure 1F. At a mul-
tiplicity of infection (MOI) of 25, LBD-mutg233k T cells 
exhibited the highest transduction efficiency, followed by 
CAAR4-mutg233k T and CAAR3-mutg233k T cells. The size 
of the CAAR fragment was an essential factor affecting the 
transfection efficiency as indicated, and the results from 
three healthy donor T cells are shown (Figure 1F).

Generation of four anti-GPIbαα hybridomas with different 
chimeric autoantibody receptor binding sites
In order to generate hybridomas and antibodies that bind to 
human platelet GPIbα, washed human platelet lysate was 
used as the antigen for mouse immunization, and mouse 
serum was screened by GPIbα enzyme-linked immunsorbant 
assay (ELISA). The four selected anti-GPIbα hybridomas were 
named Gvb1, Gvb2, Gvb3, and Gvb4. Human platelets were 
incubated with each APC-conjugated hybridoma antibody 
(Gvb1/Gvb2/Gvb3/Gvb4) and FITC-anti-human CD42b anti-
body simultaneously to analyze the ability of the acquired 
antibodies to bind to human platelets. The flow cytom-
etry results (Figure 2A) showed that the four anti-GPIbα 
antibodies could bind to human platelets, demonstrating 
their ability to bind with the native conformation epitope 
of GPIbα. As target cell surface antigen density might af-
fect CAR T-cell cytolytic efficiency,27 the density of BCR on 
the surface of each hybridoma was then measured with 
an anti-mouse IgG antibody (APC-conjugated). The BCR 
mean fluorescence intensity (MFI) of the four hybridomas 
is presented in Figure 2B, varying among the anti-GPIbα 
hybridomas, and the Gvb3 hybridoma showed the highest 
surface BCR density, followed by the Gvb1, Gvb2, and Gvb4 
hybridomas.
In order to verify the binding ability of the hybridoma an-
tibodies to mutated GPIbα CAAR and identify the binding 
sites between them, we further expressed mutated GPIbα 
CAAR in HEK293T cells. The proportion of cells that bound 
to the hybridoma antibodies in total GPIbα CAAR-GFP-ex-
pressing cells (Q2/(Q2+Q3)) was determined and represented 
the binding force between the hybridoma antibodies and 
CAAR. As shown in Figure 2C-F, Gvb1, Gvb2, and Gvb3 could 
bind to LBD-mutg233k-CAAR, CAAR3-mutg233k-CAAR, 
and CAAR4-mutg233k-CAAR, while Gvb4 could bind to all 
GPIbα CAAR. The locus recognized by Gvb4 is thus in the 
overlapping part of LBD-mutg233k-CAAR and CAAR1/CAAR2. 
The findings revealed that though the binding epitopes of 
each hybridoma antibody to the CAAR should be similar, 
the binding efficiencies varied. Gvb4 could bind to all GPIbα 
CAAR, proving that its binding site is the same site shared 
by the above CAAR but exhibited different binding effi-
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Figure 2. Generation of four anti-GPIbαα hybridoma antibodies and validation of their binding epitopes with GPIbαα chimeric autoanti-
body receptors. (A) Binding detection of the 4 anti-GPIbα hybridoma antibodies (Gvb1/Gvb2/Gvb3/Gvb4) to human platelets using flow 
cytometry. Platelets were incubated with anti-human CD42b (GPIbα) antibody (clone: HIP1) and each anti-GPIbα hybridoma antibody 
(APC-conjugated) simultaneously. (B) B-cell receptor (BCR) density quantification for the 4 anti-GPIbα hybridoma cells. Hybridoma cells 
were stained with goat anti-mouse IgG antibodies (APC-conjugated). The mean fluorescence intensity (MFI) of BCR expression is shown 
in a histogram and bar graph. (C-F) Identification of the different binding epitopes of the hybridoma antibodies Gvb1, Gvb2, Gvb3, and 

Continued on following page.
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ciencies to these CAAR; this suggested that the different 
CAAR structures had different spatial conformations that 
may affect the binding force of the hybridoma antibody. 
In summary, we obtained four hybridomas with different 
binding sites that could simulate B cells from ITP patients 
with different anti-GPIbα epitopes for further CAAR T-cell 
cytolytic assays. As Gvb4 could bind to all the CAAR (Figure 
2F), the transduction efficiencies of GPIbα CAAR T cells were 
determined using the APC-conjugated hybridoma antibody 
Gvb4, as shown in Online Supplementary Figure S2C.

In vitro, GPIbαα chimeric autoantibody receptor T cells 
exhibited specific cytolysis of autoreactive B cells
In order to verify the specific lysis of autoreactive B cells 
by GPIbα CAAR T cells, NTD T or GPIbα CAAR T cells were 
incubated with each anti-GPIbα hybridoma various at ra-
tios ranging from 1:1 to 10:1. At 16 hours postincubation, 
the medium supernatants were collected and measured 
immediately for LDH activity. GPIbα CAAR T cells demon-
strated specific lysis of autoreactive B cells (Gvb1/Gvb2/
Gvb3/Gvb4) targeting different GPIbα domains in a man-
ner dependent on the E:T ratio and NTD T cells showed 
no cytotoxicity (Figure 3A). Notably, the pernicious effects 
of GPIbα CAAR T cells varied due to variations in binding 
epitopes of the target cell to CAAR, and LBD-mutg233k T 
cells exhibited the most robust cytolysis function against 
the four hybridomas. We also performed cytotoxicity assays 
with flow cytometry to further prove the specific cytolytic 
function of the CAAR T cells. NTD T or LBD-mutg233k T 
cells were coincubated with hybridoma control and the 
target anti-GPIbα hybridoma cells. The original ratio of 
target hybridoma cells to control hybridoma cells was 
3:1. As shown in Figure 3B-E, due to the specific lysis of 
target hybridoma cells by LBD-mutg233k T cells, the ratio 
of target cells to control cells in the co-culture system 
decreased significantly compared with that in the NTD T 
group. Similar results for CAAR3-mutg233k T, CAAR4-mut-
g233k T, CAAR1 T, and CAAR2 T cells were obtained and are 
presented in Online Supplementary Figure S3. High levels 
of the pro-inflammatory cytokines (Figure 3F) IL-2 and in-
terferon (IFN)-γ were secreted by T cells after stimulation 
with each target hybridoma and varied among different 
GPIbα CAAR T cells and tested extremely low in the NTD T 
groups. Consistent with the binding assay results (Figure 
2C-F), even though the binding sites of GPIbα CAAR and 
each hybridoma were similar, the difference brought about 
by the spatial conformation of the CAAR eventually resulted 
in differences in the binding forces and cytolytic functions 
of the GPIbα CAAR T cells. LBD-mutg233k T cells showed 

a stable spatial conformation and robust cytolytic ability. 
CAAR4-mutg233k T cells, comprising the LBD and a heavily 
O-glycosylated macroglycopeptide domain, exhibited the 
most potent binding with hybridoma antibodies, and the 
cytolytic efficiency was inferior to that of LBD-mutg233k T 
cells. CAAR3-mutg233k-CAAR has an extra MSD structure 
and a poorer killing effect than CAAR4-mutg233k-CAAR. 
The MSD structure’s instability28 may influence the binding 
of CAAR3-mutg233k T cells and anti-GPIbα hybridomas, 
possibly accounting for the lower killing efficiency.

Soluble anti-GPIbαα antibodies slightly affect GPIbαα 
chimeric autoantibody receptor T-cell cytotoxicity
Soluble autoantibodies can either prevent CAAR contact 
with anti-CAAR BCR or enhance cytotoxicity by activat-
ing CAAR T cells; therefore, their impact on CAAR T-cell 
cytotoxicity is erratic.14,15 In order to determine soluble 
anti-GPIbα antibody effects on GPIbα CAAR T-cell activi-
ty, we performed cytotoxicity assays in the presence of a 
wide range of concentrations (0-40 μg/mL) of monoclonal 
antibodies (mAb) or mixed mAb, as no quantitative data 
on plasma anti-GPIbα IgG concentration in ITP patients 
were currently available. GPIbα CAAR T-cell cytotoxicity 
against hybrid target cells (Gvb1/Gvb2/Gvb3/Gvb4) was 
mildly increased with higher effector-to-target ratios in the 
presence of soluble anti-GPIbα polyclonal IgG (a mixture 
of Gvb1, Gvb2, Gvb3, and Gvb4, and the concentration of 
each antibody is 5 μg/mL) (Figure 4A), as were IFN-γ lev-
els (Figure 4B). Then, NTD T or LBD-mutg233k T cells and 
mixed target cells were incubated with each anti-GPIbα 
mAb at various concentrations (0, 10, 20, or 40 μg/mL). 
Cytotoxicity (Figure 4C) and IFN-γ levels (Figure 4D) were 
slightly affected in a concentration-related manner and 
varied among the anti-GPIbα mAb. The cytolytic efficien-
cy of CAAR T cells and the IFN-γ levels were marginally 
enhanced or somewhat reduced with increasing antibody 
concentration in different groups. Therefore, we conclude 
that the impact of soluble anti-GPIbα mAb on CAAR T-cell 
function generally varies and is minimal.

GPIbαα chimeric autoantibody receptor T cells 
demonstrated in vivo persistence and specific cytolytic 
activity with no apparent organ toxicity
A xenograft model was developed to assess the cytolytic 
efficiency and safety of GPIbα CAAR T cells in vivo. Luciferase 
(Luc)/GFP-expressing anti-GPIbα hybridoma cells (105 cells 
per mouse) and LBD-mutg233k T cells (107 cells per mouse) 
were intravenously injected into 6–8-week-old NSG mice, 
which were examined for engraftment and therapeutic re-

Gvb4 to mutated GPIbα chimeric autoantibody receptor (CAAR) structures. GPIbα CAAR were expressed on the surface of HEK293T 
cells, which were incubated with each hybridoma antibody (APC-conjugated). Green fluorescent protein (GFP) was linked with the 
CAAR fragment to facilitate the detection of GPIbα CAAR expression. The binding force between each hybridoma antibody and the 
CAAR was calculated as the ratio of cells bound to hybridoma antibodies in total GPIbα CAAR-GFP-expressing cells (Q2/(Q2+Q3)). NS: 
not significant P>0.05; *P<0.05; **P<0.01; ***P<0.005; ****P< 0.0001.
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Figure 3. GPIbαα chimeric autoantibody receptor expression on primary human T cells directs specific cytolysis of anti-GPIbαα B 
cells in vitro. (A) Hybridoma cells (Gvb1/Gvb2/Gvb3/Gvb4) were co-incubated with non-transduced T cells (NTD T) or GPIbα chi-
meric autoantibody receptor (CAAR) T cells at the indicated effector to target (E:T) ratios for 16 hours. Specific lysis was measured 
by lactate dehydrogenase (LDH) release into the supernatant. (B-E) NTD T or LBD-mut223k T cells were co-incubated with con-
trol hybridoma (PE) and anti-GPIbα hybridomas (APC) at an E:T ratio of 5:1. The ratio of the target hybridoma to total control 
hybridoma cells was 3:1. Cytotoxicity was evaluated at 24 hours using flow cytometry, as indicated by the changes in the ratio of 
the target hybridoma to the control hybridoma. **P<0.01; ****P<0.0001. (F) Cytokines (interleukin [IL]-2, interferon [IFN]-γ) pro-
duced by NTD T or GPIbα CAAR T cells after 5:1 co-culture with each anti-GPIbα hybridoma cell for 16 hours, as measured in the 
supernatant by enzyme-linked immunosorbant assay.
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sponse. Mice treated with NTD T cells were used to monitor 
the allogenic effects. Bioluminescence imaging indicated 
that GPIbα CAAR T cells significantly reduced anti-GPIbα 
hybridoma outgrowth compared to NTD T cells (Figure 5A). 
From the 14th day to the 21st day, the autoreactive B-cell 
burden (mean ROI) of the LBD-mutg233k T-treated mice 3 
and 4 (T3 and T4) decreased from 4,096.406 to 1,028.801 
and 28,029.28 to 2,671.87 (photons/s/cm2/sr), respectively 
(Figure 5B). Total human T cells and CAAR T cells in periph-
eral blood (PB) were monitored every few days (Figure 5C). 
PB T cells of the CAAR T-treated mice proliferated rapidly 
from day 18 to day 24, far exceeding the proliferation of 
the NTD T group, which encounters with target cells can 
explain. Control and LBD-mutg233k T-cell-treated mice 
were euthanized 21-28 days after hybridoma cell/T-cell 
injection, and T-cell persistence and penetration in bone 
marrow, spleen, and blood samples were assessed by 
flow cytometry. Consistent with the PB results, T cells of 
the CAAR T-treated mice isolated from the spleen and 
bone marrow exhibited a more potent ability to persist 
and proliferate in vivo than T cells in the control group, 
as shown in Figure 5D, E. Immunofluorescence imaging 
(Online Supplementary Figure S4A) also indicated lympho-
cyte infiltration and persistence in the liver and spleen. 
The plasma anti-GPIbα antibody titer increased in mice 
treated with NTD T cells from day 7 to 21. In contrast, the 
titers in GPIbα CAAR T-cell-treated mice were significantly 
reduced compared to those in NTD T-cell-treated mice by 
day 21 after T-cell injection (Figure 5F). The reduced serum 
anti-GPIbα ELISA results also reflected hybridoma control 
in LBD-mutg233k T-treated mice. Off-target cytotoxic ef-
fects of GPIbα-CAAR T cells on mice were not observed, 
as hematoxylin and eosin (H&E) staining revealed that the 
morphology of tissues and organs in mice did not change 
significantly, and serum biochemical levels were normal 
(Online Supplementary Figure S4B, C). In conclusion, GPIbα 
CAAR T cells demonstrated in vivo persistence and specific 
cytolytic capacity with no apparent organ toxicity.

GPIbαα chimeric autoantibody receptor T cells showed 
potential in eradicating autoreactive B cells of immune 
thrombocytopenia patients
In order to test the ability of GPIbα CAAR T cells to inter-
act with native GPIbα autoantibodies from ITP patients, a 
plasma antibody binding assay (Figure 6A; Online Supple-
mentary Figure S5A) was first applied. Patients diagnosed 

with primary ITP were included and tested for specific 
platelet autoantibodies using a cytometric bead array 
(Figure 6B; Online Supplementary Figure S5B). Sera from 
three ITP patients with anti-GPIb antibodies and healthy 
controls were diluted at 1:10 and 1:20 and then incubated 
with HEK293T cells expressing the LBD-mutg233k-CAAR 
structure tagged with GFP. After incubation, the cells were 
stained with APC-anti-human immunoglobulin (Ig)G anti-
bodies. The flow cytometry results (Figure 6A) showed that 
the serum anti-GPIbα antibodies of patient 3 could react 
with LBD-mutg233k-CAAR, but no binding of patient 1 and 
patient 2 plasma antibodies to LBD-mutg233k-CAAR was 
detected. A possible explanation for this negative result 
is that platelet lysates were used to screen patients with 
anti-GPIb antibodies, and the level of platelet antibodies 
in the lysates is much higher than the platelet antibodies 
in the plasma. At the same time, we examined the binding 
reaction of plasma from patient 3 to CAAR3-mutg233k-
CAAR and CAAR4-mutg233k-CAAR. Interestingly, although 
CAAR3-mutg233k-CAAR and CAAR4-mutg233k-CAAR con-
tained fragments of LBD-mutg233k-CAAR, they did not react 
with serum antibodies from patient 3, and the results are 
presented in Online Supplementary Figure S5A. The ELISpot 
assay was employed to verify GPIbα CAAR T-cell potential 
in eradicating autoreactive B cells in ITP patients. ELISpot 
analysis (Figure 6C) showed that anti-GPIbα IgG B cells, 
but not total IgG B cells from ITP patients, were depleted 
by GPIbα CAAR T cells. Meanwhile, anti-CD19 CAR T cells 
eliminated all IgG B cells from ITP patients and healthy con-
trols. In summary, we confirmed the viability of the “Trojan 
hypothesis” for the treatment of ITP patients. GPIbα CAAR 
T cells function like a “Trojan horse”, trapping autoreactive 
B cells and performing specific killing. (Figure 6D)

Discussion

Our study presents a novel concept for the treatment of 
refractory and relapsed ITP patients with autoantigen-mod-
ified T cells based on CAR T cells. Since patients with 
anti-GPIbα antibodies have a poor response to standard 
immunosuppressive therapy, GPIbα was constructed into 
the ligand-binding domain of the CAAR structure in this 
study. Anti-GPIbα antibodies can cause platelet desialyla-
tion, mediate Fc-independent platelet eradication,34,35 affect 
thrombopoietin production in the liver, and account for 

Figure 4. Evaluation of soluble anti-GPIbαα antibody effects on GPIbαα chimeric autoantibody receptor T-cell cytotoxicity. (A) 
Non-transduced T cells (NTD T) or LBD-mut223k T cells were co-incubated with a mixture of the 4 anti-GPIbα target cells at the 
indicated effector to target (E:T) ratios in the presence or absence of soluble anti-GPIbα immunoglobulin (Ig)G polyclonal antibody 
(a mixture of Gvb1, Gvb2, Gvb3, and Gvb4, and the concentration of each antibody is 5 µg/mL). Cytotoxicity was evaluated at 16 
hours by lactate dehydrogenase (LDH) release assay. Meanwhile, human interferon (IFN)-γ (B) in cell culture supernatants was 
quantitated by enzyme-linked immunosorbant assay (ELISA) after 16 hours. (C-D) NTD T or LBD-mutg233k T cells were incubat-
ed with each anti-GPIbα IgG monoclonal antibody (0, 10, 20, or 40 μg/mL) at an E:T ratio of 5. Cytotoxicity was evaluated at 16 
hours by LDH release assay, and human IFN-γ in cell culture supernatants was quantitated by ELISA after 16 hours. NS: not sig-
nificant P>0.05; *P<0.05; **P<0.01; ***P<0.005; ****P<0.0001.
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the inactivated negative feedback mechanism of mega-
karyocyte-generated platelets that leads to peripheral 
platelet destruction.30,36 In this work, site-mutated GPIbα 
ectodomain of varying lengths were incorporated into 
second-generation CAR structures to direct specific T-cell 
cytolysis against autoreactive B cells.
In ITP, no cell immunotherapy targeting B cells is cur-
rently used. Compared to CAR T-cell therapy, CAAR T-cell 
therapy ultimately and precisely removes autoreactive B 
cells and has fewer side effects due to a lower “tumor” 
burden.14 This work demonstrated the in vitro cytolytic 
capacity and persistence of GPIbα CAAR T cells and their 
ability to eliminate GPIbα-specific B cells in vivo precisely. 
B-cell depletion therapy not only reduces autoantibody 
production but also reduces splenic CD8+ T-cell prolif-
eration in vitro, as well as the ability of CD8+ T cells to 
activate and mediate ITP 37 and T-follicular helper cells 
in both the spleen and the blood.38 It is anticipated that 
B-cell clearance mediated by CAAR T-cell therapy may 
have an additional impact on moderating immunological 
dysregulation in ITP patients.
The N-terminus of GPIbα contains binding sites for VWF, 
and anti-GPIbα antibodies can interfere with normal plate-
let function by inhibiting GPIbα-VWF-mediated platelet 
aggregation, which may increase the severity of the pa-
tient’s hemorrhage at the same time.39 In order to prevent 
the off-target effect caused by the competitive binding 
of GPIbα CAAR T cells with VWF, we generated mutations 
(Figure 1B; Online Supplementary Figure S6) at residues 
231, 232, and 233 of GPIbα (K231V/Q232V/G233k/G233D). 
The results demonstrated that GPIbα mutations strongly 
inhibited the binding of GPIbα to VWF, which could allevi-
ate possible off-target effects after CAAR T-cell infusion 
in vivo.
The binding force between CAR T cells and cancer cells 
and the size of the CAR antigen are related to CAR T-cell 
efficacy, which may explain the varied cytolytic capacity 
of the CAAR,40,41 as shown by the results of the hybridoma 
antibody binding assay (Figure 2) and in vitro cytotoxic 
assay (Figure 3) in our study. GPIbα CAAR T cells with 
various truncated forms of GPIbα all exhibited cytotoxicity 
against anti-GPIbα hybridomas. Meanwhile, the epitopes 
of autoantibodies are also diverse in ITP patients, so it is 
feasible to choose the most suitable GPIbα CAAR T-cell 

therapy for different patients. The MSD of GPIbα is critical 
in sensing shear stress and converts this mechanical in-
formation into a protein-mediated signal in platelets,28 the 
role and structural changes of which were also evaluated 
in this work. CAAR4-mutg233k-CAAR did not contain the 
MSD; CAAR4-mutg233k T cells showed a better response 
to anti-GPIbα autoantibodies and exhibited better killing 
efficiency than CAAR3-mutg233k T cells, which contain 
MSD. MSD does affect the spatial conformation of the 
CAAR and negatively affects subsequent binding and cyto-
lytic functions, which did not seem to be necessary in the 
CAAR constructs. The same results were also confirmed 
in cytolytic assays of CAAR1 and CAAR2 (Figure 3F; Online 
Supplementary Figure S3).
In the in vivo study, a hybridoma xenograft model was 
used, referring to existing research.14 The four hybridomas 
were obtained by immunizing BALB/C mice with human 
platelets. The hybridoma antibodies could only target 
human GPIbα and could not bind to mouse platelets to 
mediate platelet destruction in mice; thus, we could not 
assess whether platelets increase after infusion of CAAR 
T cells. The humanized mouse model was considered, 
but previous research42,43 has shown that human platelets 
are low in the PB of humanized mouse models, limiting 
their applicability. Although we were unable to monitor 
the therapeutic effect of the CAAR T cells, we did show 
that the CAAR T cells could selectively lyse target cells, 
reduce autoantibody titers, and result in a lower human 
platelet clearance rate (Online Supplementary Figure S4D) 
in an in vivo xenograft mouse model. In addition, control 
of the anti-GPIbα hybridoma burden in LBD-mutg233k 
T-treated mice validated CAAR T-cell persistence in vivo.
In order to verify the potential of GPIbα CAAR T cells in 
clinical applications, we first demonstrated their reactivity 
with sera from ITP patients with anti-GPIb antibodies. We 
found that anti-GPIb antibodies from patient 3 could bind 
to the LBD of GPIbα (LBD-mutg233k-CAAR) but did not 
react with CAAR3-mutg233k-CAAR or CAAR4-mutg233k-
CAAR, which also contained the LBD. We hypothesized 
that the expression of the LBD is more stable than that 
of other extracellular domains of GPIbα, as it can medi-
ate rapid downstream action.29 In addition, studies have 
shown that the macroglycopeptide domain can affect 
the binding of LBD to ligands.44-46 We anticipated that 

Figure 5. GPIbαα chimeric autoantibody receptor T cells mediated autoreactive B-cell depletion in vivo. (A) Anti-GPIbα B cells and 
ligand-binding domain LBD-mutg233k T cells were intravenously inoculated into 7-week-old female NSG mice. Autoreactive B-cell 
burden was monitored via bioluminescence imaging every few days. (B) Quantification of the autoreactive B-cell burden indicat-
ed by the radiance detected in the region of interest with group values or individual values. T1, 2, 3, 4 mean mice 1, 2, 3, 4. (C) 
Flow cytometry analysis of total human T cells in the peripheral blood (PB) of non-transduced T cell (NTD T)-treated mice (N=4) 
and LBD-mutg233k T-treated mice (N=4) monitored every few days. T cells were stained with anti-human CD45 antibody (APC) 
and anti-human CD3 antibody (BV421). Chimeric autoantibody receptor (CAAR) expression in T cells was detected with an an-
ti-human CD42b antibody (FITC). T-cell penetration and persistence in the spleen (D) and bone marrow (BM) (E) of the mice were 
analyzed with flow cytometry. T cells were stained with anti-human CD45 antibody (APC) and anti-human CD3 antibody (BV421). 
(F) The serum anti-GPIbα antibody titer of the mice on day 7 and day 21 was detected by enzyme-linked immunosorbant assay 
at a dilution ratio of 20. NS: not significant P>0.05; *P<0.05; **P<0.01; ***P<0.005. ROI: region of interest; SSC: side scatter.
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Figure 6. GPIbαα chimeric autoantibody receptor T cells recognized and eliminated autoreactive B cells from immune thrombo-
cytopenia patients. (A) Plasma from 3 immune thrombocytopenia (ITP) patients with anti-GPIb antibodies and healthy controls 
was diluted at 1:10 and 1:20 and incubated with HEK293T cells expressing ligand-binding domain LBD-mutg233k-chimeric auto-
antibody receptor (CAAR)-tagged with green fluorescent protein (GFP). The cells were then stained with anti-human immuno-
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macroglycopeptide sequences could form large steric 
hindrances, interfering with antibodies’ binding to CAAR 
structures (CAAR3-mutg233k-CAAR and CAAR4-mutg233k-
CAAR). Furthermore, the structure of MSD is unstable,28 
and we can’t tell whether the MSD expressed in the CAAR 
structure is folded or expanded, which may also interfere 
with the binding of CAAR3-mutg233k-CAAR and autoan-
tibodies. The changes that occurred in the O-glycosylated 
macroglycopeptide domain and MSD in the CAAR expressed 
in the cells are worth exploring. An exciting and gratifying 
result was that GPIbα CAAR T cells successfully eliminated 
anti-GPIbα B cells from a patient with refractory ITP, and 
normal B cells were not destroyed compared to anti-CD19 
CAR T cells, supporting further clinical application.
As anti-GPIIb/IIIa(αIIb/b3)5,47 is the most commonly detected 
autoantibody in ITP patients, we are also trying to construct 
GPIIb/IIIa-CAAR T cells. However, platelet-associated an-
ti-GPIIb/IIIa autoantibodies from chronic ITP patients mainly 
depend on conformationally intact GPIIb/IIIa and divalent 
cations for maximal binding.5,48 The N-terminal globular head 
of GPIIb-IIIa seems to play an essential role as a hot spot for 
autoantigenic epitopes in chronic ITP.49 Integrating both αIIb 
and b3 into the CAAR structure is difficult, and it is chal-
lenging to ensure that the conformational epitopes created 
by the two subunits are consistent with the native epitopes. 
Though difficult, related work is still being done by our team.
In summary, a novel GPIbα CAAR was constructed, and 
we demonstrated GPIbα CAAR T-cell’s efficacy and safety 
in vitro and in vivo models. GPIbα CAAR T-cell therapy is a 

viable treatment option for patients with refractory and 
relapsed ITP.
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globulin (Ig)G antibodies (APC). (B) A cytometric bead array was applied to detect platelet-specific antibodies in ITP patient 3. 
Cutoff values were determined with reference to negative controls (mean + 3 standard deviations). Autoantibodies targeting 
human platelet GPIX/GPIb/GPIIb/GPIIIa/GMP140 were detected. GMP140, granule membrane protein 140. (C) Peripheral blood 
mononucelar cells (PBMC) from ITP patient 3 or healthy controls were stimulated with interleukin (IL)-2 and R848 for 2 days and 
then co-cultured with GPIbα CAAR T, anti-CD19CAR T, or non-transduced T (NTD T) cells for 1 day on plates coated with GPIbα 
protein and anti-human IgG antibody. Bovine serum albumin (BSA) served as a negative control antigen. One spot represents IgG 
antibodies secreted by a single B cell. The number of spots detected in each well is shown in the top right corner. (D) The con-
ceptual graph of GPIbα CAAR T therapy in ITP. GPIbα CAAR T cells act like a “Trojan horse”, trapping autoreactive B cells and 
performing specific killing. PLT: platelet; BCR: B-cell receptor.
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