
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Mahzad Akbarpour,
University of Chicago Medicine, United States

REVIEWED BY

Debra K. Newman,
Versiti Blood Research Institute, United States
Robert H Lee,
University of North Carolina at Chapel Hill,
United States

*CORRESPONDENCE

Sentot Santoso

sentot.santoso@immunologie.med.uni-

giessen.de

RECEIVED 23 June 2025

ACCEPTED 22 September 2025
PUBLISHED 03 October 2025

CITATION

Xu X, Baal N, Rick M, Chen D, Liang H, Ye X,
Xia W, Ren H, Xu Y, Fu Y, Bein G and
Santoso S (2025) Anti-HLA antibodies bound
to monocytes altered antibody-mediated
platelet phagocytosis and led to mild
thrombocytopenia.
Front. Immunol. 16:1652134.
doi: 10.3389/fimmu.2025.1652134

COPYRIGHT

© 2025 Xu, Baal, Rick, Chen, Liang, Ye, Xia,
Ren, Xu, Fu, Bein and Santoso. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 03 October 2025

DOI 10.3389/fimmu.2025.1652134
Anti-HLA antibodies bound to
monocytes altered
antibody-mediated platelet
phagocytosis and led to
mild thrombocytopenia
Xiuzhang Xu1, Nelli Baal2, Martin Rick2, Dawei Chen1,
Huaqin Liang1, Xin Ye1, Wenjie Xia1, Hui Ren1, Yaori Xu1,
Yongshui Fu1,3,4, Gregor Bein2 and Sentot Santoso1,2*

1Institute of Blood Transfusion and Hematology, Guangzhou Blood Center, Guangzhou Medical
University, Guangzhou, China, 2Institute for Clinical Immunology, Transfusion Medicine and
Hemostasis, Justus-Liebig-University, Giessen, Germany, 3The First School of Clinical Medicine,
Southern Medical University, Guangzhou, China, 4Institute of Blood Transfusion and hematology,
Guangzhou First People's Hospital, Guangzhou Medical University, Guangzhou, China
Background: In fetal and neonatal alloimmune thrombocytopenia (FNAIT),

maternal antibodies react with alloantigen expressed on fetal platelets, leading

to their clearance via antibody-dependent phagocytosis. In Caucasians, most

FNAIT cases are caused by anti-HPA-1a antibodies. In contrast, anti-HLA class I

antibodies are rarely found in FNAIT, but are frequently implicated in cases of

platelet transfusion refractoriness (PTR). This phenomenon leads to ongoing

debate regarding the role of anti-HLA class I antibodies in FNAIT. In this study, we

investigated the platelet clearance mediated by anti-HLA class I antibodies in

whole blood both in vitro and in vivo.

Methods: Clearance of opsonized platelet was analyzed by platelet phagocytosis

assay and by antibody administration to Balb/c female mice.

Results: To mimic FNAIT conditions, whole blood was pretreated with anti-HLA

antibodies before the phagocytosis of anti-HPA-1a antibody-opsonized

platelets. Compared to untreated whole blood, anti-HLA-ABC and anti-HLA-

DR IgG antibodies inhibited the phagocytosis of anti-HPA-1a-antibody-

opsonized platelets. Similar results were obtained with purified monocytes,

indicating that anti-HLA-ABC antibodies bound to monocytes can interfere

with antibody-mediated platelet phagocytosis. Furthermore, the administration

of anti-MHC-I antibodies to mice led to a significant decrease in the platelet

count within 24 h. However, anti-aIIbb3 antibody administration resulted in

significantly higher platelet clearance over different time points. Analysis of

antibody-bound platelets showed the presence of anti-aIIbb3 antibodies on

the platelet surface, but not on monocytes. In contrast, anti-MHC-I antibodies

were found on both platelets and monocytes. Interestingly, monocytes exhibited

higher levels of anti-MHC-I binding than platelets (87.0% vs. 25.5%), most likely

because platelets express significantly fewer HLA class I antigens than

monocytes, as indicated by our flow cytometric analysis of whole blood.

Conclusions: These results indicated that anti-MHC-I antibodies preferentially

bind to monocytes rather than platelets in whole blood and can be cleared by

monocytes via endocytosis. Furthermore, we found that the presence of
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anti-HLA class I antibodies did not significantly influence platelet clearance

induced by anti-aIIbb3 antibodies. The question of whether these observations

can explain the controversial opinions regarding the relative roles of anti-HLA

class I and anti-aIIbb3 antibodies in FNAIT requires further assessment in a

murine model of FNAIT.
KEYWORDS

anti-HLA class I antibodies, anti-aIIbb3 antibodies, platelet clearance, fetal and neonatal
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1 Introduction

Alloantibody-induced platelet clearance is the primary cause of

thrombocytopenia and increases bleeding risk in immune-mediated

disorders such as platelet transfusion refractoriness (PTR) and fetal

and neonatal alloimmune thrombocytopenia (FNAIT) (1–3). Anti-

HLA class I antibodies are the most common cause (50%–70%) of

PTR (4). Interestingly, while these alloantibodies are frequently

found in pregnant women (18%–50%) (5, 6), anti-HLA class I

antibody-induced FNAIT is rarely observed (7, 8). In contrast,

anti-HPA-1a antibodies, targeting platelet-specific aIIbb3 integrin,

are the antibodies most often linked to FNAIT (2). This discrepancy

remains largely unexplained, resulting in an ongoing debate

about the contribution of anti-HLA class I antibodies to this

condition (9, 10).

While numerous case studies have reported an association

between maternal alloimmunization against HLA class I antigens

and neonatal thrombocytopenia, prospective screening of healthy

pregnant women failed to identify an association between the

presence of anti-HLA alloantibodies and this condition (9). In

contrast, retrospective studies found that anti-HLA class I

antibody reactivities were stronger and broader in suspected

FNAIT cases than in healthy pregnant controls. Despite this, no

association has been detected between anti-HLA antibody strength

and the neonatal platelet count (5, 6, 10). However, overall cautious

interpretation of the results should be made given to the different

time of blood samplings between cases and control cohorts.

In FNAIT, maternal anti-HLA class I antibodies that transfer

into the fetal blood circulation encounter HLA class I antigens on

both fetal platelets and all fetal nucleated cells. In contrast, in PTR,

anti-HLA class I antibodies developed by immunized recipients can

only attack HLA class I incompatible platelets from the donors. This

phenomenon might explain the difference in the clinical relevance

of anti-HLA class I antibodies in FNAIT and PTR.

It is known that HLA class I antigens can be internalized by T-

lymphocytes and macrophages/monocytes, but not fibroblasts or B-

lymphocytes, through coated pits (11, 12). On monocytes,

approximately 30% of HLA class I molecules were found to be

internalized within one hour after antibody binding, then

transferred to the trans-Golgi reticulum and trans-Golgi cisternae,
02
suggesting that the process involved receptor recycling (12). A

recent, extensive expression atlas of HLA class I molecules

derived from proteasome expression data across various body

tissues and cell types revealed that platelets express lower levels of

HLA class I molecules compared to other immune cells, including

monocytes (13). Consequently, it is plausible that anti-HLA class I

antibodies preferentially bind to and are internalized by monocytes

rather than platelets, thereby evading Fc-dependent antibody-

mediated platelet clearance.

Recently, we developed an in vitro whole-blood platelet

phagocytosis assay (WHOPPA) and demonstrated that platelets

opsonized with both anti-HPA-1a and anti-HLA class I antibodies

can be engulfed by monocytes—but not by neutrophils—in whole

blood via FcgRs, a condition that mimics the mechanism of PTR

rather than FNAIT (14).

In the current study, we modified our WHOPPA to mimic

FNAIT conditions by allowing anti-HLA class I reacted with whole

blood cells and confirmed our findings in vivo using a murine model.

We found that anti-HLA class I antibodies preferentially bind to

monocytes in whole blood rather than platelets, thereby blocking

platelet clearance and resulting in only mild thrombocytopenia.

Moreover, the presence of anti-HLA class I antibodies did not

significantly alter platelet clearance induced by platelet-specific

anti-aIIbb3 antibodies. Whether these findings help resolve the

ongoing controversy regarding the role of anti-HLA class I

antibodies in FNAIT should be further explored using a murine

model of FNAIT.
2 Materials and methods

2.1 Antibodies and sera

Anti-HPA-1a standard sera (03/152) were obtained from the

National Institute for Biological Standards and Control (Potters

Bar, Hertfordshire, UK). Depending on the stock solution, final

dilutions of 1:16 (lot #324735, #331314) or 1:4 (lot #332285) were

used. High-titer anti-HLA class I sera were collected from five

female donors and characterized in our laboratory. A pool of AB

sera was also collected from six healthy male blood donors.
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This study was conducted in accordance with the declaration of

Helsinki and was approved by the Ethics Committee of the Medical

Faculty, Justus Liebig University, Giessen, Germany (file no. 82/09

and file no. 05/00).

Mouse monoclonal antibodies (mAbs) against HLA-ABC

(clone w6/32; IgG2a), HLA-DR (clone L243; IgG2a), and HLA-

DQ (clone Tü169; IgG2a), along with an isotype control (IgG2a),

were purchased from Biolegend (Hamburg, Germany). The F(ab′)2
IgG fragment was generated by pepsin digestion using the FragIT Z

Micro Preparation Kit and purified as recommended by the

manufacturer (Genovis, Lund, Sweden). The purity of the F(ab′)2
fragment was verified by JESS protein capillary electrophoresis

(Bio-Techne, Minneapolis, MN, USA) (Supplementary Figure 1).

The fluorescently labeled mAbs used for flow cytometry analysis are

listed in Supplementary Table 1. A mAb against MHC-I (34-1-2S;

IgG2a) was purchased from ATCC (VA, USA) and a mAb targeting

aIIbb3 integrin (Leo.F2; IgG2a) was obtained from Emfret

Analytics (Shanghai, China).
2.2 In vitro platelet phagocytosis assay

In this study, platelet phagocytosis by monocytes was

performed in the following three different experimental settings:

a) untreated platelet-free whole blood, b) antibody-pretreated

platelet-free whole blood, and c) isolated monocytes.

a) Phagocytosis of anti-HPA-1a antibody-opsonized platelets

by monocytes in untreated platelet-free whole blood was performed

using the WHOPPA, as previously described (14). Briefly, 200 µL of

pHrodo-labeled platelets (1.5 × 107 platelets) was opsonized with

diluted anti-HPA-1a standard sera for 30 min in the dark. After two

washes with Dulbecco’s Phosphate Buffered Saline (D-PBS;

Anprotec, Bruckberg, Germany) containing 10 mM EDTA and

0.3 mM prostaglandin (Sigma-Aldrich, St. Louis, MI, USA) (PEP,

pH 7.4) (10 min, 800 × g), platelets were resuspended in 200 µL of

Hank’s Balanced Salt Solution (HBSS) containing calcium and

magnesium (Anprotec) and 10 mM HEPES (Gibco, Life

Technologies, Darmstadt, Germany). Then, 200 µL of pHrodo-

labeled, sensitized platelets was mixed with 200 µL of platelet-free

whole blood containing 5 × 104 monocytes and incubated for

60 min at 37°C. After erythrocyte lysis, viable monocytes were

double-labeled with allophycocyanin (APC)-conjugated anti-CD14

and fluorescein isothiocyanate (FITC)-conjugated anti-CD45

mAbs. These were then counterstained with 1 mM SYTOX Blue

(Invitrogen, Paisley, UK) for 30 min in the dark and measured by

flow cytometry (FACSCanto II, Becton Dickinson, Franklin Lakes,

NJ, USA). The percentage of pHrodo-positive CD45+CD14+ cells

(monocytes that phagocytose opsonized platelets) was analyzed

using FlowJo v.10.6.1_CL software (Becton and Dickinson). A

minimum of 5,000 CD45+CD14+ cells were examined. b) Platelet-

free whole blood (see above; 200 µL) was treated with mAbs against

HLA-ABC, HLA-DR, or HLA-DQ IgG or F(ab′)2 fragments (7.5 or

5.0 mg/mL, respectively), or with an anti-HLA serum sample

(dilution 1:4 or 1:16) for 30 min. The corresponding isotypes and

diluted AB sera served as negative controls. After washing,
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anti-HPA-1a antibody-opsonized platelets were added and the

rate of platelet phagocytosis by monocytes was measured by flow

cytometry as described above. c) Monocytes were isolated from

whole blood using the MojoSort™ Human Pan Monocyte Isolation

Kit (Biolegend, San Diego, CA, USA). The monocyte suspension

was adjusted to a concentration of 0.25 × 106/mL in HBSS buffer

containing 1 M HEPES. A 200 µL volume of the monocyte

suspension (5 × 104 monocytes) was incubated with mAbs

against HLA-ABC and HLA-DR. After washing, anti-HPA-1a

antibody-opsonized platelets were added, and the rate of platelet

phagocytosis by monocytes was measured by flow cytometry as

described above.
2.3 Flow cytometric analysis of HLA-ABC
expression on different blood cells

EDTA-anticoagulated blood (100 µL) was incubated with

FITC-labeled anti-HLA-ABC antibody (W6/32; 10 µg/mL)

together with BV510-labeled anti-CD45 (HI30; 5 µg/mL),

phycoerythrin (PE)-conjugated anti-CD61 (VI-PL2; 3.0 mg/mL),

or PB-labeled anti-CD41 (HIPS; 10.0 µg/mL) antibodies for 20 min

in the dark following the manufacturer’s protocol. The

corresponding fluorescently labeled isotypes served as controls

(Supplementary Table 1). After spontaneous sedimentation

(approximately 20 min), platelet-rich plasma (PRP) was collected

and washed with D-PBS (Anprotec) containing 10 mM EDTA and

0.3 µm PGE (Sigma-Aldrich). The remaining platelet-poor blood

was subsequently treated with erythrocyte lysis buffer for 5 min and

then washed with D-PBS. Fluorescently labeled cells were measured

by flow cytometry as described above. Leukocytes were gated via the

CD45 marker, following which lymphocytes, monocytes, and

granulocytes were identified based on forward scatter (FSC) and

sideward scatter (SSC) properties. Platelets were identified by the

presence of CD41 and CD61 markers. The normalized mean

fluorescence intensity (MFI) was calculated as the ratio of the

antibody signal to that of the corresponding isotype control.
2.4 Platelet clearance caused by anti-MHC
I and anti-aIIbb3 antibodies in mice

MAb 34-1-2S was isolated from Protein-Free Hybridoma

Medium (PFHM-II, Life Technologies Corporation, NY, USA)

and purified by affinity chromatography as previously described

(15). Purified mAb 34-1-2S and purified mAb Leo. F2 (0.25, 1 and 2

mg/kg) were administered to Balb/c (H-2Kd haplotype) mice via the

tail vein. Mouse IgG2a (eBM2a, eBioscience, San Diego, CA, USA)

was used as negative control. A small amount of blood (10 µL) was

obtained from the tail vein and diluted with 240 µL of buffer for

blood cell analysis. Platelet counts were determined using the

Veterinary Auto Hematology Analyzer (V-52 series, Mindray,

Shenzhen, China) before and at different time points after

antibody administration. Furthermore, Balb/c female mice were

sequentially injected with mAb 34-1-2S (2 and 0.25 mg/kg),
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followed 30 min later by Leo.F2 (1 and 0.25 mg/kg). Platelet counts

were subsequently measured as described above.
2.5 In vivo antibody binding to mouse
monocytes and platelets

EDTA-anticoagulated blood (50 µL) was absorbed from mice

before and after antibody administration (see above). Antibody

bound to platelets and monocytes was then quantified by flow

cytometry. In brief, PRP was obtained by centrifugation at 100 × g

for 15 min. Peripheral blood mononuclear cells (PBMCs) were

isolated from the remaining whole blood using density gradient

centrifugation (1.084; Percoll; GE Healthcare, Uppsala, Sweden).

PRP (50 µL; 1 × 105 platelets/µL) in D-PBS (Gibco, Suzhou, China)

was stained with FITC-conjugated goat anti-mouse IgG

(JacksonImmunoResearch, West Grove, PA, USA) and PE-labeled

anti-mouse CD41a antibody (MWReg30, Life Technologies Corp,

Carlsbad, CA, USA) at room temperature in the dark. Monocytes

were labeled with FITC-conjugated goat anti-mouse IgG

(JacksonImmunoResearch) and PE-labeled anti-mouse CD11b

antibody (M1/70, Life Technologies Corp). After two D-PBS

washes, the cells were resuspended and quantified by flow

cytometry (FACS Canto II; BD Biosciences, San Jose, CA, USA).
2.6 Statistical Analysis

Data were analyzed using GraphPad Prism Software (Version

10.0.2, GraphPad Software, Inc., La Jolla, CA, USA) and SAS

OnDemand for Academics (SAS Institute Inc., Cary, NC, USA).

Exploratory analysis was based on descriptive statistics. As the data

did not meet the assumptions of parametric tests, non-parametric

methods were used. For non-normally distributed percentage data,

the Friedman test was applied for group sizes greater than two,
Frontiers in Immunology 04
while the Wilcoxon test with pairwise comparisons was used for

group sizes of two. Power analysis was also performed. To compare

data across different time points relative to 0 h, one-way ANOVA

was used. For repeated measures involving multiple comparisons,

two-way ANOVA was applied.
3 Results

3.1 Anti-HLA-ABC and anti-HLA-DR
antibodies bound to monocytes inhibited
anti-HPA-1a-mediated platelet
phagocytosis

It remains unclear which cells in whole blood are preferentially

targeted by anti-HLA-ABC antibodies. To address this, we first used

double staining approaches with flow cytometry to measure the

binding of anti-HLA-ABC antibodies on different cells in whole

blood. As shown in Figure 1, HLA-ABC expression on the platelet

surface was low compared to that in other blood cells. Notably,

monocytes showed the highest HLA-ABC labeling, indicating that

anti-HLA-ABC antibodies may preferentially bind to them in whole

blood. This result aligns with previous proteasome expression data

(13). It is therefore conceivable that anti-HLA-ABC antibodies

bound to monocytes can interfere with platelet phagocytosis

induced by other platelet-reactive antibodies, such as anti-HPA-

1a antibodies.

To test this hypothesis, we performed a WHOPPA using whole

blood pretreated with anti-HLA-ABC antibody. As shown in

Figure 2, the pre-incubation of whole blood with mAb W6/32,

which targets HLA-ABC, or pooled human sera containing anti-

HLA-ABC antibodies, inhibited anti-HPA-1a antibody-opsonized

platelet phagocytosis in a concentration-dependent manner.

Furthermore, the phagocytosis of anti-HPA-1a antibody-

opsonized platelets was inhibited not only by anti-HLA-ABC IgG
FIGURE 1

The expression of HLA-ABC on the surface of different blood cells. Platelets (Pl), granulocytes (Gr), lymphocytes (Lymph), and monocytes (Mono)
were labeled with FITC-conjugated anti-HLA-ABC antibodies. Cell populations were identified by double labeling using PE-, BV510-, and PB-labeled
anti-CD61, anti-CD45, and anti-CD41 antibodies, respectively. Fluorescently labeled cells were quantified by flow cytometry (see Materials and
Methods). Normalized mean fluorescence intensity (MFI) was calculated as the ratio of the anti-HLA-ABC antibody signal to that of the
corresponding isotype control. Statistical analysis was performed by Friedman test. Error bars represent means ± SD. **P≤0.002.
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(mAb W6/32) but also by anti-HLA-DR IgG (mAb L243).

However, like the isotype control, the anti-HLA-DQ antibody,

mAb Tü169, did not affect platelet phagocytosis (Figures 3A).

Conversely, pretreatment of whole blood with the F(ab′)2
fragment of the anti-HLA-ABC and anti-HLA-DR antibodies did

not inhibit the engulfment of anti-HPA-1a antibody-opsonized

platelets (Figure 3B). To verify that this inhibition was mediated

through antibody binding to monocytes, these cells were isolated

and subsequently treated with anti-HLA-ABC antibody or anti-

HLA-DR IgG as described above (Figure 3C). Similar results were

obtained, namely, the phagocytosis of anti-HPA-1a antibody-

opsonized platelets was inhibited when monocytes were
Frontiers in Immunology 05
pretreated with anti-HLA-ABC or HLA-DR antibodies. In the

control experiment, isotype-treated monocytes could still engulf

anti-HPA-1a antibody-opsonized platelets. Although monocytes

also express HLA-DQ, the binding of anti-HLA-DQ antibodies

did not prevent platelet phagocytosis, unlike that observed with the

anti-HLA-DR antibody (Figure 3A).

Our results demonstrated that anti-HLA-ABC antibodies

not only bound to platelets, triggering their phagocytosis

but also strongly interacted with monocytes, consequently

inhibiting the phagocytosis of anti-HPA-1a antibody-opsonized

platelets. It remains unclear whether a similar mechanism

operates in vivo.
FIGURE 3

Phagocytosis of anti-HPA-1a antibody-opsonized platelets by whole blood or monocytes derived from different donors in the presence of anti-HLA-
ABC, anti-HLA-DR, or anti-HLA-DQ antibodies. PHrodo-labeled platelets were opsonized with anti-HPA-1a standard serum (dilution 1:16) and were then
added to platelet-poor whole blood pretreated with anti-HLA-ABC, anti-HLA-DR, anti-HLA-DQ IgG antibodies (7.5 mg/mL), or the F(ab′)2 fragment (5
mg/mL) (n = 9). Mouse IgG2a and F(ab′)2 served as isotype controls. Platelet phagocytosis by monocytes was quantified by flow cytometry as previously
described (14) (A, B). (C) Platelet phagocytosis performed with isolated monocytes instead of whole blood (n = 4). Monocytes were incubated with anti-
HLA-ABC or anti-HLA-DR IgG antibodies (7.5 mg/mL) before the phagocytosis of anti-HPA-1a antibody-opsonized platelets. Statistical analysis was
performed using the Friedman test. Error bars represent means ± SD. *p ≤ 0.03, **p ≤ 0.002, ****p ≤ 0.0001.
FIGURE 2

Phagocytosis of anti-HPA-1a antibody-opsonized platelets by whole blood pretreated with anti-HLA class I antibodies. Platelet phagocytosis was
performed as previously described (14). (A) Platelet-free whole blood was incubated either with mAb W6/32 or (B) anti-HLA class I pooled sera at the
indicated concentrations. After washing, platelets opsonized with anti-HPA-1a standard serum (dilution 1:16) were added and the percentage of
phagocytosis mediated by monocytes pretreated with anti-HLA class I antibodies (% phagocytosis) was determined. Statistical analysis was
performed using the Friedman test (one experiment, n = 3). Error bars represent means ± SD. *p ≤ 0.03, **p ≤ 0.002.
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3.2 Anti-MHC-I antibodies induced milder
thrombocytopenia than anti-aIIbb3
antibodies in mice

To test our hypothesis, we investigated in vivo platelet clearance

in female Balb/c mice following administration of mAbs against

MHC-I (clone 34-1-2S) and aIIbb3 (clone Leo.F2) (Figure 4). The

injection of anti-MHC-I antibodies (1 mg/kg) resulted in a

significant decrease in the platelet count within 24 h (0 h: 1261.8

± 59.85 × 109/L vs. 755.6 ± 107.93 × 109/L at 0.5 h; 741.0 ± 89.52 ×

109/L at 1 h; 815.4 ± 63.28 × 109/L at 2 h; 793.2 ± 168.27 × 109/L at 4

h; 850.6 ± 133.15 × 109/L at 6 h; and 969.8 ± 77.43 × 109/L at 24 h; p

< 0.05). Platelet counts gradually returned to baseline levels by 72 h

post-injection. A similar clearance profile was observed at a higher

antibody dose (2 mg/kg). However, the administration of anti-

aIIbb3 antibodies (1 mg/kg) led to significant higher platelet

clearance over the different time points (0 h: 1299.8 ± 208.38 ×

109/L vs. 408.6 ± 137.53 × 109/L at 0.5 h; 319.2 ± 119.30 × 109/L at

1 h; 305.8 ± 100.31 at 2 h; 211.6 ± 70.97 at 4 h; 183.8 ± 69.84 at 6 h;

and 280.6 ± 70.77 at 24 h; p < 0.01). After 72 h, the platelet counts

also returned to a normal value. A comparable result was achieved

with a higher antibody dose (2 mg/kg). In the control experiment,

the administration of the isotype control did not influence the

platelet count over time (p > 0.05). When compared with mouse

IgG, the platelet counts of Balb/c mice treated with 34-1-2S (1 mg/

kg) were significantly decreased over time. However, the platelet

counts of Leo.F2-treated mice were continuously very low for 24 h

(Supplementary Table 2). Next, we sought to define the minimal

dose at which anti-MHC-I antibodies could still induce platelet

clearance. As shown in Figure 4, treatment with 0.25 mg/kg anti-

MHC-I antibodies did not induce thrombocytopenia in our mice, as

also observed with normal mouse IgG (Supplementary Table 2). In

contrast, anti-aIIbb3 antibodies still induced thrombocytopenia at

the same dose.

These results indicated that anti-MHC-I and anti-aIIbb3
antibodies mediate different kinetics of platelet clearance in
Frontiers in Immunology 06
mice, with anti-MHC-I antibodies inducing mild platelet

clearance and anti-aIIbb3 antibodies promoting strong

platelet clearance.
3.3 Binding kinetics of anti-MHC-I and
Anti-aIIbb3 antibodies in mice

Our in vitro results indicated that anti-MHC-I antibodies can

bind to monocytes and inhibit the phagocytosis of anti-HPA-1a

antibody-opsonized platelets. This phenomenon, however, might

not apply under in vivo conditions. To examine antibody

distribution in whole blood, we isolated platelets and monocytes

from Balb/c female mice before and after the administration of anti-

MHC-I or anti-aIIbb3 antibodies (dose 1mg/kg). Bound antibodies

were analyzed by flow cytometry using FITC-labeled secondary

antibodies. Platelets were identified with PE-labeled anti-CD41a

antibodies while monocytes were differentiated with PE-labeled

anti-CD11b antibodies (Supplementary Figure 2). As shown in

Figure 5A, strong platelet binding by the anti-aIIbb3 antibody

was found at the 0.5 and 2 h time points. As expected, the

binding of platelet-specific anti-aIIbb3 antibodies on monocytes

was not detected (Figure 5A). In contrast, strong anti-MHC-I

antibody binding to monocytes was evident after 0.5 h, whereas

its binding to platelets was significantly weaker (Figure 5B). After

2 h, however, monocytes showed heterogeneous staining and

some monocytes were negative for MHC-I, indicating antigen

membrane mobility triggered by patching, capping, and

endocytosis (16). However, at the low dose (0.25 mg/kg), anti-

MHC-I antibodies were only detected on monocytes and were not

detectable on platelets (Figure 5C). In accordance with our earlier

observations (Figure 4), platelet clearance was not detected at this

antibody dose.

These findings suggested that anti-MHC-I antibodies

preferentially interact with monocytes rather than platelets

in vivo, resulting in significantly weaker reactivity compared
FIGURE 4

Platelet clearance in mice treated with anti-MHC-I (mAb 34-1-2S) and anti-aIIbb3 (mAb Leo.F2) antibodies. The antibodies were injected into Balb/c
female mice (n = 3–5) via the tail vein at the doses of 2 (1), 1 (2), and 0.25 mg/kg (3). Mouse IgG2a was injected under the same conditions. The
platelet counts, both before and after injection, were determined using an automatic hematology analyzer. The platelet counts at different time
points (0.5, 1, 2, 4, 6, 24, 48, and 72 h) were compared against 0 h using one-way ANOVA. Symbols and error bars indicate means ± SD. P-values
are presented in Supplementary Table 2.
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FIGURE 5

Flow cytometric analysis of the binding of anti-MHC-I and anti-aIIbb3 antibodies on platelets and monocytes in Balb/c female mice. Platelets and
monocytes were isolated from the whole blood before (0 h) and after (0.5 and 2 h) the administration of mAb Leo.F2 (1 mg/kg) (A) or 34-1-2S (1 and
0.25 mg/kg) (B, C). Platelets were double-stained with PE-labeled anti-CD41a antibody and FITC-labeled goat anti-mouse IgG. Monocytes were
double-stained with PE-labeled anti-CD11b antibody and FITC-labeled goat anti-mouse IgG.
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to the platelet-specific anti-aIIbb3 antibodies. This may explain the

observed lower clearance of anti-MHC-I-opsonized platelets

compared to platelet clearance triggered by anti-aIIbb3 antibodies.
3.4 Anti-MHC-I antibody bound to
monocytes did not significantly aggravate
platelet clearance induced by anti-aIIbb3
antibodies

Next, we examined whether anti-MHC-I antibodies bound to

monocytes could modify anti-aIIbb3 antibody-induced platelet

clearance in vivo. At a low anti-aIIbb3 antibody dose (0.25 mg/

kg), co-administration of a low dose of anti-MHC-I antibodies (0.25

mg/kg) did not significantly alter platelet clearance (p > 0.05;

Figure 6A; Supplementary Table 3). A similar result was observed

when a high dose of anti-MHC-I antibodies (2 mg/kg) was

administered 30 min before either the low-dose (0.25 mg/kg) or

high-dose (1 mg/kg) anti-aIIbb3 antibodies (Figures 6B, C;

Supplementary Table 3).

These results suggested that the presence of anti-MHC-I

antibodies does not significantly affect the platelet clearance

induced by anti-aIIbb3 antibodies in this murine model.
4 Discussion

The conflicting data regarding the role of anti-HLA class I

antibodies in FNAIT make it difficult to advise mothers with a

history of pregnancy meeting the clinical criteria for FNAIT and in
Frontiers in Immunology 08
whom only maternal anti-HLA class I antibodies have been

detected (10). In this study, we sought to address this concern by

analyzing anti-HLA class I antibody-mediated platelet clearance in

whole blood both in vitro and in vivo.

Given that anti-HLA class I antibodies can bind to various cells

in whole blood, not just platelets, we modified our WHOPPA

protocol. This adaptation involved incubating whole blood first

with anti-HLA class I antibodies, followed by incubation with

antibody-opsonized platelets. While untreated monocytes readily

engulfed anti-HPA-1a-opsonized platelets, monocytes treated with

anti-HLA-ABC or anti-HLA-DR IgG antibodies could not.

However, this effect disappeared when the F(ab′)2 fragments of

anti-HLA-ABC and anti-HLA-DR antibodies were employed. In

contrast, pretreatment with anti-HLA-DQ antibodies did not

inhibit the monocyte-mediated phagocytosis of anti-HPA-1a

antibody-opsonized platelets. This effect was most likely

attributable to the fact that anti-HLA-DR and anti-DQ antibodies

upregulate different mitogen-activated protein kinase (MAPK)

signaling pathways (17). Whereas the ligation of HLA-DR

molecules on monocytes promoted the phosphorylation of ERK

and P38 (inflammatory; IL-1b), that of HLA-DQ induced only P38

phosphorylation (anti-inflammatory; IL-10) (17).

In our previous study, a WHOPPA showed that monocytes, not

neutrophils, function as the phagocytes responsible for the

engulfment of antibody-opsonized platelets in whole blood (14).

In line with this, in the present study, we found that pretreating

isolated monocytes with anti-HLA antibodies prevents the

phagocytosis of anti-HPA-1a antibody-opsonized platelets. These

findings indicate that anti-HLA antibodies bound to monocytes can

alter Fc-dependent phagocytosis, thereby inhibiting the engulfment
FIGURE 6

Platelet clearance induced by anti-aIIbb3 antibodies after the administration of anti-MHC-I antibodies. MAb 34-1-2S (0.25 and 2 mg/kg) was injected
first into Balb/c female mice (n = 3–4), followed 30 min later by the administration of mAb Leo.F2 (0.25 and 1 mg/kg) antibodies against aIIbb3.
Platelet counts before the injection of 34-1-2S (0 h) and after the administration of Leo.F2 (0.5, 1, 2, 4, 6, 24, 48, and 72 h) were analyzed using an
automatic hematology analyzer. Symbols and error bars indicate means ± SD. Comparisons between two groups were undertaken using two-way
ANOVA. P-values are presented in Supplementary Table 3.
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of these opsonized platelets—a phenomenon previously described

as “immune phagocytosis inhibition” (18).Given that anti-HLA-DR

antibodies also blocked platelet phagocytosis even though platelets

lack HLA-DR expression, our observation indicated that anti-HLA

antibodies bound to HLA antigens on monocytes (via the Fab

fragment), along with the crosslinking of FcgRs on monocytes (via

the Fc fragment), are likely responsible for this inhibitory

mechanism. However, whether these mechanisms also apply in

vivo is currently unclear.

Our in vivo study, which involved administering anti-MHC-I

antibodies (34-1-2S; 1 mg/kg) to Balb/c female mice, showed that

the platelet count was significantly lower in anti-MHC-I antibody-

treated mice than in animals receiving the isotype control within

24 h. After 30 min, the platelet count dropped from 1261.8 ± 59.85

× 109/L to 755.6 ± 107.93 × 109/L. However, the platelet counts had

normalized by 72 h post-treatment. Notably, the administration of

anti-aIIbb3 antibodies (Leo.F2; 1 mg/kg) resulted in significantly

enhanced platelet clearance over different time points relative to

that seen with anti-MHC-I antibodies. After 30 min, the platelet

count fell to 408.6 ± 137.53 × 109/L. An analysis of antibody-bound

platelets (after 0.5 and 2 h) showed the presence of anti-aIIbb3
antibodies on the surface of platelets, but not that of monocytes, as

expected for platelet-specific antibodies. In contrast, anti-MHC-I

antibodies were found on both platelets and monocytes.

Interestingly, monocytes displayed higher levels of anti-MHC-I

binding than platelets (87.0% vs. 25.5% and 42.5% vs. 14.6% after

30 min and 2 h, respectively), most likely because platelets express

significantly lower levels of HLA class I antigens compared to

monocytes, as shown by our flow cytometric analysis with whole

blood and other approaches (13). Furthermore, after 2 h, some

monocytes became negative for MHC-I, indicative of antigen
Frontiers in Immunology 09
endocytosis induced by anti-MHC-I antibodies (12, 16). These

results indicate that anti-MHC-I antibodies preferentially bind to

monocytes rather than platelets and can be cleared by monocytes

via endocytosis. This may explain the observed lower clearance by

anti-HLA class I antibody-opsonized platelets compared to platelet

clearance triggered by anti-aIIbb3 antibodies.

In addition, we found that pretreatment with anti-MHC-I

antibodies before the administration of anti-aIIbb3 antibodies

reduced platelet clearance. However, this difference was not

significant compared to mice receiving anti-aIIbb3 antibodies

alone. This contrasts with our in vitro findings, indicating that

targeting monocytes and platelets separately does not fully mimic in

vivo conditions. Nevertheless, our in vivo results are in accordance

with clinical observations. In FNAIT cases caused by anti-HPA-1a

antibodies, no association was found between the presence of anti-

HLA class I antibodies and the neonatal platelet count, birth weight,

or the occurrence of intracranial hemorrhage (9).

The different conditions that likely occur in vivo are illustrated

in Figure 7. A low dose of anti-MHC-I antibodies does not induce

platelet clearance, while a high dose produces only mild

thrombocytopenia. In contrast, anti-aIIbb3 antibodies elicit

markedly stronger platelet clearance at both low and high doses.

The coexistence of anti-MHC-I antibodies, regardless of dose, does

not significantly impair the severity of thrombocytopenia induced

by anti-aIIbb3 antibodies.

Recently, other platelet clearance mechanisms besides Fc-

dependent phagocytosis have been described in cases of PTR.

These include platelet activation, platelet desialylation, and

intrinsic features such as IgG subclasses, IgG glycosylation

(relating to its ability to activate complement), and antigen

specificity (19–21). Some of these parameters could also be
FIGURE 7

Schematic of the platelet clearance induced by anti-MHC-I and anti-aIIbb3 antibodies.
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relevant to the mechanism of FNAIT and may explain the clinical

diversity of anti-HLA class I antibody-mediated FNAIT.

Nevertheless, unlike PTR conditions, we showed in this study

that anti-HLA class I antibodies not only react with platelets but

also interact with monocytes in whole blood, thereby inhibiting

antibody-mediated platelet clearance. This additional mechanism

induced milder thrombocytopenia than that observed with platelet-

specific anti-aIIbb3 antibodies. Whether these findings can explain

the controversial opinions regarding the role of anti-HLA class I

antibodies in FNAIT remains unclear and needs to be further

addressed in a murine model of FNAIT.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Files, further inquiries can be directed

to the corresponding author/s.
Ethics statement

The studies involving humans were approved by Ethics

Committee of the Medical Faculty, Justus Liebig University,

Giessen, Germany (file no. 82/09 and file no. 05/00). The studies

were conducted in accordance with the local legislation and

institutional requirements. The participants provided their written

informed consent to participate in this study. The animal study was

approved by the Animal Care Committee of Sun Yat-Sen

University. The study was conducted in accordance with the local

legislation and institutional requirements.
Author contributions

XX: Data curation, Funding acquisition, Investigation, Project

administration, Writing – original draft, Writing – review & editing.

NB: Data curation, Investigation, Project administration,

Methodology, Writing – original draft. MR: Investigation,

Writing – original draft, Data curation, Methodology, Project

administration. DC: Data curation, Investigation, Writing –

review & editing, Project administration. HL: Supervision,

Writing – review & editing, Data curation, Investigation,

Visualization. XY: Funding acquisition, Supervision, Writing –

review & editing. WX: Writing – review & editing, Formal

Analysis, Supervision, Funding acquisition. HR: Writing – review

& editing, Data curation, Methodology, Project administration. YX:

Methodology, Project administration, Writing – review & editing.

YF: Supervision, Writing – review & editing, Formal Analysis,

Funding acquisition. GB: Conceptualization, Data curation,

Formal Analysis, Investigation, Supervision, Writing – original

draft, Writing – review & editing. SS: Conceptualization,

Investigation, Supervision, Writing – original draft, Writing –

review & editing.
Frontiers in Immunology 10
Funding

The author(s) declare financial support was received for

the research and/or publication of this article. This work was

supported by the National Key R&D Program of China (no.

2023YFC2413100), National Natural Science Foundation of China

(no. 82270237, 82470231), Guangdong Basic and applied Basic

Research Foundation (no. 2025A1515012680), Science and

Technology Projects in Guangzhou (no. 2024A03J0375 and no.

2025A03J3369), The Key Medical Disciplines and Specialties

Program of Guangzhou (2025-2027).
Acknowledgments

We thank Prof. Volker Kiefel from the Institute of Transfusion

Medicine, Rostock University, Rostock, Germany for his critical

discussion. We thank the Charlesworth Group’s author services

(www.cwauthors.com/frontiers) for its linguistic assistance during

the preparation of this manuscript.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1652134/

full#supplementary-material
frontiersin.org

http://www.cwauthors.com/frontiers
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1652134/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1652134/full#supplementary-material
https://doi.org/10.3389/fimmu.2025.1652134
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Xu et al. 10.3389/fimmu.2025.1652134
References
1. Kiefel V, König C, Kroll H, Santoso S. Platelet alloantibodies in transfused
patients. Transfusion. (2001) 41:766–70. doi: 10.1046/j.1537-2995.2001.41060766.x

2. Mueller-Eckhardt C, Kiefel V, Grubert A, Kroll H, Weisheit M, Schmidt S, et al.
348 cases of suspected neonatal alloimmune thrombocytopenia. Lancet. (1989) 1:363–
6. doi: 10.1016/s0140-6736(89)91733-9

3. Davoren A, Curtis BR, Aster RH, McFarland JG. Human platelet antigen-specific
alloantibodies implicated in 1162 cases of neonatal alloimmune thrombocytopenia.
Transfusion. (2004) 44:1220–5. doi: 10.1111/j.1537-2995.2004.04026.x

4. Murphy MF, Waters AH. Immunological aspects of platelet transfusions. Br J
Haematol. (1985) 60:409–14. doi: 10.1111/j.1365-2141.1985.tb07437.x

5. Dahl J, Refsum E, Ahlen MT, Egeland T, Jensen T, Viken MK, et al. Unraveling
the role of maternal anti-HLA class I antibodies in fetal and neonatal
thrombocytopenia-Antibody specificity analysis using epitope data. J Reprod
Immunol. (2017) 122:1–9. doi: 10.1016/j.jri.2017.06.003

6. Refsum E, Mörtberg A, Dahl J, Meinke S, Auvinen MK, Westgren M, et al.
Characterisation of maternal human leukocyte antigen class I antibodies in suspected
foetal and neonatal alloimmune thrombocytopenia. Transfus Med. (2017) 27:43–51.
doi: 10.1111/tme.12375

7. Sharon R, Amar A. Maternal anti-HLA antibodies and neonatal
thrombocytopenia. Lancet. (1981) 1:1313. doi: 10.1016/s0140-6736(81)92481-8

8. King KE, Kao KJ, Bray PF, Casella JF, Blakemore K, Callan NA, et al. The role of
HLA antibodies in neonatal thrombocytopenia: a prospective study. Tissue Antigens.
(1996) 47:206–11. doi: 10.1111/j.1399-0039.1996.tb02542.x

9. Sachs UJ, Wienzek-Lischka S, Duong Y, Qiu D, Hinrichs W, Cooper N, et al.
Maternal antibodies against paternal class I human leukocyte antigens are not
associated with foetal and neonatal alloimmune thrombocytopenia. Br J Haematol.
(2020) 189:751–9. doi: 10.1111/bjh.16419

10. Colvin ZA, Schiller J, Tsaih SW, Sharma R, Grace RF, McIntosh JJ, et al. HLA
antibodies in fetal and neonatal alloimmune thrombocytopenia. Transfusion. (2023)
63:1141–9. doi: 10.1111/trf.17342

11. Machy P, Truneh A, Gennaro D, Hoffstein S. Major histocompatibility complex
class I molecules internalized via coated pits in T lymphocytes.Nature. (1987) 328:724–
6. doi: 10.1038/328724a0
Frontiers in Immunology 11
12. Dasgupta JD, Watkins S, Slayter H, Yunis EJ. Receptor-like nature of class I
HLA: endocytosis via coated pits. J Immunol. (1988) 141:2577–80. doi: 10.4049/
jimmunol.141.8.2577

13. Boegel S, Löwer M, Bukur T, Sorn P, Castle JC, Sahin U. HLA and proteasome
expression body map. BMC Med Genomics. (2018) 11:36. doi: 10.1186/s12920-018-
0354-x

14. Ames P, Baal N, Speckmann M, Michel G, Ratke J, Klesser C, et al. In vitro
analysis of anti-HPA-1a dependent platelet phagocytosis and its inhibition using a new
whole blood phagocytosis assay (WHOPPA). Front Immunol. (2023) 14:1283704.
doi: 10.3389/fimmu.2023.1283704

15. Xu X, Chen D, Ye X, Xia W, Xu Y, Chen Y, et al. Successful prenatal therapy for
anti-CD36-mediated severe FNAIT by deglycosylated antibodies in a novel murine
model. Blood. (2021) 138:1757–67. doi: 10.1182/blood.2021011131

16. Neppert J, Mueller-Eckhardt C. Interdependent membrane mobility of human
MHC coded antigens detected by monoclonal antibodies to various epitopes on class I
and II molecules. Tissue Antigens. (1985) 26:51–9. doi: 10.1111/j.1399-
0039.1985.tb00934.x

17. Matsuoka T, Tabata H, Matsushita S. Monocytes are differentially activated
through HLA-DR, -DQ, and -DP molecules via mitogen-activated protein kinases. J
Immunol. (2001) 166:2202–8. doi: 10.4049/jimmunol.166.4.2202

18. Neppert J, Clemens M, Mueller-Eckhardt C. Immune phagocytosis inhibition by
commercial immunoglobulins. Blut. (1986) 52:67–72. doi: 10.1007/BF00321069

19. Rijkers M, Saris A, Heidt S, Mulder A, Porcelijn L, Claas FHJ, et al. A subset of
anti-HLA antibodies induces FcgRIIa-dependent platelet activation. Haematologica.
(2018) 103:1741–52. doi: 10.3324/haematol.2018.189365

20. Van Osch TLJ, Oosterhoff JJ, Bentlage AEH, Nouta J, Koeleman CAM, Geerdes
DM, et al. Fc galactosylation of anti-platelet human IgG1 alloantibodies enhances
complement activation on platelets. Haematologica. (2022) 107:2432–44. doi: 10.3324/
haematol.2021.280493
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