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ABSTRACT
T cell- based immunotherapy, for example, with T cell- 
recruiting bispecific antibody (bsAb), has revolutionized 
oncological treatment. However, many patients do not 
respond to treatment, and long- term remissions are 
still rare. Several tumor immune evasion mechanisms 
have been reported to counteract efficiency of T cell- 
engaging therapeutics. Platelets largely affect cancer 
pathophysiology by mediating tumor invasion, metastasis, 
and immune evasion. On treatment of patients in a clinical 
trial with a PSMA×CD3 bsAb (NCT04104607), we observed 
profound treatment- associated platelet activation, mirrored 
by a decrease of total platelet count. On modeling the 
treatment setting, we found that platelet activation 
significantly reduced bsAb- mediated CD4+ and CD8+ T- cell 
reactivity as revealed by impaired T- cell degranulation, 
secretion of perforin, and ultimately, inhibition of target 
cell lysis. This effect occurred in a transforming growth 
factor beta (TGF-β)- dependent manner and was not 
restricted to PSMA×CD3 bsAb, but rather observed with 
various CD3- directed bispecific constructs, including the 
approved CD19×CD3 bsAb blinatumomab. BsAb- mediated 
T- cell reactivity could be restored by platelet inhibition 
and specifically by blocking the TGF-β axis. Together, our 
findings demonstrate that platelets undermine the efficacy 
of T cell- recruiting bsAb and identify modulation of platelet 
function as a means to reinforce the effectiveness of bsAb 
treatment.

BACKGROUND
Immunotherapeutic strategies such as T 
cell- recruiting bispecific antibodies (bsAbs), 
chimeric antigen receptor (CAR) T cells, and 
immune checkpoint inhibition demonstrate 
remarkable efficacy in cancer treatment.1–4 
However, long- term remissions are still rare, 
and many patients do not respond at all to 
treatment.5 6 Various immune escape mech-
anisms have been identified to undermine 
the efficacy of T cell- engaging therapeutics.6 7 
Particularly in solid tumors, immunosuppres-
sive cells in the tumor microenvironment 
(TME), including cancer- associated fibro-
blasts, regulatory T cells, and myeloid- derived 
suppressor cells, have been described to 
suppress antitumor immunity.7 8 In addition, 
numerous studies demonstrated that elevated 

platelet counts and expression of certain 
platelet surface markers are associated 
with an advanced disease stage and worse 
outcome.9–11 Platelets mediate tumor cell 
survival and tumor growth, among others, 
by secretion or expression of P- selectin, 
platelet- derived growth factor, vascular endo-
thelial growth factor, and several others.12 
Notably, platelets may also promote tumor 
immune evasion by impairing natural killer 
(NK) and T- cell function.13–16 However, data 
documenting the effect of platelet–tumor–
immune cell interaction in humans that 
elucidate the underlying mechanisms are 
largely lacking. We report here our clinical 
observation that patients treated with a bispe-
cific PSMA×CD3 antibody in a multicenter 
phase I study (NCT04104607)17 18 display 
treatment- related platelet activation and tran-
sient decrease of platelet count. Based on this 
observation, we modeled the effect of plate-
lets on bsAb- induced T- cell antitumor reac-
tivity and demonstrate that activated platelets 
undermine bsAb- mediated T- cell reactivity in 
a transforming growth factor beta (TGF-β)- 
dependent manner, indicating that thera-
peutic modulation of platelet function may 
serve to reinforce efficacy of bsAb treatment.

METHODS
Cell lines
The tumor cell lines LNCaP, SaOS- 2, and SEM 
were purchased from German Collection of 
Microorganisms and Cell Cultures (Braun-
schweig, Germany). Mycoplasma contamina-
tion was excluded via a PCR- based method. 
Authenticity was determined by validating the 
respective immunophenotype described by 
the provider using flow cytometry.

Primary patient material
Peripheral blood mononuclear cells 
(PBMCs) of healthy donors were isolated 
by density gradient centrifugation using 
Biocoll cell separation solution (Biochrom, 
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Berlin, Germany). Platelets were isolated from blood 
of healthy donors and patients with prostate cancer 
receiving PSMA×CD3 (CC- 1) in our multicenter phase I 
study (NCT04104607) treated at the University Hospital 
Tuebingen. Written informed consent in accordance with 
the Helsinki protocol was given in all cases.

Preparation of platelets
Citrated blood was briefly centrifuged for 20 min at 
120×g. After harvesting platelet- rich plasma, platelets 
were washed with citrate wash buffer (128 mmol/L NaCl, 
11 mmol/L glucose, 7.5 mmol/L Na2HPO4, 4.8 mmol/L 
sodium citrate, 4.3 mmol/L NaH2PO4, 2.4 mmol/L citric 
acid, and 0.35% bovine serum albumin) and resus-
pended in Roswell Park Memorial Institute (RPMI1640) 
containing 10% fetal calf serum (FCS).

For platelet activation ex vivo and generation of 
platelet releasate (PR), 10 µM of thrombin receptor acti-
vator peptide 6 (TRAP- 6) was added to the platelets. In 
the next step, platelet suspensions were stirred for 1 min 
and subsequently centrifuged for 15 min at 2200×g. The 
supernatant was used as PR. For platelet blocking, washed 
platelets were incubated with dabigatran (5 mg/mL) 
or indomethacin (10 µg/mL). For blocking of TGF-β 
receptor signaling, a combination of an ALK5 inhibitor 
(20 µM, SB431542; Selleckchem, Houston, Texas, USA) 
and anti- TGF-β antibody (2 µg/mL, clone MAB1835; 
R&D Systems, Minneapolis, Minnesota, USA) was used.

Platelet aggregation
Platelet aggregation was analyzed using the four- channel 
light transmission platelet aggregometer APACT 4004 
(Elitech, Puteaux, France) according to the manufac-
turer’s instructions. For platelet stimulation, the bsAb 
PSMA×CD3 (CC- 1),18 NKG2D×CD3,19 20 or CD19×CD3 
(blinatumomab) were used. TRAP- 6 (10 µM) served as 
positive control.

Analysis of cytokine secretion
To analyze cytokine secretion, supernatant of platelets 
and PR was collected and analyzed for interleukin (IL)- 2, 
tumor necrosis factor, TGF-β1, interferon gamma, IL- 6 
and CXCL8 using LEGENDplex assays (BioLegend, San 
Diego, California, USA).

Immunofluorescence
For immunofluorescence staining, tumor cells, PBMCs, 
and platelets were fixed in 4% paraformaldehyde (PFA) 
in phosphate- buffered saline (PBS),(pH 7.4) for 10 min 
at −20°C. Cells were blocked using 5% BSA, 0.2% 
Triton X- 100, and 0.1% Tween for 60 min. Blocking 
buffer was aspirated and cells were washed three times 
with phosphate- buffered saline with Tween® detergent 
(PBST), (PBS+0.1% TWEEN 20). Staining was conducted 
using unlabeled primary antibodies against CD41 (clone 
HIP8; Invitrogen, Carlsbad, California, USA), CD61 
(clone SJ19- 09, Invitrogen), CD62P (clone AK4, Thermo 
Fisher Scientific, Waltham, Massachusetts, USA), tubulin 
(clone 11H10), and perforin (clone δG9); Alexa- Fluor 

594 labeled anti- rabbit or Alexa- Fluor 488 labeled anti- 
mouse (both Invitrogen) were used as secondary anti-
bodies. For staining of actin, fluorescein- conjugated 
phalloidin (Abcam, Cambridge, Great Britain) was 
used according to the manufacturer’s instructions. 
Slides were mounted in fluorescent- mounting medium. 
4′,6- diamidino- 2- phenylindole (DAPI) was used for coun-
terstaining. Image acquisition was performed using an 
Olympus BX63 microscope and a DP80 camera (Olympus, 
Shinjuku, Japan). Images were processed using ImageJ.21

Flow cytometry
To determine their activation status, platelets were 
stained using the directly fluorescence- labeled mAbs 
CD41- PE or CD41- PECy5 (both clone HIP8) and CD62P- 
FITC (clone AK- 4) or the corresponding isotype control 
(all from BD Biosciences, San Diego, California, USA). 
For analysis of surface expression levels, unlabeled anti-
bodies against prostate- specific membrane antigen 
(PSMA), (clone 10B3),18 CD3 (clone UCHT- 1; BioCell 
Technology, Newport Beach, California, USA), ADAM10 
(clone 163003, R&D Systems), and a biotinylated 
NKG2D- Fc22 were used followed by a goat anti- mouse PE 
conjugate (Dako, Glostrup, Denmark) or a streptavidin- 
conjugated phycoerythrin (PE) conjugate (Life Technol-
ogies, Carlsbad, California, USA) and a CD19- PE mAb 
(BD Biosciences). For detection and blocking of CD40L, 
the CD40L antibody clone MK13A4 (Enzo Life Sciences, 
Lausen, Swiss) was used. For studies on T- cell activation 
and degranulation, the mAbs CD69- PE and CD107a- PE 
(BD Pharmingen) as well as CD3- APC/Fire750, CD4- APC, 
CD8- FITC, and CD56- BV711 (BioLegend) were used. For 
flow cytometric analysis of target cell lysis, LNCaP cells 
were loaded with 2.5 µM CellTrace Violet cell prolifera-
tion dye (Thermo Fisher Scientific) and cultured with 
PBMC (effector to target (E:T) ratio 2.5:1) in the pres-
ence or absence of PSMA×CD3 (200 ng/mL) and plate-
lets (platelet to target (P:T) 100:1). Standard calibration 
beads (Sigma- Aldrich, St. Louis, Missouri, USA) were 
used to ensure the analysis of equal assay volumes and 
therefore to account for the number of target cells that 
had vanished from the culture. Dead cells were excluded 
from analysis by 7- AAD (BioLegend). Measurements were 
performed using a FACS Canto II or FACS Fortessa (BD 
Biosciences), and data were analyzed using the software 
FlowJo V.10 (FlowJo LCC, Ashland, Oregon, USA).

T-cell activation and degranulation assays
To determine activation and degranulation in the pres-
ence of target cells, tumor cells were cultured with allo-
genic PBMCs of healthy donors and with or without 
platelets or PR in the indicated E:T:P ratios for 4 and 
24 hours, respectively. For analysis of degranulation 
after 4 hours, CD107a- PE (1:25), BD GolgiStop, and BD 
GolgiPlug (1:1000, both BD Biosciences) were added 
to the coculture. Analysis was conducted using flow 
cytometry.
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Cytotoxicity assays
Long- term cytotoxicity analyses were performed using 
the IncuCyte S3 Live- Cell Analysis System (Essen BioSci-
ence, Sartorius, Göttingen). Tumor cells were cultured 
with PBMCs of healthy donors (E:T ratio of 5:1) in the 
presence or absence of PSMA×CD3 (200 ng/mL) or PR. 
The TGF-β axis was blocked using the combination of an 
ALK5 inhibitor (SB431542, 20 µM) (Selleckchem) and 
anti- TGF-β antibody (clone MAB1835, 2 µg/mL) (R&D 
Systems). Live cell imaging pictures were taken every 
4 hours with ×10 magnification. To quantify living cells, 
confluences were normalized to the respective measure-
ment at t=0 hour.

Statistics
Student’s t test, Mann‐Whitney U test, one‐way nalysis 
of variance (ANOVA) and Friedman’s test were used for 
continuous variables. If significant differences by ANOVA 
were found, groupwise comparison was done (Tukey’s 
multiple comparison test). If significant differences were 
found by Friedman’s test, Dunn’s multiple comparisons 
test was used. Bars and error bars represent means of 
results and SE of the mean, respectively. All statistical tests 
were considered statistically significant when the p value 
was below 0.05. Statistical analysis was performed using 
GraphPad Prism V.8.1.0. Raw data can be found in online 
supplemental file 2.

RESULTS
Treatment with T cell-recruiting bsAbs induces platelet 
activation
Although it has been shown that platelets, within the 
TME, allow for tumor immune escape,13 15 16 their role in 
the context of immunotherapy is largely unknown. When 
we monitored platelet counts in patients with prostate 
cancer treated with the bispecific PSMA×CD3 antibody 
CC- 1,17 23 we observed a treatment- associated decrease 
in all study subjects (figure 1A,B). Platelet counts were 
inversely related to serum levels of soluble IL- 2 receptor, 
indicating an association with T- cell activation induced 
by bsAb. Application of the PSMA×CD3 bsAb further was 
associated with upregulation of the activation marker 
P- selectin (CD62P) on platelets (figure 1C,D). Since we 
also observed a negative association of platelet count and 
platelet activation (CD62P expression) (figure 1E), we 
hypothesized that tumor–T cell interaction induced by 
the bsAb caused platelet activation, which in turn led to 
the decrease of total platelet count.

After excluding that the PSMA×CD3 bsAb alone 
induced platelet activation or aggregation (figure 1F–H), 
we established a coculture system using PSMA- expressing 
prostate cancer cells (LNCaP) and PBMC to mimic 
tumor–platelet–immune cell interactions in the presence 
or absence of the bsAb CC- 1. As observed in patients, 
presence of the bsAb during tumor–platelet–immune 
cell interaction (figure 1I) resulted in profound platelet 
activation (figure 1J–L). Since platelet activation was most 

prominent when platelets were coincubated with stimu-
lated immune cells (figure 1L), we hypothesized that 
activated T cells might trigger platelet activation in our 
experimental setting. In line with published data that T 
cells can stimulate platelets via the CD40–CD40L axis,24 
we observed upregulation of CD40L preferentially on 
activated CD4+ T cells (online supplemental figure 2A,B), 
and blocking CD40–CCD40L interaction reduced platelet 
activation with the effect closely failing to reach statistical 
significance (online supplemental figure 2C). Overall, we 
conclude that platelets represent so far underestimated 
players that can affect the efficacy of T cell- engaging bsAb.

Platelets impair bsAb-induced T-cell activity
To further characterize the influence of platelets on 
PSMA×CD3 induced T cell reactivity, we cultured LNCaP 
cells with PBMCs and platelets at different platelet- immune 
cell ratios in the presence or absence of the PSMA×CD3 
bsAb. CC- 1- mediated activation of CD4+ and CD8+ T cells 
(CD69 expression) was inversely associated with effector 
to platelet ratios (figure 2A,B). To exclude that this 
effect exclusively occurred with the target antigen PSMA 
and/or specifically with the employed tumor cells, we 
extended our model system by using a recently described 
treatment model for sarcoma using a NKG2D×CD3 
bispecific fusion protein (BFP)20 (figure 2D) as well as a 
leukemia model employing a B- ALL cell line treated with 
the CD19×CD3 bispecific T- cell engager (BiTE) blinatu-
momab (figure 2E). The inhibitory effect of platelets on 
CD3- mediated T- cell activation was found to be indepen-
dent from the format of the T cell- recruiting compound 
(bsAb, BFP, and BiTE) (figure 2C), tumor entity, and 
target antigen (figure 2D,E), with none of the constructs 
inducing platelet activation or aggregation in the absence 
of effector cells (online supplemental figure 1A–C). 
Alike in patients treated with the PSMA×CD3 bsAb, a 
treatment- associated decrease of total platelet counts was 
observed in two patients with B- ALL treated with blina-
tumomab (online supplemental figure 3), providing 
further evidence that platelets might affect T- cell acti-
vation independently of tumor entity, target antigen or 
T cell- recruiting agent. Further analyses in our prostate 
cancer model using the bsAb PSMA×CD3 revealed a 
reduction of bsAb- induced degranulation of CD4+ and 
CD8+ T cells (CD107a expression) on co- incubation with 
platelets (figure 2F).

Impairment of bsAb-induced T-cell reactivity is mediated via 
the TGF-β axis
Next, we analyzed how platelet- mediated inhibition of 
T- cell activation and degranulation affected bsAb- induced 
tumor cell lysis. Treatment with the bsAb PSMA×CD3 
significantly increased the number of perforin- secreting 
immune effector cells (figure 3A–C) and was significantly 
reduced by the presence of platelets. This was mirrored 
by profound platelet- mediated inhibition of target cell 
lysis quantified by flow cytometry- based cytotoxicity assays 
(figure 3D).
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As platelet activation results in secretion of immuno-
modulatory factors,15 16 we next investigated whether 
inhibition of platelet activation with anticoagulant drugs 
would prevent their inhibitory effect on bsAb- mediated 
T cell activation. Treatment with dabigatran, an oral 
anticoagulant, efficiently restored CD4+ and CD8+ T 
cell activation whereas indomethacin had no relevant 
effect (figure 3E). Next, we compared the influence of 
platelets and PR on T cell reactivity and found that both 
reduced T cell activation to the same extent (figure 3F). 
This indicates that soluble factors released from activated 

platelets impair bsAb- induced T cell reactivity, which is 
in line with previous observations.16 25 Remarkably, live 
cell imaging revealed that PR efficiently reduced bsAb- 
mediated tumor cell lysis (figure 3G). To unravel the 
factor within PR that inhibits T cell activity, we quantified 
several key immunomodulatory cytokines in PR prepara-
tions (figure 3H). Of all tested cytokines, active TGF-β1 
was found to be most elevated and modulated on platelet 
activation (figure 3H,I).

To functionally validate that indeed platelet- 
derived TGF-β subverts the efficacy of T cell- engaging 

Figure 1 Treatment with bispecific antibody leads to platelet activation. (A,B) Association of platelet count and sIL- 2R 
concentration in two patients with prostate cancer receiving bispecific PSMA×CD3 (CC- 1) antibody. (C) Time course of platelet 
activation (CD62P expression) on CC- 1 treatment. (D) Platelet activation (CD62P expression) in untreated healthy donors (gray, 
n=5), untreated patients with prostate cancer (light blue, n=4) and in patients with prostate cancer receiving PSMA×CD3 (dark 
blue, n=5). Statistical significance was calculated by one- way ANOVA and Tukey’s multiple comparisons test. (E) Association 
of CD62P expression and total platelet count. Statistical significance was calculated using simple linear regression analysis. 
(F) Lack of platelet activation on PSMA×CD3 treatment (200 ng/mL) (n=4). Classical platelet agonist TRAP- 6 (10 µM) served as a 
positive control. Statistical significance was calculated by one- way ANOVA and Tukey’s multiple comparisons test. (G) Platelet 
aggregation (percentage of light transmission during the indicated time interval) was studied in the presence or absence of 
PSMA×CD3 (200 ng/mL) and TRAP- 6. (H) Maximum aggregation levels on PSMA×CD3 and TRAP- 6 treatment (n=3). Statistical 
significance was calculated by one- way ANOVA and Tukey’s multiple comparisons test. (I) Representative immunofluorescence 
staining of LNCaP cells coincubated with human PBMCs, platelets and PSMA×CD3 (scale bar indicates 100 µm, original 
magnification ×20). (J) Representative staining for platelet activation (CD62P expression) after incubating platelets for 30 min 
with LNCaP cells and PBMCs (effector to target ratio of 4:1) and PSMA×CD3 (scale bar indicates 20 µm, original magnification 
×63). (K,L) Platelets of healthy donors (n=3) were analyzed for CD62P expression after culturing them for 2 hours in the presence 
or absence of LNCaP cells alone or in combination with PSMA×CD3 and/or PBMCs of healthy donors. (K) Exemplary plots and 
(L) pooled data are shown. Statistical significance was calculated by one- way ANOVA and Tukey’s multiple comparisons test. 
ANOVA, analysis of variance; DAPI, 4′,6- diamidino- 2- phenylindole; HD, healthy donor; PBMC, peripheral blood mononuclear 
cell; sIL- 2R, soluble interleukin- 2 receptor; TRAP- 6, thrombin receptor activator peptide 6.

 on A
pril 28, 2024 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003655 on 2 F

ebruary 2022. D
ow

nloaded from
 

http://jitc.bmj.com/


5Lutz MS, et al. J Immunother Cancer 2022;10:e003655. doi:10.1136/jitc-2021-003655

Open access

Figure 2 Platelets impair the therapeutic T- cell activation capacity of bispecific antibodies. (A,B) Activation of CD4+ and CD8+ 
T cells was determined by analysis of CD69 expression after 24 hours. PBMCs of healthy donors were incubated with LNCaP 
cells (E:T 4:1) in the presence or absence of PSMA×CD3 (200 ng/mL) and with the indicated E:P ratios. (A) Exemplary flow 
cytometry results and (B) combined data are shown (n=3). (C) Schematic illustration of the different bispecific T cell- engaging 
formats used in our study. (D,E) Activation of CD4+ and CD8+ T cells was analyzed on coculture of PBMCs of healthy donors 
with target cells at an E:T ratio of 2.5:1.0 and the indicated E:P ratios for 24 hours. (D) The sarcoma cell line SaOS- 2 was 
cultured with PBMCs (n=3) and NKG2DxCD3 (2.5 µg/mL). (E) The B- ALL cell line (SEM) was cultured with PBMCs (n=4) and 
CD19xCD3 (blinatumomab, 200 pg/mL). (F) Degranulation of CD4+ and CD8+ T cells was determined by analysis of CD107a 
expression after 4 hours. PBMCs of healthy donors were cultivated with LNCaP cells at an E:T ratio of 4:1 in the presence or 
absence of PSMA×CD3 (200 ng/mL) or platelets (E:P 1:100). Pooled data (n=5) are shown. (B,D–F) Statistical significance was 
calculated by one- way analysis of variance and Tukey’s multiple comparisons test. E:P, effector to platelet; E:T, effector to 
target; PLT, platelets; PBMC, peripheral blood mononuclear cell.
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Figure 3 (Continued)
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therapeutics, we determined the effect of TGF-β blockade 
on bsAb- induced cytotoxicity on exposure to platelet 
release, which resulted in restoration of T cell reactivity 
(figure 3J,K). We provide here a new model showing that 
an inhibitory loop driven by platelet- derived TGF-β limits 
the efficacy of T cell- recruiting bsAb (figure 3L).

DISCUSSION
Tumor immune escape mechanisms are limiting the effi-
cacy of immunotherapy. Especially, in solid tumors, the 
TME has been shown to be crucial for diminishing anti-
tumor immune responses.26 Although it has been shown 
that platelets, as parts of the TME, possess the ability to 
modulate tumor immune escape,13 16 the importance in 
the context of immunotherapy is poorly investigated so 
far. We observed that treatment with the novel bispecific 
PSMA×CD3 antibody CC- 117 18 leads to a significant platelet 
activation and a transient decrease of total platelet count 
in vivo. Since a similar effect was observed in patients 
with acute lymphocytic leukemia (ALL) treated with the 
CD19×D3 BiTE blinatumomab, we hypothesize that plate-
lets represent so far underestimated players affecting the 
efficacy of T cell- engaging bsAb, which is in line with data 
that platelets impair NK cell- mediated tumor immuno-
surveillance and antitumor T- cell reactivity in a model of 
adoptive T- cell transfer.15 16

In our preclinical setting, we were able to show that bsAb- 
mediated tumor–immune cell interactions efficiently 

induce platelet activation, while the T cell- engaging 
therapeutics alone do not bind or activate platelets. The 
bsAb- induced T- cell activation was accompanied by an 
upregulation of CD40L preferentially on CD4+ T cells, 
and the induced platelet activation was partly diminished 
on blocking CD40–CD40L interaction. This is in line 
with published data that T cells stimulate platelets via the 
CD40–CD40L axis.24 However, further data are needed to 
validate the involvement of CD40–CD40L interaction.

When investigating the influence of activated platelets 
on the PSMA×CD3- induced effector cell reactivity, we 
observed a significant inhibition of T- cell reactivity. Of 
note, this phenomenon was not restricted to the format 
of the bispecific T cell- recruiting agents (IgGsc, BFP, 
or BiTE), the tumor entity, or target antigen (PSMA, 
NKG2DL, or CD19). This observation suggests that the 
immunomodulating effect of platelets might be a general 
mechanism of platelet- mediated tumor- immune escape 
on treatment with T cell- engaging therapies. This hypoth-
esis is further supported by our finding that soluble 
factors, secreted via activated platelets, efficiently subvert 
bsAb induced T- cell cytotoxicity, which is in line with 
observations reported for adoptive T- cell therapies and 
immune checkpoint blockade.16 25

Our finding that only the reversible thrombin inhibitor 
dabigatran, but not indomethacin, abrogated the inhibi-
tory effect of platelets is supported by data showing that 
dabigatran can block thrombin- induced TGF-β activation 

Figure 3 Platelets undermine treatment efficacy of bsAb via the TGF-β axis. (A–C) Immunofluorescent staining after 2.5 hours 
of coincubation of LNCaP cells and PBMCs (E:T ratio of 4:1) in the presence of PSMA×CD3 (200 ng/mL) and platelets (E:P 
ratio of 10:1). Statistical significance was calculated by one- way ANOVA and Tukey’s multiple comparisons test. (A) Cells 
were stained for tubulin (red) and perforin (green). Nuclei were stained using DAPI (blue). Scale bar indicates 100 µm, original 
magnification ×20. (B) Platelets were stained for CD61 (red); nuclei were stained using DAPI (blue) and perforin (green). Scale 
bar indicates 100 µm, original magnification ×20. (C) Exemplary immunofluorescence staining of tumor–platelet immune cell 
interactions (left). Scale bar indicates 20 µm, original magnification ×63. Quantification of perforin- positive cells per FoV (n=12) 
(right). (D) PBMCs of healthy donors (n=7) were incubated with LNCaP cells (E:T ratio of 2.5:1.0) with and without PSMA×CD3 in 
the presence or absence of platelets (E:P 100:1) as indicated for 72 hours. Then target cell lysis was analyzed by flow cytometry 
to determine the percentage of 7- aminoactinomycin (7AAD)- positive LNCap cells. Left panel: exemplary plots obtained with 
a single donor; right panel: combined data obtained with seven independent donors displayed as percentage of viable target 
cells after bsAb treatment. Statistical significance was calculated by Kruskal- Wallis and Dunn’s multiple comparisons test. 
(E) Activation of CD4+ and CD8+ T cells was determined by expression of CD69 after 24 hours of treatment with PSMA×CD3 
and platelets (E:T ratio of 4:1, E:P ratio of 100:1). Platelets were preincubated with dabigatran (0.5 mM) or indomethacin 
(0.05 mM) for 30 min before adding to the assay. Statistical significance was calculated by one- way ANOVA and Tukey’s multiple 
comparisons test. (F) Activation of CD4+ and CD8+ T cells was analyzed after incubation with LNCaP cells (E:T ratio of 4:1) and 
treatment with anti- PSMA×CD3, platelets (E:P ratio of 100:1) or PR (n=4). Statistical significance was calculated by one- way 
ANOVA and Tukey’s multiple comparisons test. (G) PSMA×CD3- induced cell death of LNCaP cells was determined using live 
cell imaging. Cells were incubated with PBMCs and platelets. In the left panel, representative pictures at 0, 48, and 120 hours 
are displayed. In the right panel, pooled data are shown (n=8). (H) PR has been generated as described in the Methods section, 
and the indicated cytokines were measured using LEGENDplex assay (n=8). (I) The concentration of active TGF-β in the platelet 
supernatant before and after stimulation with TRAP- 6 is shown (n=8). Statistical significance was calculated using Student’s 
t- test. (J,K) Cytotoxicity of PBMC against LNCaP cells after treatment with PSAM×CD3, and platelet release with or without 
blocking of the TGF-β axis using the combination of SB431542 (20 µM) and anti- TGF-β antibody (2 µg/mL) is shown (n=8). 
(K) Pooled data of cell confluence measured after 88 hours of treatment. Statistical significance was calculated by one- way 
ANOVA and Holm- Sidak’s multiple comparisons test. (L) Schematic illustration of the proposed model of an inhibitory loop 
driven by platelets and platelet- released TGF-β, undermining the efficacy of T cell- recruiting bsAbs. The graphic was created by 
BioRender (BioRender.com, Toronto, Canada). ANOVA, analysis of variance; bsAb, bispecific antibody; DAPI, 4′,6- diamidino- 2- 
phenylindole; E:P, effector to platelet; E:T, effector to target; FoV, field of view; PBMC, peripheral blood mononuclear cell; PR, 
platelet releasate; TGF-β, transforming growth factor beta.
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via platelet- bound glycoprotein A repetitions predomi-
nant.25 Considering that pharmacological inhibition of 
platelets restores efficacy of bsAb treatment, our data not 
only emphasize the role of platelets in tumor–immune 
cell interaction in general and bsAb- based immuno-
therapy in particular, but also indicate that blocking 
platelet activation with clinically already available drugs 
or neutralization of TGF-β may serve to increase efficacy 
of T cell- recruiting bsAb.

Bearing in mind that CAR T cells use a similar mech-
anism to induce cytotoxicity, a platelet- mediated inhibi-
tion of CAR T- cell reactivity is probable. However, further 
data are needed to investigate such an assumption. In 
conclusion, our study provides further important data 
supporting the evidence of an inhibitory loop driven by 
platelets undermining antitumor T- cell cytotoxicity and 
thus facilitating tumor immune escape on treatment with 
T cell- engaging agents.
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