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Key Points

• Platelets induce PD-L1
expression in tumor
cells, suggesting that
platelets play a role in
tumor immune escape.

• Platelet-induced PD-L1
upregulation on tumor
cells is mediated by
EGFR signaling.
Programmed death ligand 1 (PD-L1) is an immune checkpoint protein that suppresses

cytotoxic T lymphocytes and is often overexpressed in cancers. Due to favorable clinical

trial results, immune checkpoint inhibition (ICI) is part of Food and Drug Administration

approved immuno-oncology therapies; however, not all patients benefit from ICI therapy.

High blood platelet-to-lymphocyte ratio has been associated with failure of ICI treatment,

but whether platelets have a role in hindering ICI response is unclear. Here, we report that

coculturing platelets with cancer cell lines increased protein and gene expression of tumor

cell PD-L1, which was reduced by antiplatelet agents, such as aspirin and ticagrelor. Platelet

cytokine arrays revealed that the well-established cytokines, including interferon-γ, were

not the main regulators of platelet-mediated PD-L1 upregulation. Instead, the high

molecular weight epidermal growth factor (EGF) is abundant in platelets, which caused an

upregulation of tumor cell PD-L1. Both an EGF-neutralizing antibody and cetuximab (EGF

receptor [EGFR] monoclonal antibody) inhibited platelet-induced increases in tumor cell

PD-L1, suggesting that platelets induce tumor cell PD-L1 in an EGFR-dependent manner. Our

data reveal a novel mechanism for platelets in tumor immune escape and warrant further

investigation to determine if targeting platelets improves ICI therapeutic responses.
Introduction

Programmed death ligand 1 (PD-L1; CD274) is an immune checkpoint protein expressed in many types
of tumors.1 Tumor cell-surface expression of PD-L1 impairs T cell cytotoxicity, thus causing tumor
immune escape.2 Immune checkpoint inhibition (ICI) therapies targeting PD-L1 and its receptor, pro-
grammed cell death protein 1, have proven revolutionary for cancer treatment.3 Although the addition of
ICI to chemotherapy has significantly improved patient outcomes,4 ICI therapy does not benefit the
majority of patients.5 Further investigations are needed to understand tumor cell PD-L1 regulation to
improve ICI treatment efficacy.

It is well established that platelets are critical to hemostasis,6 and recently, the contributions of platelets
to immune regulation are becoming ever more appreciated.7 For example, a high circulating platelet-to-
lymphocyte ratio was associated with a decreased response rate to nivolumab (anti-programmed cell
death protein 1 antibody) in patients with nonsmall cell lung cancer,8 suggesting the potential function
of platelets in affecting ICI treatment. Recently, PD-L1 was found on the surface of platelets and was
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elevated upon platelet activation.9,10 It was reported that platelets
can “decorate” PD-L1− tumor cells with platelet-derived PD-L1,
leading to immunosurveillance escape and increased metastasis.9

Further, platelets store many cytokines and growth factors that
can affect tumor cells.11 Investigating the function of platelets in
tumor cell PD-L1 regulation could thus have important clinical
implications. Here, we report a putative mechanism of platelet-
mediated upregulation of tumor cell PD-L1, which has implica-
tions for novel platelet-targeting therapeutic approaches to
increase ICI responses.

Methods

Human platelets isolation

Blood collection was performed with institutional review board
approval from Brigham and Women’s Hospital (P001526) and
following the Declaration of Helsinki. Platelets were isolated from
healthy volunteers as described previously.12 Healthy volunteers
did not ingest known platelet inhibitors for at least 10 days prior to
blood collection. Citrated whole blood was spun at 177× g for 20
minutes to isolate the platelet-rich plasma. One micromolar pros-
taglandin E1 was added to platelet-rich plasma and spun at 1000×
g for 5 minutes to isolate platelets. Platelets were resuspended in
platelet resuspension buffer (PRB, 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 140 mM NaCl, 3 mM KCl, 0.5 mM
MgCl2, 5 mM NaHCO3, 10 mM glucose, pH 7.4). Synthetic cross-
linked collagen-related peptide (CRP)-induced platelet releasate
used in cell culture was generated by resuspending 5 × 107

platelets in 500 μL PRB with 1 μg/mL CRP and incubated for
15 minutes, followed by centrifugation for 5 minutes at 10 000g.

Cell culture

A549 human alveolar adenocarcinoma (the American Type Culture
Collection [ATCC]: CCL-185), MDA-MB-468 human breast
adenocarcinoma (ATCC: HTB-132) cells, and A431 (ATCC: CRL-
1555) were cultured in F12K (ATCC: 50-188-269FP), L-15
(ATCC: 30-2008), and Dulbecco’s modified Eagle medium (Gibco:
11995073) medium, respectively. Complete medium was supple-
mented with 10% (vol/vol) fetal bovine serum (FBS) (Genesee
Scientific # 25-514H) and 1% (vol/vol) penicillin-streptomycin
(Gibco: 15070-063). Cells were grown to passage 6 and then
frozen down in aliquots. Cells were thawed 3 days prior to donor
appointment date and seeded into 12-well plates 1 day before
donor appointment. For coculture experiments, platelets were
incubated either directly with tumor cells or in transwell inserts with
0.4 μm pore size (Corning: 353494) supplied with modified PRB
(PRB with 10% [vol/vol] and 4 mM L-glutamine). After 24 hours of
coculture, the conditioned medium was harvested and cen-
trifugated at 1000 × g for 5 minutes to discard platelets and tumor
debris. The conditioned medium was then subjected to additional
centrifugation (10 000 × g, 5 minutes) to discard any remaining
debris and was stored at −80◦C. Tumor cells were washed twice
with PBS and then cultured with complete medium for another
24 hours. For drug treatments, aspirin (Millipore Sigma A2093,
100 μM), ticagrelor (Cayman 15425, 1 μM), anti-epidermal growth
factor (EGF)-neutralizing antibody (R&D MAB236, 2 μg/mL), chy-
mostatin (Sigma: C7268. 10 μg/mL), and GI 254023X (A Dis-
integrin and metalloproteinase domain-containing protein 10
(ADAM10) inhibitor; TOCRIS: 3995; 10 μg/mL and 20 μg/mL)
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were used to pretreat the platelets for 1 hour at 37◦C, then added
with the tumor cell culture. Cetuximab (MedChemExpress HY-
P9905, 3 μg/mL) was used to pretreat the tumor cells for 1 hour
at 37◦C, then platelets were added to the coculture. Information of
cytokines used in the experiments: C-C motif chemokine ligand
5 (CCL5) (BioLegend: 580202), C-X-C motif chemokine ligand 5
(CXCL5) (BioLegend: 573404), interleukin 6 (IL-6) (BioLegend:
570802), IL-8 (BioLegend: 574202), EGF (Peprotech: AF-100-
15), pro-EGF (R&D: 4289-EG-025/CF), and interferon-γ (Bio-
Legend: 570202).

Flow cytometry

Tumor cells were trypsinized and resuspended in fluorescence-
activated cell sorting buffer (PBS, 2% [vol/vol] FBS) and stained
with CD41 (BioLegend: 303710; 1:400), PD-L1 (BioLegend:
329706; 1:400 for MDA-MB-468 and A549, 1:3000 for A431),
EGF receptor (EGFR) (BioLegend: 352908; 1:3000), and Zombie
NIR (BioLegend: 423105. 1:3000) antibodies for 25 minutes at
4◦C in a 96-well plate. Cells were then washed and resuspended in
fluorescence-activated cell sorting buffer. Median fluorescence
intensity of PD-L1 was measured in live single cells negative for
CD41 using the Cytek Aurora cytometer following spectral
unmixing. Analysis was performed using FlowJo software Version
10.8.1.

CRISPR gene editing of EGFR

MDA-MB-468 cells were cultured for 5 days before transfection
with clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9) complexes. Pre-
designed single guide (sgRNA) was purchased from Synthego
(CRISPRevolution sgRNA EZ Kit [Modified]: gaguaacaagcu-
cacgcagu). Alt-R S.p. Cas9 nuclease V3 was purchased from
Integrated DNA Technologies (1081058). Immediately before
transfection, ribonucleoprotein complexes were formed by mixing
1 μL of sgRNA (60 μM) and 1 μL of S.p. Cas9 (60 μM) and
incubated at room temperature for 20 minutes. Transfection was
performed using LONZA SE Cell Line 4D-Nucleofector X Kit S
(V4XC-1032). Briefly, 100 000 MDA-MB-468 cells were sus-
pended in SE cell line Nucleofector solution with 1 μL of ribonu-
cleoprotein and added into the Nucleocuvette. Electroporation was
performed using 4D X-Unit Lonza with program DS-120. After
transfection, cells were cultured for 7 days, then the surface level of
EGFR was measured by flow cytometry.

Cytotoxicity assay

T cells were generated from peripheral blood mononuclear cells
(PBMCs) from a healthy donor. PBMCs were isolated from blood
using Lymphoprep Density Gradient Medium (Stemcell 07801)
and cultured in RPMI1640 medium (ATCC: 30-2001) supplied
with 10% [vol/vol] FBS and 1% [vol/vol] penicillin-streptomycin for
3 days. Dead MDA-MB-468 cells were generated by the freeze-
thaw cycle. Dead MDA-MB-468 cells were added to PBMC cul-
ture on day 3, and PBMCs were cultured for an additional 2 days.
On day 5, the culture medium was changed to ImmunoCult-XF
T-Cell Expansion Medium (Stemcell: 10981) and supplied with
IL-2 (Stemcell: 78036. 2 μg/mL), ImmunoCult Human CD3/CD28/
CD2 T-Cell Activator (Stemcell: 10970. 25 μL/mL), IL-7 (Bio-
legend: 581902. 100 ng/mL), IL-15 (Biolegend: 570302. 100 ng/
mL), and IL-21 (Biolegend: 571202. 100 ng/mL) to form and
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expand T cells. Cultured T cells were frozen for storage (supple-
mental Figure 1A). Before setting up the T-cell cytotoxicity assay,
T cells were thawed and cultured in ImmunoCult-XF T-Cell
Expansion Medium supplied with 2 μg/mL IL-2 (T-cell medium) for
4 days. Cytotoxicity assays were performed as previously
described.13 Five thousand MDA-MB-468 cells either cultured
alone, cocultured with platelets, or cocultured with platelets treated
with cetuximab were labeled with CellTrace Violet (Invitrogen:
C34571) and plated into a 96-well plate in duplicate supplied with
T cell medium. Seventy-five thousand T cells were added into 1 of
the 2 wells of MDA-MB-468 cells in each condition. The wells
without T cells served as control. After 16 hours of culture,
adherent cells were washed twice with PBS, imaged, and counted
using a Lionheart FX Automated Microscope (BioTek). The per-
centage of specific lysis was calculated as the decrease in cell
number in the well compared with the control well without T cells.

Gene expression analysis

Tumor cells were lysed using RNAzol RT (Sigma R4533). RNA was
extracted according to the manufacturer’s instructions. Reverse
transcription was performed using iScript Reverse Transcription
Supermix (Bio-Rad: 1708841), and quantitative polymerase chain
reaction was performed using iTaq Universal SYBR Green
Supermix (Bio-Rad: 1725125). The following program was used:
50◦C for 2 minutes, 94◦C for 10 minutes; 40 cycles: 94◦C for 30
seconds, 60◦C for 60 seconds. Primer sequences: PD-L1 forward:
5’-GCACACTGAGAATCAACACAAC-3’; reverse: 5’-CTGGGAT-
GACCAATTCAGCTGT-3’. Glyceraldehyde-3-phosphate dehy-
drogenase forward: 5’-GAAGGTGAAGGTCGGAGTC-3’;
reverse: 5’-GAAGATGGTGATGGGATTTC-3’.

Cytokine array and ELISA

Cytokine arrays for coculture conditioned medium were carried by
Eve Technologies Canada. IL-8 (BioLegend: 431504), CCL5
(BioLegend: 440804), or CXCL5 (BioLegend: 440904) enzyme-
linked immunosorbent assay (ELISA) was performed on condi-
tioned medium in accordance with the manufacturer protocol.
Absorbance was measured at 450 nm on a Synergy H1 microplate
reader (Biotek).

Western blot

Lysed samples were reduced 1:1 in 2× Laemmli Sample Buffer
(Bio-Rad: 161-0737) prior to boiling for 5 minutes. Twenty micro-
liters of each sample was loaded into a 4% to 20% Mini-PROTEAN
precast gel (Bio-Rad: 4561096). Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis was performed at 90 V for 30
minutes during stacking, followed by 120 V for 75 minutes during
separation. Proteins were transferred to a polyvinylidene difluoride
membrane (Bio-Rad: 1704157) using a Trans-Blot Turbo System
(Bio-Rad). Membranes were blocked posttransfer with 5% bovine
serum albumin (Millipore: 82-045-1) in tris-buffered saline with
0.5% Tween 20 (Boston BioProducts: IBB-181) for 1 hour at room
temperature with shaking. Membranes were incubated 1:1000 in
primary antibody (EGFR: Cell Signaling Technology 4267T;
phosphorylated EGFR (pEGFR) Y1068: Cell Signaling Technology
3777S; β-actin: Cell Signaling Technology 3700S) overnight at
4◦C with shaking. Samples were washed with tris-buffered saline
with Tween 20, then incubated 1:10 000 with secondary antibody
(mouse: Cell Signaling Technology 7076S; rabbit: Cell Signaling
5670 GUO et al
Technology 7074S) for 1 hour at room temperature with shaking.
Membranes were washed, then treated with SuperSignal Chemi-
luminescent Substrate (Thermo: 34577). Chemiluminescence was
measured using a ChemiDoc Touch Imaging System (Bio-Rad).
Western blot quantification was performed by ImageJ “analyze
gels” functions. Total protein loading was measured by the deter-
gent compatible protein assay (Bio-Rad: 5000111). Lysates were
assayed with a known standard curve and absorbance measured
at 650 nm on a Synergy H1 microplate reader (Biotek). Standards
were fit to a linear trendline, and sample lysate concentration was
estimated using Microsoft Excel (Version 2201). Sample lysates
were adjusted to 2 mg/mL total protein concentration by diluting in
cell lysis buffer (CST: 9803).

Correlation analysis between EGFR and PD-L1

The correlation between EGFR and PD-L1 expression in Cancer
Genome Atlas datasets was performed using the Multiple Gene
Analysis function in Gene Expression Profiling Interactive Analysis
(GEPIA14 http://gepia.cancer-pku.cn/).

Results

Platelets induce PD-L1 upregulation in tumor cells

To test whether platelets affect tumor cell PD-L1 expression, we
designed a platelet-tumor cell coculture system that avoids unde-
sirable platelet activation and clotting in culture (Figure 1A). To do
so, we added 5 × 107/mL platelets to preseeded tumor cells in
modified PRB for 24 hours, followed by removing platelets and
changing to tumor cell medium for 24 hours (Figure 1A). Modified
PRB alone did not affect tumor cell-surface PD-L1 levels as
determined by flow cytometric analysis (supplemental Figure 1B).
Coculturing with platelets enhanced PD-L1 cell-surface expression
by twofold (range, 1.3-5.9) in MDA-MB-468 breast cancer cells,
1.25-fold (range, 1.08-1.5) in A549 lung cancer cells (Figure 1B),
and 1.3-fold (range, 1.1-1.58) in A431 epidermoid carcinoma cells
(supplemental Figure 1C). MDA-MB-468 cells were 71% more
sensitive to platelet-induced PD-L1 upregulation than A549
(Figure 1C). MDA-MB-468 has a 30% lower PD-L1 baseline level
than A549 (supplemental Figure 1D); however, whether baseline
PD-L1 level affects the response to platelets is to be determined.
To further delineate the role of platelets activation, known platelet
activation inhibitors including aspirin and ticagrelor were tested in
the coculture system, and we found both significantly attenuated
platelet-induced PD-L1 upregulation (Figure 1B).

Separation of platelets from tumor cells using transwell inserts did
not significantly increase tumor cell PD-L1 (Figure 1D), suggesting
a direct interaction between platelets and tumor cells was more
effective for platelet-induced PD-L1 upregulation. It has been
shown that platelets can transfer major histocompatibility complex
class I to tumor cells15; thus, one potential mechanism of platelet-
mediated PD-L1 upregulation could be through direct transfer of
membranes containing PD-L1. To test this hypothesis, we coin-
cubated platelets with tumor cells for 2 hours, a time range that,
shown by Placke et al, was sufficient for platelets to transfer major
histocompatibility complex class I to tumor cells15 and theoretically
excluded tumor cell de novo protein expression. In this experiment,
we found cell-surface PD-L1 levels were unaffected for both cell
lines cocultured with platelets, in tumor cells (CD41−) or CD41+

tumor cells (caused by platelets attachment or membrane transfer)
25 OCTOBER 2022 • VOLUME 6, NUMBER 20
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Figure 1. Platelets upregulate tumor cell PD-L1 in a coculture system. (A) Scheme of platelet and tumor cell coculture system. (B) Flow cytometric analysis of tumor cell-

surface PD-L1 median fluorescence intensity (MFI) on MDA-MB-468 cells (left panel, n = 7-10) and A549 cells (right panel, n = 9) cocultured with platelets (+platelets) or

coculture treated with 100 μM aspirin or 1 μM ticagrelor. (C) Relative levels of PD-L1 in coculture to tumor cell monoculture for MDA-MB-468 and A549 cells. n = 7. (D) Flow

cytometric analysis of tumor cell-surface PD-L1 levels following tumor cell monoculture, cocultured with platelets, or cocultured with platelets physically separated by transwells.

Left panel: MDA-MB-468 (n = 7); right panel: A549 (n = 6). (E) PDL1 gene expression in tumor cells either as monoculture or cocultured with platelets. Normalized to

glyceraldehyde-3-phosphate dehydrogenase. Left panel: MDA-MB-468 (n = 4); right panel: A549 (n = 7). Lines connect the data points are from an individual healthy donor.

Paired t test was used for testing data with 2 groups. One-way analysis of variance (with Tukey correction was used for testing data with 3 or more groups. *P < .05, **P < .01,

***P < .001. ns, not significant; RT-qPCR, reverse transcription quantitative polymerase chain reaction.
(supplemental Figure 1E). These data suggest platelet-induced
PD-L1 upregulation was not occurring through membrane
transfer. Instead, we observed increased PDL1 gene expression
following 24-hour coculture of platelets and tumor cells
(Figure 1E), indicating that platelets transcriptionally regulated
tumor cell PD-L1.
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Platelets upregulate tumor cell PD-L1 in an

EGFR-dependent manner

Next, we investigated the mechanisms of platelet-mediated tumor
PD-L1 upregulation. First, we performed a cytokine array on the
coculture conditioned medium (Figure 2A; supplemental
Figure 2A; supplemental Table 1). We found interferon-γ, the
PLATELETS UPREGULATE TUMOR PD-L1 VIA EGFR PATHWAY 5671
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Figure 2. Platelets upregulate tumor PD-L1 through EGF/EGFR pathway. (A) Heatmap showing mean concentration of indicated cytokines in conditioned medium from

MDA-MB-468 monoculture, platelet, and MDA-MB-468 cell coculture (with platelets); cocultures treated with either aspirin or ticagrelor. N = 3 replicates. (B) Fold change in PD-

L1 cell-surface expression measured by flow cytometry in response to indicated concentration of EGF relative to vehicle control for MDA-MB-468 cells. N = 4. (C) Fold change in

PD-L1 cell-surface expression measured by flow cytometry in response to indicated concentrations of recombinant pro-EGF and EGF relative to vehicle control for MDA-MB-468

cells. N = 4 to 8. (D) EGFR levels of MCF7, A549, and MDA-MB-468 cells were measured by flow cytometry. Isotype control (IgG2b, κ) from each cell line was used as the

negative control. (E) Left: representative western blot images of total EGFR and pEGFR (Tyr1068) of MDA-MB-468 cells. Right: graph of western blot quantification of pEGFR/

total EGFR ratio for all donors (see supplemental Figure 3G for full blots and detailed information). N = 8. (F) Flow cytometric analysis of PD-L1 level of MDA-MB-468 cells

cultured alone, cocultured with platelets, or cocultured with platelets and 3 μg/mL cetuximab. N = 6. (G) Flow cytometric analysis of PD-L1 levels of MDA-MB-468 cells cultured

alone, cocultured with platelets, or cocultured with platelets and 2 μg/mL EGF-neutralizing antibody. N = 7. (H) Flow cytometric analysis of PD-L1 levels of MDA-MB-468 cells

treated with CRP-induced activated platelet releasate with or without 2 μg/mL EGF neutralizing antibody. N = 5. (I) T-cell cytotoxicity efficiency in MDA-MB-468 cells cocultured

with platelets or in the presence of 3 μg/mL cetuximab. N = 6 to 8. (J) Spearman’s rank correlation analysis for EGFR and PD-L1 (CD274) in The Cancer Genome Atlas breast

and lung cancer data sets. Each line represents a separate experiment using platelets isolated from a different healthy donor. Paired t tests were used for testing data with

2 groups. One-way analysis of variance with Tukey correction was used for testing data with 3 or more groups. ns, not significant. *P < .05, **P < .01, ****P < .0001. -, tumor

monoculture; +, tumor cocultured with platelets.
canonical regulator of PD-L1,16 was undetectable in the coculture
medium (supplemental Table 1). Then, we tested several highly
expressed cytokines (CCL5, CXCL5, IL-8, IL-6) that have been
shown to increase PD-L1 expression in tumor cells.17-20 At
5672 GUO et al
concentrations equivalent to those that we measured in the
coculture conditioned medium, none of these cytokines upregu-
lated PD-L1 on MDA-MB-468 cells (supplemental Figure 2B).
Furthermore, the coculture conditioned medium failed to
25 OCTOBER 2022 • VOLUME 6, NUMBER 20



upregulate PD-L1 in MDA-MB-468 cells (supplemental Figure 2C),
suggesting the major cytokines released by platelets were not the
main cause of tumor cell PD-L1 upregulation. Data discrepancy
between cytokine array and ELISA could be due to the different
sensitivity in the methods of measurement.

One protein that was highly enriched in activated platelet releasate
was EGF, as shown by other groups.21,22 We found that recom-
binant EGF induced PD-L1 on MDA-MB-468 and A549 cells in a
dose-dependent manner (Figure 2B; supplemental Figure 2D).
Platelets do not store mature EGF but instead are abundant in
transmembrane pro-EGF.23,24 Upon platelet activation, pro-EGF is
cleaved to produce high-molecular-weight EGF (HMW-EGF).24

Further, HMW-EGF is biologically active and can stimulate tumor
cell EGFRs.25 These reports led to our hypothesis that activated
platelets induced tumor cell PD-L1 by releasing biologically active
HWM-EGF to activate EGFR signaling. To test this hypothesis, we
treated tumor cells with commercially available recombinant human
pro-EGF (amino acid 21-1023) that can resemble HMW-EGF
(amino acid 1-1023; supplemental Figure 2E) and found that
recombinant pro-EGF upregulated PD-L1 level of MDA-MB-468
cells in a dose-dependent manner (Figure 2C), and similar results
were seen for A431 cells (supplemental Figure 2F).

Next, we analyzed the EGFR expression and found that MDA-MB-
468 cells expressed around 10-fold higher levels of EGFR than
A549 cells (Figure 2D) and threefold higher levels of EGFR than
A431 (supplemental Figure 2G), which could explain the differ-
ences in sensitivity to platelet-mediated PD-L1 upregulation that
we had previously observed (Figure 1C). Moreover, we found
moderate but significant upregulation of EGFR in MDA-MB-468
cells after coculture with platelets (supplemental Figure 2H). To
further test the function of EGFR in platelet-induced PD-L1 upre-
gulation, we generated EGFR knockout MDA-MB-468 cells using
CRISPR gene-editing technology.26 Although CRISPR knockout of
EGFR was limited to 90% efficiency (supplemental Figure 3A), we
were able to analyze the response of EGFR-low (lowest 10% of the
total population) and EGFR-high (highest 10% of the total popu-
lation) MDA-MB-468 cells. We found that EGFR surface expres-
sion is correlated with PD-L1 at a baseline level for MDA-MB-468
cells, and the EGFR-low population had decreased response to
platelet-induced PD-L1 upregulation compared with the EGFR-
high population (supplemental Figure 3B). Lastly, we evaluated
the breast cancer cell line MCF7, which expresses low levels of
EGFR (Figure 2D), and found that neither treatment with recom-
binant EGF nor coculture with platelets resulted in upregulation of
PD-L1 (supplemental Figure 3C).

By western blot analysis, we found increased pEGFR (Tyr1068) in
tumor cells cocultured with platelets (Figure 2E; supplemental
Figure 3D), suggesting activation of the EGFR pathway. Pretreating
tumor cells with either the EGFR-blocking antibody, cetuximab, or
EGF-neutralizing antibody (Figure 2F-G; supplemental Figure 3E)
prevented platelets from increasing tumor cell PD-L1. Importantly,
neither cetuximab nor the EGF-neutralizing antibody altered the
baseline levels of tumor cell PD-L1 (supplemental Figure 3F).
However, pretreatment of platelets with ADAM like, decysin 1 and
ADAM10 (enzymes that cleave pro-EGF1020-1027 to release HMW-
EGF) inhibitors chymostatin and GI 254023X decreased platelet-
induced tumor cell PD-L1 upregulation but did not reach statistical
significance (supplemental Figure 3G). Next, we investigated if direct
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interaction is needed in platelet-induced tumor cell PD-L1 upregu-
lation by treating tumor cells with activated platelet releasate
generated with CRP. We found that activated platelet releasate
increased tumor cell PD-L1 to a similar level as of coculturing with
platelets, and anti-EGF antibody dampened the response
(Figure 2H). Both CRP and anti-EGF antibody did not change tumor
cell PD-L1 baseline level (supplemental Figure 3H). By western blot
analysis, HMW-EGF bands (higher than 130 kDa) were found in
both the membrane and the releasate of the platelets (supplemental
Figure 3I-J). By densitometry analysis, the estimated level of HMW-
EGF in releasate used in treating the cultured cells is 8863 plus or
minus 3791 pM (supplemental Figure 3I-K), which was in the range
of pro-EGF that can induce tumor cell PD-L1 upregulation
(Figure 2C). Collectively, these data support the hypothesis that
platelet-induced tumor cell PD-L1 upregulation is mediated by
HMW-EGF induced EGFR activation.

Preincubation with platelets also dampened the function of T cell
cytotoxic function, consistent with tumor cell PD-L1 upregulation, and
the decreased T-cell function can be rescuedby cetuximab (Figure 2I;
supplemental Figure 4A). To understand whether there is a correla-
tion between tumor EGFR and PD-L1 expression in patient tumors,
we interrogated the Cancer Genome Atlas dataset.14 We found a
positive correlation between EGFR and PD-L1 levels in multiple
cancer types, including breast, lung, pancreatic, and prostate cancers
(Figure 2J; supplemental Figure 4B), but not in head and neck or
stomach cancers, suggesting a cancer type-specific phenomenon.

Discussion

In our studies, by using in vitro and ex vivo models, we discovered
that platelets could upregulate tumor cell PD-L1 expression.
Further, we confirmed the importance of the EGF/EGFR pathway
in platelet-induced PD-L1 upregulation by providing the following
evidence: (1) EGFR-low MCF7 cell line did not upregulate PD-L1
in response to platelets. (2) CRISPR knockout of EGFR on
MDA-MB-468 cells dampened their response to platelets with less
PD-L1 upregulation. (3) MDA-MB-468 cells had upregulation of
pEGFR to total EGFR ratio when cocultured with platelets.
(4) cetuximab (anti-EGFR antibody) and anti-EGF antibody
decreased platelet-mediated PD-L1 upregulation on tumor cells.

According to the American Association for Cancer Research
Project GENIE, EGFR mutation is present in 5.48% of cases
across multiple cancer types, including lung cancer, glioblastoma,
colon cancer, and breast cancer.27 Studies in nonsmall cell lung
cancer revealed that EGFR activation by EGF stimulation or EGFR
mutation could induce tumor cell PD-L1 expression through p-
ERK1/2/p-c-Jun pathway.28,29 The activation of EGFR in tumor
cells could be due to other EGFR ligands besides EGF, including
heparin-binding EGF, transforming growth factor alpha, amphir-
egulin, and epiregulin. Interestingly, among these growth factors,
pro-EGF is the only one reported to be abundant in platelets.23 Our
data build upon those findings by demonstrating that the EGF/
EGFR pathway is important in platelet-induced tumor cell PD-L1
upregulation. Our findings also suggest the potential usefulness
of combined EGFR inhibition with immunotherapy in the treatment
of tumors with EGFR activation.

Our study has numerous strengths. First, we developed a more
biologically relevant coculture model system by limiting artificial
platelet activation in culture. Further, we assessed the importance
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of the EGF/EGFR pathway in platelet-induced PD-L1 upregulation
by using several methodological approaches, including a naturally
EGFR-low cell line, CRISPR knockdown of EGFR in an EGFR
highly expressing cell line, and/or drug treatment to block EGF/
EGFR, and direct measurements of EGFR pathway activation.

In our study, we found the lack of efficiency of ADAMDEC1 and
ADAM10 inhibitors in inhibiting platelet-induced tumor cell PD-L1
upregulation, which could be due to a number of reasons
including insufficient inhibition of pro-EGF cleavage, the presence
of alternative mechanisms for platelet-derived HMW-EGF activa-
tion of tumor cells, or the membrane-bound HMW-EGF or pro-EGF
directly activating EGFR in tumor cells. Further, the different tumor
cell response to platelet-tumor cell coculture medium vs activated
platelet releasate is potentially due to the different levels of EGF.
Activated platelet releasate contains high HMW-EGF, confirmed by
our data and data from other groups.21,22,24 On the other hand,
cytokine array suggested low EGF concentration in coculture
conditioned medium, which could be due to active clearance of the
EGF when culturing tumor cells. We also found slight but signifi-
cant upregulation of EGFR when MDA-MB-468 cells cocultured
with platelets by flow cytometry, suggesting a positive feedback
loop of EGF/EGFR pathway. However, the increase of EGFR was
not detected by western blot. This discrepancy could be due to the
different measurements of EGFR: flow cytometry is measuring the
surface level of EGFR, and western blot measures total cellular
EGFR.

A remaining question is whether platelet PD-L1 contributes to
tumor cell PD-L1 levels by direct binding or direct membrane
transfer. It has been reported that platelets express PD-L1,9,30 and
we have observed that tumor cells incubated in the blood have
highly increased PD-L1 levels when directly bound with platelets
(data not shown). Our data demonstrate that short-term cocultur-
ing of platelets and tumor cells did not affect tumor cell PD-L1,
suggesting direct membrane transfer of platelet PD-L1 to tumor
cells is unlikely but remains to be tested more rigorously.

One limitation of our study is the lack of in vivo models to validate
our findings. Although we tested the function of platelets from
healthy human donors, future work will answer the intriguing
question of whether tumor cell responses to platelets from patients
with cancer are similar to those we report here.
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In summary, we discovered a previously unknown mechanism by
which platelet-derived EGF induces tumor cell PD-L1 expression in
an EGF/EGFR dependent manner, which implies the potential
efficacy of antiplatelet or anti-EGFR drugs in improving ICI thera-
peutic responses. Further investigation into the interactions
between platelets and tumor cells will be critical in understanding
the function of platelets in tumor immune regulation.
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