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CD8+ T cells inhibit metastasis and CXCL4 regulates
its function
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Sevinj Isgandarova4, Monika Haemmerle5,13, Barbara Mino1, Tieling Zhou1, Crystal Shin6, Melisa Martinez-Paniagua7, Aysegul A. Sahin8,
Jaime Rodriguez-Canales1,14, Juri Gelovani9, Jeffrey T. Chang10, Ghanashyam Acharya6, Anil K. Sood5, Ignacio I. Wistuba1,
Don L. Gibbons 11, Luisa M. Solis1, Michelle C. Barton2, Navin Varadarajan7, Jeffrey M. Rosen3, Xiang H. Zhang3 and
Sendurai A. Mani 1

BACKGROUND: The mechanism by which immune cells regulate metastasis is unclear. Understanding the role of immune cells in
metastasis will guide the development of treatments improving patient survival.
METHODS: We used syngeneic orthotopic mouse tumour models (wild-type, NOD/scid and Nude), employed knockout (CD8 and
CD4) models and administered CXCL4. Tumours and lungs were analysed for cancer cells by bioluminescence, and circulating
tumour cells were isolated from blood. Immunohistochemistry on the mouse tumours was performed to confirm cell type, and on a
tissue microarray with 180 TNBCs for human relevance. TCGA data from over 10,000 patients were analysed as well.
RESULTS: We reveal that intratumoral immune infiltration differs between metastatic and non-metastatic tumours. The non-
metastatic tumours harbour high levels of CD8+ T cells and low levels of platelets, which is reverse in metastatic tumours. During
tumour progression, platelets and CXCL4 induce differentiation of monocytes into myeloid-derived suppressor cells (MDSCs), which
inhibit CD8+ T-cell function. TCGA pan-cancer data confirmed that CD8lowPlatelethigh patients have a significantly lower survival
probability compared to CD8highPlateletlow.
CONCLUSIONS: CD8+ T cells inhibit metastasis. When the balance between CD8+ T cells and platelets is disrupted, platelets
produce CXCL4, which induces MDSCs thereby inhibiting the CD8+ T-cell function.
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BACKGROUND
Metastasis causes the majority of cancer-related deaths.1 During
metastasis, tumour cells invade surrounding tissues, enter the
vasculature, survive the sheer force of blood flow, extravasate at a
distant site and develop into metastatic tumours.2–6 The dynamic
interplay between tumour cells and immune cells within the
tumour microenvironment (TME) is a critical determinant of
whether or not a tumour will metastasise.7–16 Within the primary
tumour, immune cells play a critical and dynamic role in
regulating the primary tumour growth and dissemination of
tumour cells into the circulation.11,15,17 However, the mechanism
by which the immune cells regulate metastasis, and in particular,
the dissemination of tumour cells from the primary tumour site

into circulation, is not well-understood. Understanding the role of
immune cells in metastasis may help guide the development of
novel treatment options to improve the survival of cancer patients
with metastatic disease.
In the past decade, immunotherapies have had a major impact

on clinical oncology.18,19 Different approaches to immunotherapy
are under development including monoclonal antibodies, cyto-
kines and adoptive T-cell therapy. This field is constantly evolving
based on the preclinical data and clinical requirements. The
effectiveness of immunotherapy depends on the ability of
checkpoint modulators to unleash pre-existing immunity, speci-
fically T-cell effector functionality.20,21 T cells from the lymphoid
compartment have been shown to regulate metastasis.22–24
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Inhibiting the checkpoint modulators is an important tool in
cancer immunotherapy and well-established checkpoint mole-
cules include programmed cell death 1 (PD-1), programmed cell
death 1 ligand 1 (PD-L1), cytotoxic T lymphocyte-associated
protein 4 (CTLA-4), T-cell immunoglobulin and mucin domain 3
(TIM-3) and lymphocyte activation gene 3 (LAG3). T cells
upregulate the expression of these molecules in a classical
adaptive response within the TME. Among the T cells, CD8+

T cells significantly contribute to the effector functions of adaptive
immunity.25 The contribution of CD8+ T cells to metastasis, which
is currently not well established, is the main core of our study.
From the myeloid lineage, platelets that originate from the

cytoplasm of megakaryocytes are major cellular mediators of
haemostasis and thrombosis and are important modulators of
tumour progression and metastasis.26 When platelets are acti-
vated, they produce several factors, including CXCL4, also known
as chemokine C–X–C motif ligand 4 or platelet factor 4 (PF4).27 The
contribution of CXCL4 to metastasis has not been investigated.
Even though a lot is known about the role of platelets in
metastasis,28,29 how they impact the immune cells and in
particular, the CD8+ T cells during metastasis is not clear.
In this paper, we demonstrate how the immune system

influences metastasis. We show that CD8+ T cells are the critical
inhibitors of metastasis. We discovered that CXCL4, secreted by
platelets30,31, promotes the differentiation of monocytes into
MDSCs and that these MDSCs in turn inhibit CD8+ T cells. By
analysing Cancer Genome Atlas (TCGA) data, we found a strong
inverse correlation between CD8+ T cells and platelets, and that
patients with low CD8+ T cells and high platelets are more likely to
develop metastases. Thus, this study for the first time demon-
strates the inhibitory role of CD8+ T cells in the interplay among
platelets, MDSCs and CD8+ T cells. This inhibitory effect serves as a
checkpoint for the entry of tumour cells into circulation to initiate
the metastatic process.

METHODS
Mice
Wild-type female BALB/cJ mice (stock no. 0000651) and immuno-
compromised female NOD.CB17-Prkdc scid/J mice (stock no.
001303) were purchased from Jackson Laboratory. BALB/c nude
mice (CAnN.Cg-Foxn1nu/Crl, strain code 194) were purchased
from Charles River Laboratories. CD8-knockout and CD4-knockout
BALB/cJ mice were kindly provided by Dr. Xiang Zhang, Baylor
College of Medicine. Animal experiments were performed in
accordance with the guidelines put forth, verified and approved
by the Institutional Animal Care and Use Committee of the
University of Texas MD Anderson Cancer Center.

Cell lines
Isogenic 67NR and 4T1 cell lines were obtained from Karmanos
Cancer Institute. Cells were shown to be free of mycoplasma. Cells
were cultured in DMEM-F/12 with 10% foetal bovine serum (FBS)
and 5% penicillin/streptomycin. Experiments were performed on
cells within 2 weeks of thawing. 67NR and 4T1 cells were
engineered to stably express firefly luciferase and RFP by stable
transfection with the pMIR-luciferase-RFP plasmid.

Spontaneous breast cancer metastasis model
The abdominal fur was trimmed, and the abdomen was wiped
with 70% EtOH to expose the nipples. 67NR or 4T1 cells (1 × 104

cells per mouse) were injected into the fourth pair of mammary fat
pads. The mice were subjected to whole-body bioluminescence
imaging weekly. The experiment was terminated at around
4 weeks when the primary tumour volume exceeded 2 cm3. The
mice were anaesthetised with isoflurane followed by euthanasia
by cervical dislocation, and the primary tumour, lungs and blood
were harvested. The tumour volume was calculated using the

formula L × (W × W)/2, where L is the length and W is the width of
the tumour, as previously described.32 Primary tumours and lungs
were processed for bioluminescence imaging and immunohisto-
chemistry. Blood samples were analysed for CTCs.

Experimental metastasis
67NR or 4T1 cells (1 × 104 cells per mouse) were injected into the
tail vein. The mice were subjected to whole-body biolumines-
cence imaging weekly. The experiment was terminated between 3
and 4 weeks post tumour cell injection based on the condition of
the mice. Upon termination, the lungs and blood were collected.

CD8+ T-cell depletion
To deplete the BALB/c wild type mice of CD8+ T cells, we
performed i.p. injections of 250 µg anti-mouse CD8a (BioXCell,
Clone 1A8, BE0004-1) at days 0, 3, 10 and 17 after the injection of
67NR cells to the fourth mammary fat pad. A rat IgG2a isotype
control (BioXCell, Clone 2A3, BE0089) was administered in the
same way to animals of the control group. The mice were
subjected to whole-body bioluminescence imaging weekly. The
experiment was terminated between 3 and 4 weeks based on the
condition of the mice. Upon termination, the lungs and blood
were collected.

Treatment of mice with CXCL4
In order to study the effect of CXCL4 on metastasis of 67NR in an
immunocompetent mouse model, 1 × 104 of 67NR cells were
injected into the fourth pair of mammary fat pads of BALB/cJ mice.
Recombinant CXCL4 (BioLegend, catalogue number 590202) was
injected (20 µg/mouse) intraperitoneally (i.p.) on the same day as
tumour cell injection, day 1, and on every alternate day until
termination at day 21. The control group was treated with
phosphate-buffered saline, pH 7.4 (PBS). Upon termination of the
experiment, the primary tumours, lungs and blood were collected.

Tissue microarray
Formalin-fixed and paraffin-embedded samples of surgically
resected breast cancer specimens were obtained from Breast
Tumor Bank at MD Anderson Cancer Center.33 Tumour tissue
specimens obtained from 180 breast cancers during the period
from 2001 to 2013 and were histologically examined and classified
using the World Health Organisation classification of breast
tumours. Tissue microarrays were constructed with three 1-mm-
diameter cores per tumour. Clinical and pathologic information,
including demographic, pathologic TNM staging, overall survival
and time of recurrence are available for each patient.

Immunohistochemistry staining and image analysis
Immunocytochemistry was performed using an automated BOND-
MAX staining system (Leica Microsystems) with antibodies against
human CD8 (Thermo Fisher Scientific, Clone C8/144B, MS-457-S),
mouse CD8 (Cell Signaling Technology, D4W2Z, 98941S), human
CD61 (Cell Marque, Clone 2F2, 161M), and mouse CD61 (Cell
Signaling Technology, D7X3P, 13166T). After scanning using a
ScanScope Aperio AT Turbo slide scanner (Leica Microsystems),
the slides were visualised using the ImageScope software (Leica
Microsystems) and analysed using the Aperio Image Analysis
Software (Leica Microsystems), as previously described.34 For
whole tissues from mouse, five randomly selected square areas (1
mm2 each) in the tumour were evaluated. The average total
number of cells positive for each marker in the five areas were
expressed in density per mm2. In the tissue microarrays, the
average of the total number of positive cells in the three cores
from the same patient was determined in density per mm2.

Cytokine analysis
Tumours were harvested, and lysates were processed and
analysed using the mouse cytokine array (RayBiotech, catalogue
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number AAM-CYT-3). The signal intensities (in arbitrary units) were
normalised to the signal from positive control spots using Image J
software.35

Antibodies, flow cytometry and FACS sorting
The following fluorochrome-conjugated antibodies from BioLe-
gend were used: FITC-labelled rat IgG2b (catalogue number
400633), FITC-labelled anti-mouse Gr-1 (catalogue number
108406), brilliant violet 421-labelled rat IgG2b (catalogue number
400639), brilliant violet 421-labelled anti-mouse/human CD11b
(catalogue number 101235), APC/Cy7-labelled rat IgG2a (catalo-
gue number 400523), APC/Cy7-labelled anti-mouse CD8a (catalo-
gue number 100713), PE-labelled rat IgG2b (catalogue number
400607), PE-labelled anti-mouse/human CD11b (catalogue num-
ber 101207), Alexa Fluor 488-labelled anti-mouse CD3 (catalogue
number 100212), Alexa Fluor 488-labelled anti-mouse CD4
(catalogue number 100425), Alexa Fluor 488-labelled anti-mouse
CD8a (catalogue number 100723) and PE-labelled anti-mouse
CD45 (catalogue number 103106). For viability analysis, NucRed
Dead 647 ReadyProbes Reagent (ThermoFisher Scientific, catalo-
gue number R37113) was used. Cells (5 × 105 per sample) were
resuspended in 100 µl of FACS buffer (PBS with 4% FBS), and 1 µg/
ml of the desired antibody was added. For MDSC analysis, prior to
the addition of the antibody of interest, an Fc block (rat anti-
mouse CD16/CD32, BD Pharmingen, catalogue number 553142;
1:200) was added to the cells, and cells were incubated at 4 °C for
30min. The cells were incubated for 30 min in the dark at room
temperature and then washed three times with FACS buffer and
centrifuged at 400 × g for 5 min. The cells were then resuspended
in 300–500 µl of FACS buffer and analysed on an Lsr2 analyser or
sorted on BD FacsFusion machine.

Mass cytometry analyses
Tumours were harvested and digested in warm digestion buffer
containing 5mg of hyaluronidase and 30mg of collagenase type
1A (both from Sigma-Aldrich) in 10 ml of DMEM/F12 with shaking
at 37 °C for 30min. The samples were washed and fixed in 2%
paraformaldehyde. Each sample was barcoded utilising cisplatin
metals (a combination of 194Pt, 195Pt and 196Pt, Fluidigm, provided
by Dr. Michelle Barton’s lab), as previously described.36 Staining
was completed as previously described.37 Briefly, the samples
were stained with cell-surface antibodies for 1 h at room
temperature and permeabilised with chilled methanol overnight.
The intracellular antibody staining was then performed for 1 h at
room temperature followed by incubation with the Ir-intercalator
(191Ir/193Ir) stain for 15 min. The antibodies utilised for cell-surface
staining were the following: anti-CD45 (isotope 89Y, DVS-Fluidigm,
catalogue number 3089005B), anti-CD4 (isotope 115In, BioLegend,
catalogue number 100506), anti-TCR Va2 (isotope 139La, BioLe-
gend, catalogue number 127802), anti-CD39 (isotope 142Nd, DVS-
Fluidigm, catalogue number 3142005B), anti-CD183 (isotope
143Nd, BioLegend, catalogue number 126502), anti-CD115 (isotope
144Nd, DVS-Fluidigm, catalogue number 3144012B), anti-CD8
(isotope 146Nd, BioLegend, catalogue number 100702), anti-
CD103 (isotype 147Sm, BioLegend, catalogue number 121401),
anti-CD27 (isotope 148Nd, BioLegend, catalogue number 124202),
anti-CD19 (isotope 149Sm, BioLegend, catalogue number 115502),
anti-Ly-6C (isotope 150Nd, DVS-Fluidigm, catalogue number
3150010B), anti-CD123 (isotope 151Eu, BioLegend, catalogue
number 106002), anti-CD3 (isotope 152Sm, BioLegend, catalogue
number 100302), anti-CD274 (isotope 153Eu, DVS-Fluidigm, cata-
logue number 3153016B), anti-CCR7 (isotope 155Gd, eBioscience,
catalogue number 16-1971-85), anti-CD69 (isotope 156Gd, BioLe-
gend, catalogue number 104533), anti-F4/80 (isotope 159Tb,
BioLegend, catalogue number 123102), anti-TCRgd (isotope 160Gd,
eBioscience, catalogue number 14-5711-82), anti-TIM-3 (isotype
162Dy, DVS-Fluidigm, catalogue number 3162029B), anti-CD223
(isotype 163Dy, BioLegend, catalogue number 125202), anti-CD62L

(isotope 164Dy, DVS-Fluidigm, catalogue number 3164003B), anti-
CD31 (isotope 165Ho, DVS-Fluidigm, catalogue number 3165013B),
anti-Arginase-1 (isotope 166Er, BioLegend, catalogue number
678802), anti-CD14 (isotype 169Tm, BioLegend, catalogue number
123302), anti-NK1.1 (isotype 170Er, BioLegend, catalogue number
108702), anti-CD279 (isotope 171Yb, BioLegend, catalogue number
135202), anti-CD11b (isotope 172Yb, DVS-Fluidigm, catalogue
number 3172012B), anti-I-A/I-E (isotope 174Yb, DVS-Fluidigm,
catalogue number 3174003B), anti-Ly6-G (isotope 175Lu, BioLe-
gend, catalogue number 108402), anti-CD278 (isotope 176Yb, DVS-
Fluidigm, catalogue number 3176014B) and anti-CD11c (isotope
209Bi, DVS-Fluidigm, catalogue number 3209005B). The antibodies
used for intracellular staining were the following: anti-iNOS
(isotope 141Pr, Abcam, catalogue number ab239990), anti-GATA3
(isotope 145Nd, eBioscience, catalogue number 14-9966-82), anti-
IFNg (isotope 154Sm, DVS-Fluidigm, catalogue number 3165003B),
anti-Foxp3 (isotope 158Gd, DVS-Fluidigm, catalogue number
3158003A), anti-T bet (isotope 161Dy, DVS-Fluidigm, catalogue
number 3161014B), anti-IL-6 (isotope 167Er, DVS-Fluidigm, catalo-
gue number 3167003B), anti-Ki67 (isotope 168Er, BD Biosciences,
catalogue number 556003) and anti-Granzyme B (isotope 173Yb,
DVS-Fluidigm, catalogue number 3173006B). The samples were
analysed on the CyTOF Helios-081 mass cytometer. Data proces-
sing, gating and visualisation were performed using FlowJo
v10.6.1 and Cytobank (Beckman).

ELISA
The CXCL4 ELISA (R&D Systems, MCX400) was performed using
lysates of cultured cells and tumour tissue as described by the
manufacturer and was read on a microplate reader at 450 nm. The
graph with the concentration of CXCL4 was generated using
GraphPad Prism.

Generation of MDSCs from the bone marrow
Bone marrow cells isolated from wild-type BALB/c mice were
suspended at 2.5 × 105 cells in complete RPMI media with GM-CSF
(40 ng/ml; R&D Systems, catalogue number 415-ML-010), CXCL4
(10 µg/ml; BioLegend, catalogue number 590202) or platelets (2 ×
105) and were cultured at 37 °C for 4 days. The cells were then
harvested and stained using anti-CD11b and anti-Gr-1 antibodies,
markers of MDSCs and analysed on an Lsr2 analyser.

CFSE T-cell proliferation assay
CD8+ T cells were quantified by isolating T cells from the spleens
of wild-type BALB/c mice and stained with 10 μM of cell
proliferation dye eFluor 450 and incubated at 37 °C for 4 days.
The cells were then harvested and stained for CD8+ T cells using
CD8 antibody and FACS analysed for CD8+ and eFluor 450.

MDSC functional assay
T cells were isolated from the spleens of wildtype BALB/c mice,
stained with eFluor 450 and activated by culturing in the presence
of 3 mg/ml of anti-CD3 antibody (BioLegend, catalogue number
100302) and 1 mg/ml of anti-CD28 antibody (BioLegend,
catalogue number 102102) as previously described.38 Cells were
then incubated with MDSCs for 4 days at 37 °C. CD8+ T-cell
proliferation was then analysed.

TCGA patient data
We downloaded the TCGA RNA-seq normalised count data
and clinical characteristics for 32 cancer types, including breast
(http://gdac.broadinstitute.org/, January 2016 version). Data on
primary solid tumours were used for analysis.

Cell abundance determination
CD8+ T cell and platelet abundances for each patient were
inferred using the ssGSEA method implemented in GSVA
method39 using immune markers gene set previously published.40
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The platelet signature is the combination of expression of CD36,
ITGA2B, GP9, SELP, ITGB3, GP1BA, ADCYAP1R1, CD63, SELL and
SELPLG.41

Survival analysis
Survival for each patient in each TCGA cancer cohort was
calculated as the time from date of diagnosis to death or last
contact. The Kaplan–Meier method and the log-rank test were
used to analyse differences in survival time based on the
expression of CD8A (CD8+ T cells) and ITGB3 (platelets). Normal-
ised RNA expression of each immune marker was categorised into
low and high expression based on the median. The p values were
determined using a log-rank test. Univariate Cox proportional
hazards models were fitted to calculate the hazard ratios using
coxph function in the Survival package (version 2.44).

Statistical analyses
Correlation and survival analyses were performed using cor.test
and survival function in R (Bioconductor, version 3.4). The t tests
were performed using GraphPad Prism. The correlations between
cell abundances were determined using Spearman’s correlation
function implemented in R (Bioconductor, version 3.4). P values <
0.05 were considered to be statistically significant.

RESULTS
Direct inoculation of non-metastatic tumour cells into the
circulation makes them metastatic
The entry of tumour cells into the circulation is a rate-limiting step
in metastasis,11 and this entry is regulated by the local tumour
microenvironment (TME). To examine the role of TME in regulating
invasion and metastasis of tumour cells, we utilised syngeneic
mammary tumour cell models (67NR and 4T1) with equivalent
primary tumour-forming ability at the orthotopic site (the
mammary gland) in wild-type BALB/c mice, but with different
metastatic potentials.42,43 As reported previously,42 these two cell
lines grew with equal efficiency in vitro (Supplementary Fig. S1a),
formed the same number of colonies in soft agar (Supplementary
Fig. S1b), and the same number of acini (Supplementary Fig. S1c),
and formed primary tumours with equal efficiency in the
mammary gland (Fig. 1a, b). In addition, staining of 67NR and
4T1 primary tumours for CD31 revealed that there were no
significant differences in the neovasculature (Supplementary Fig.
S1d, e). We also stained the 67NR and 4T1 tumours for Ki67 and
observed no differences in this proliferation marker between
these two tumours (Supplementary Fig. S1f, g). Staining of the
primary tumours with haematoxylin and eosin (H&E) revealed that
67NR primary tumours had clear demarked boundaries, whereas
the 4T1 tumour cells invaded the muscle wall (Fig. 1c). Further-
more, 67NR cells did not metastasise to any organ, whereas the
4T1 cells metastasised to the lungs as evidenced by the
luminescence signal in the lungs removed from tumour-bearing
mice (Fig. 1d, e). There were no visible lung nodules in the 67NR
tumour-bearing mice, whereas 4T1 tumour-bearing mice had six
or more nodules per lung (Fig. 1f). H&E staining of the lungs
revealed similar results (Fig. 1g). In addition, we did not observe
any circulating tumour cells (CTCs) in the 67NR tumour-bearing
mice, but more than ten CTCs per 0.5 ml of blood were detected in
4T1 tumour-bearing mice (Fig. 1h). While these findings recon-
firmed the original observation made by Miller,42 it also raised an
important question, i.e., why the 67NR cells are non-metastatic,
even though they both are isogenic cell lines.
To metastasise, tumour cells must survive in the circulation in

the absence of extracellular matrix components. To evaluate the
abilities of 4T1 and 67NR cells to survive in suspension, we
cultured the cells in appropriate culture media in non-adherent
cell-culture plates. Surprisingly, the 67NR cells were able to survive
in suspension, as did the 4T1 cells (Supplementary Fig. S1h). This

finding suggested that 67NR cells may be able to survive in
circulation and establish metastases. To examine this, we
introduced 67NR and 4T1 cells into circulation in wild-type mice
via tail vein injection. Strikingly, 67NR, which does not metastasise
from the mammary fat pad, was able to metastasise to the lung.
Lung bioluminescence analysis suggested that 67NR cells formed
metastases efficiently similar to 4T1 cells (Fig. 1i–k), and there was
no difference in the number of visible nodules between 67NR and
4T1 tumour-bearing mice (Fig. 1l, m). We also observed a similar
number of CTCs in mice-bearing 67NR and 4T1 tumours at the end
of the experiment (Fig. 1n). Based on these observations, we
hypothesised that cells within the TME block 67NR cells from
entering the circulation, but not 4T1 cells.

T cells prevent metastasis
To examine whether immune cells from the TME regulate the
invasive and metastatic capabilities of 67NR tumour cells, we
introduced both 67NR and 4T1 cells into the mammary fat pad of
immune-compromised NOD/scid mice. As in the wild-type mice,
both 67NR and 4T1 cells grew equally well in the mammary fat
pads of these mice as evidenced by similar tumour sizes (Fig. 2a)
and tumour volumes (Fig. 2b). However, in contrast to observa-
tions in wild-type mice, 67NR cells were highly invasive in the
NOD/scid mice (Fig. 2c). The NOD/scid mice injected with 67NR
cells developed metastases in the lungs at levels similar to the
NOD/scid mice injected with 4T1 cells as evidenced by
bioluminescence (Fig. 2d, e) analyses of lung nodules (Fig. 2f, g).
In addition, the number of CTCs in 67NR tumour-bearing NOD/
scid mice was similar to the number of CTCs in 4T1 tumour-
bearing mice (Fig. 2h). Since the NOD/scid mice lack T cells, B cells
and have defective natural killer (NK) cells, it was highly likely that
one or more of these cell types might be responsible for blocking
metastasis of the 67NR cells.
To examine whether T cells regulate metastasis, we introduced

67NR and 4T1 cells into the mammary fat pads of syngeneic BALB/
c nude mice that lack T cells; these mice have normal levels of B
cells and NK cells. In these mice, 67NR cells formed tumours in the
mammary fat pads similar to those formed by 4T1 cells (Fig. 2i, j).
Furthermore, in the mice that lack all T-cell subtypes, the 67NR
cells were invasive (Fig. 2k) and metastasised to the lungs with an
efficiency similar to that of 4T1 cells (Fig. 2l–o). The number of
CTCs detectable per 0.5 ml of blood was also similar in the mice
lacking T cells injected with 67NR and 4T1 cells (Fig. 2p). Together
these findings demonstrate that T cells regulate the metastatic
properties of 67NR tumour cells and that 4T1 cells have overcome
this inhibition.

CD8+ T cells inhibit metastasis
To identify the T-cell subtype/s that regulate/s metastasis in wild-
type mice, we performed CyTOF mass cytometry analyses of 67NR
and 4T1 primary tumours grown in wild-type BALB/c mouse
mammary fat pads. We found that the CD4+ T and CD8+ T cells
were more abundant and that MDSCs were present in lower
numbers in the non-metastatic 67NR tumours than in the
metastatic 4T1 tumours (Fig. 3a, b).
To identify the T-cell subtype responsible for spontaneous

metastasis, we backcrossed mice lacking CD4+ T or CD8+ T cells
into the BALB/c background and evaluated tumour formation. In
the absence of CD4+ T cells, the 67NR cells formed primary
tumours similar to wild-type mice (Supplementary Fig. S2a–c) also,
it did not metastasise (Supplementary Fig. S2d, e). In mice lacking
CD8+ T cells, however, the 67NR primary tumours were larger than
those in wild-type mice (Fig. 3c–e), and, importantly, 67NR cells
metastasised to the lungs (Fig. 3f–i) and CTCs were present at
higher levels than observed in wild-type mice (Fig. 3j). To further
validate the role of CD8+ T cells in metastasis, we blocked CD8+ T-
cell function in wild-type BALB/c mice using a function-blocking
antibody (Supplementary Fig. S3a) and injected 67NR cells into the
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mammary fat pad. As in CD8-knockout mice, in mice treated with
the blocking antibody, 67NR cells were highly invasive (Supple-
mentary Fig. S3b) and developed metastatic nodules in the lungs
(Supplementary Fig. S3c–e). Together these findings establish that
CD8+ T cells inhibit metastasis of 67NR tumour cells.

CXCL4 induces myeloid-derived suppressor cells, which inhibit
CD8+ T cells and promote metastasis
To identify factors responsible for inhibiting CD8+ T-cell activity in
4T1 tumours, we analysed the expression of cytokines in protein
lysates of non-metastatic 67NR and metastatic 4T1 tumours grown
in wild-type mice. Of the cytokines analysed, nine (CD30L, CCL11,
CCL24, IGFBP5, IL-4, IL-13, MIP-3ß, CXCL4 and TPO) were
significantly more abundant in 4T1 primary tumours than in
67NR primary tumours (Fig. 4aiii, iv and Table 1). We next analysed
cytokine expression in protein lysates of 67NR and 4T1 tumours
grown in nude mice that lack T cells. Of the nine cytokines
differentially expressed in 4T1 and 67NR tumours in wild-type
mice, only CXCL4 (also known as platelet-derived factor 4) was
expressed in 67NR tumours in the absence of T cells (Fig. 4av and
vi). CXCL4 was not expressed by 67NR and 4T1 cells cultured
in vitro (Fig. 4ai and ii). Using ELISA, we confirmed that CXCL4 was

expressed at lower levels in 67NR tumours than in 4T1 tumours
grown in wild-type mice (Supplementary Fig. S4a).
To further interrogate the metastasis-promoting function of

CXCL4, we performed a Boyden chamber transwell migration
and invasion assay. In this assay, CXCL4 induced both migration
and invasion of 67NR cells (Supplementary Fig. S4b, c). To
examine whether CXCL4 and platelets directly inhibit CD8+ T-
cell function, we performed a CD8+ T-cell proliferation assay in
the presence and absence of CXCL4 or platelets. Neither
treatment inhibited CD8+ T-cell proliferation (data not shown).
Since it is known that MDSCs inhibit the CD8+ T-cell function,8

we examined whether CXCL4 and platelets induce MDSC
production. For this, we incubated monocyte-enriched bone
marrow cells with CXCL4 or platelets and quantified MDSCs.
Both CXCL4 and platelets increased the generation of MDSCs by
approximately twofold (Fig. 4b, c). This induction is similar to
that resulting from GM-CSF treatment, which is known to induce
MDSC expansion.44 To examine whether the MDSCs induced by
CXCL4 and platelets inhibits CD8+ T-cell activity, we evaluated T-
cell proliferation and found that MDSCs were unable to inhibit
CD8+ T-cell proliferation (Supplementary Fig. S4d). In line with
this finding, we found high frequency of MDSCs in mice with
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metastatic 4T1 tumours (Supplementary Fig. S4e, f), as pre-
viously reported.45

To investigate the impact of CXCL4 on the development of
tumour metastasis, we administered recombinant CXCL4 to wild-
type BALB/c mice immediately after the implantation of non-
metastatic 67NR tumours in the mammary fat pad and every other
day throughout the establishment of tumours. In mice treated
with CXCL4, we observed larger primary tumours than in the
vehicle-treated group (Fig. 4d–f), and also observed metastasis to
the lung in the CXCL4-treated group but not the vehicle-treated
group (Fig. 4g–j). We also detected CTCs in the CXCL4-treated
group but not in the vehicle-treated group (Fig. 4k). These data
clearly demonstrate that CXCL4 promotes metastasis of an
otherwise non-invasive tumour type in wildtype mice, even in
the presence of CD8+ T cells.

CXCL4 induces metastasis via CXCR3 expressed by tumour cells
CXCL4 functions via the chemokine receptor CXCR3,27 which is
expressed by various cell types,46–48 including tumour cells.49,50

Since CXCL4 induced migration (Supplementary Fig. S4b), invasion
(Supplementary Fig. S4c) and metastasis of 67NR cells (Fig. 4d–k),
we hypothesised that CXCL4 might act through CXCR3 expressed
on tumour cells but not on other cell types present within the

primary TME. To examine the role of CXCR3 in vivo, we injected
4T1 cells, which express CXCR3, and are metastatic in vivo into the
mammary fat pads of wild-type mice. We administered CXCR3
inhibitor AMG487 every day until the termination of the
experiment. The CXCR3 inhibitor did not alter primary tumour
growth when tumour volumes were compared to vehicle-treated
animals (Supplementary Fig. S5a, b). H&E-stained images of these
tumours showed that the CXCR3 inhibitor treatment resulted in
less invasive tumours (Supplementary Fig. S5c). Treatment with
the CXCR3 inhibitor also significantly inhibited metastasis of
4T1 cells to the lungs (Supplementary Fig. S5d, e); visible nodules
were reduced by two-fold (Supplementary Fig. S5f). The H&E-
stained image shows a reduction in the number of nodules as well
(Supplementary Fig. S5g). Importantly, we also observed a
threefold decrease in the number of CTCs upon CXCR3 inhibitor
treatment compared to the vehicle-treated mice (Supplementary
Fig. S5h).

CD8+ T cells inversely correlate with platelets and predict
metastasis-free survival
To identify the cell type that produces CXCL4, we isolated
platelets, which are known to produce CXCL4,30,31 CD45+

hematopoietic cells and tumour cells from 67NR and 4T1 tumours
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Fig. 2 T cells prevent metastasis. In mice with no T, B or NK cells (BALB/c NOD/scid), non-metastatic 67NR breast cancer cells metastasise to
the lung from the mammary fat pad similar to metastatic 4T1 cells (a–h). a A cartoon showing the mammary fat pad injection (top).
Representative images of whole-body bioluminescence of NOD/scid mice harbouring 67NR and 4T1 tumours (middle) and of tumours excised
from these mice (bottom) (n= 5). b The mean tumour volume of the tumours excised from these mice (n= 5). c Representative H&E staining
of 67NR and 4T1 tumours from BALB/c NOD/scid mice (n= 5). Scale bar: 200 µm. d Representative bioluminescence images of lungs excised
from BALB/c NOD/scid mice harbouring 67NR or 4T1 tumours at the orthotopic mammary fat pad (top). e The mean total flux from these
lungs (bottom) (n= 5). f The number of visible lung nodules in 67NR and 4T1 tumour-bearing BALB/c NOD/scid mice (n= 5). (g) H&E staining
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grown in wild-type BALB/c mice. Analysis of CXCL4 expression by
ELISA in these populations from each tumour showed that CXCL4
was expressed in platelets but not in tumour cells or CD45+

hematopoietic cells (Fig. 5a). We hypothesised that non-metastatic
67NR tumours have a lower number of CXCL4-producing platelets
than do metastatic tumours and that the presence of platelets
should inversely correlate with the number of CD8+ T cells. To
evaluate these hypotheses, we performed immunocytochemistry
of 67NR and 4T1 tumours isolated from wild-type BALB/c mice
using antibodies to CD8a and CD61 to stain CD8+ T cells and
platelets, respectively. We observed a high frequency of CD8+

T cells and a low frequency of platelets in non-metastatic 67NR
tumours and the inverse in 4T1 tumours (Fig. 5b and quantified in
c). In line with our observations in mice, we found a strong
positive correlation between platelets and MDSCs in human breast
cancer tumour samples (Spearman’s correlation, r= 0.73, P <
10−23) and other cancer types (Supplementary Fig. S6a). We also
observed a strong negative correlation between levels of CD8+

T cells and MDSCs (Supplementary Fig. S6a) and between CD8+

T cells and platelets in breast tumours (r=−0.14, P= 1.5 × 10−6

and r=−0.3, P= 3.33 × 10−24, respectively) and across cancer
types.
To determine whether these observations are relevant in

human disease, we analysed a tissue microarray from the Breast
Tumor Bank with 180 human triple-negative breast tumour tissues
for the presence of CD8+ T cells and platelets by immunocy-
tochemistry. In agreement with our mouse tumour tissue data,
patients with high platelet counts had low numbers of CD8+

T cells, and patients with low platelet counts had high numbers of
CD8+ T cells (Fig. 5d and quantified in e).

We also analysed TCGA transcriptomics data for correlations
between CXCL4-producing platelets, MDSCs, and CD8+ T cells
using the Gene Set Variation Analysis method39 with immune
marker gene sets previously described.40,41 We observed a striking
negative correlation between CD8+ T cells and CXCL4-producing
platelets in breast tumours (R=−0.32, P < 2.2 × 10−16, Fig. 5f,
Table 2) as well as a strong positive correlation between platelets
and MDSCs (R= 0.67, P < 2.2 × 10−16) across cancer types
(Table 2).
By analysis of a tissue microarray from the Breast Tumor Bank

with samples from 180 patients with breast cancer for whom
clinical data are available, we found that patients with high levels
of platelets and low levels of CD8+ T cells had decreased
metastasis-free survival than those with the low levels of platelets
and high CD8+ T cells (HR= 2.84 (1.14–7.08) log-rank P= 0.02,
Fig. 5g). We also analysed the TCGA data and found that the
breast cancer patients with low frequencies of CD8+ T cells and
high frequencies of platelets had much lower overall survival rates
than patients with high frequencies of CD8+ T cells and low
frequencies of platelets (HR= 2.511 (1.48–4.25), log-rank P=
0.00038, Fig. 5h, Table 3). Similarly, the overall survival of breast
cancer patients with low frequencies of CD8+ T cells and high
frequencies of MDSCs had lower survival compared to patients
with high frequencies of CD8+ T cells and low frequencies of
MDSCs (log-rank test, HR= 3.37 (1.88–6.05), P < 0.0001 (Supple-
mentary Fig. S6b). Further, breast cancer patients with high levels
of platelets and MDSCs had a very low survival rate compared to
those with low levels of platelets and MDSCs (log-rank test, HR=
1.78 (1.14–2.79), P= 0.01) (Supplementary Fig. S6c). Finally, we
analysed the overall survival of breast cancer patients using TCGA
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data and found patients with low CD8+ T-cell level and high levels
of platelets and MDSCs had low survival probability compared to
those with high levels of CD8+ T cells and low levels of platelets
and MDSCs (log-rank test, HR= 5.09 (2.04–12.65), P= 0.00011)
(Supplementary Fig. S6d). Similar results were obtained when
frequencies of platelets, MDSCs, and CD8+ T cells were correlated
with the survival of patients with other types of cancer
(Supplementary Fig. S6e).
Together, our findings provide strong evidence that the

presence of high frequencies of platelets and low frequencies of
CD8+ T cells within the primary tumour is predictive of poor
prognosis for patients with many types of cancer.

DISCUSSION
The intricate interaction between tumour cells and immune cells
determines whether or not tumours metastasise.7–16,51 In our
study, we demonstrate for the first time that the platelets
secrete CXCL4 to induce MDSC production and that MDSCs, in
turn, inhibits the function of CD8+ T cells. This facilitates the
escape of tumour cells from the primary tumour and into
circulation resulting in the establishment of metastasis. Sig-
nificant platelet involvement in the development and progres-
sion of cancers was first clinically documented almost 150 years
ago.52 Increased platelet counts (thrombocythemia) are a
hallmark of advanced cancers and decreased survival of cancers
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Nude mice lacking T cells. b Flow cytometry analysis for MDSCs in bone marrow cell samples treated with vehicle, CXCL4, platelets or GM-CSF.
c Quantification of MDSCs in bone marrow cell samples treated with vehicle, CXCL4, platelets or GM-CSF (n= 4). In wild-type BALB/c mice,
CXCL4 induces non-metastatic 67NR cells to become metastatic from the mammary fat pad to the lung (d–k). d A cartoon showing the
mammary fat pad injection (top). Representative images of whole-body bioluminescence of BALB/c wild-type mice harbouring 67NR tumour
in the mammary fat pad and treated with vehicle or CXCL4 (middle) and of tumours excised from these mice (bottom) (n= 10). e The mean
tumour volume of the tumours excised from these mice (n= 10). f Representative H&E staining of tumours excised from these mice (n= 5).
Scale bar: 200 µm. g Representative bioluminescence images of lungs excised from BALB/c wild-type mice harbouring 67NR tumour in the
mammary fat pad and treated with vehicle or CXCL4 (top). h The mean total flux from these lungs (bottom) (n= 10). i The number of visible
lung nodules in vehicle- or CXCL4-treated tumour-bearing BALB/c wild-type mice (n= 7). j H&E staining of representative lungs from BALB/c
mice harbouring 67NR tumour in the mammary fat pad and treated with vehicle or CXCL4. Scale bar: 200 µm. k The number of CTCs isolated
from BALB/c wild-type mice harbouring 67NR tumour in the mammary fat pad and treated with vehicle or CXCL4 (n= 5). Quantitative data are
mean ± SEM. Statistical analyses were performed by unpaired two-tailed Student’s t test for panels c, e, i and k or by F test for panel h; ns
indicates not significant, ∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗∗P ≤ 0.0001.
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Table. 1. Quantification of cytokines in 67NR and 4T1 tumors grown in wild-type or nude mice..
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of the breast and lung.53 Mechanistically, platelets induce the
epithelial–mesenchymal transition, promote intravasation of
tumour cells and enhance the survival of circulating tumour
cells by encapsulation, eventually promoting extravasation at a
distant site and metastasis.28,29,54–59 Platelets are also known to
promote immune tolerance by secreting TGF-ß1, which stimu-
lates the innate immune response and inhibits the adaptive
immune system.58

We observed that metastatic tumours have higher frequencies
of platelets and lower numbers of CD8+ T cells than non-

metastatic tumours, suggesting that the interplay between CD8+

T cells and platelets influences metastasis. We established that
platelets can alter the function and fate of T cells within the
tumour microenvironment and that the platelet-MDSC-CD8+ T-
cell axis plays an important role in determining the ability of
breast tumours to metastasise. CD8+ T cells were previously only
indirectly linked with metastasis;60,61 this study is the first in vivo
demonstration that CD8+ T cells directly inhibit metastasis. During
CD8+ T-cell exhaustion, the cells become dysfunctional, produce a
lower amount of cytokines, and express markers of apoptosis.62–64
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Fig. 5 CD8+ T cells inversely correlate with platelets and predict metastasis-free survival. a CXCL4 is selectively expressed in platelets
(CD61+) and not by cultured 67NR and 4T1 cells, or the 67NR or 4T1 tumour cells isolated from BALB/c mouse harbouring these tumours, or
by CD45+ fractions from these mice (n= 3). b Representative images of 67NR and 4T1 tumours grown in wild-type BALB/c mice stained with
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significant, ∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001, ∗∗∗∗P ≤ 0.0001.
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Exhausted T cells also express immune checkpoint molecules,
including PD-1, TIM-3 and CTLA‐4.21 MDSCs are known to induce
expression of exhaustion markers on CD8+ T cells in patients with
myelodysplastic syndromes65 and during the immunotolerance
induced by the hepatitis B virus.66 We believe that the CD8+

T cells may actively clear platelets in non-metastatic tumours
similar to that observed in the liver.67 Since CXCL4 is primarily
produced by platelets,30,31 we hypothesised that the expression of
CXCL4 depends on the presence of platelets within the tumour.
The inverse relationship we observed between frequencies of
platelets and CD8+ T cells in various immune backgrounds
suggests that platelet function may be regulated by the presence

of CD8+ T cells. We speculate that CD8+ T cells actively inhibit
and/or eliminate platelets from the TME, and, as a result, the
tumours with high infiltration of CD8+ T cells have fewer platelets
and hence, less CXCL4. In contrast, tumours with low numbers of
CD8+ T cells will have higher levels of platelets, which secrete
CXCL4, promoting invasion and metastasis by generating MDSCs,
and inhibiting CD8+ T-cell function. CXCL4 functions via the
chemokine receptor CXCR3,27 which is expressed by various cell
types, including tumour cells. Our data suggest that CXCL4 acts on
tumour cells via CXCR3 to regulate their migration and invasion.
We demonstrated that CXCL4 secreted by platelets induces

the production of MDSCs, which in turn negatively regulate CD8+

Table. 2. Correlations between CD8+ T cells and platelet abundances and between platelet and MDSC frequencies in various cancers represented in
TCGA.

Cancer cohort Correlation P value Correlation P value

ACC -0.2264 0.04506 0.7351 0

BLCA -0.0866 0.08076 0.6178 0

BRCA -0.3229 0 0.6735 0

CESC -0.2336 4.1E-05 0.5200 0

CHOL -0.1568 0.35983 0.8111 1.7E-07

CRC -0.4049 0 0.7970 0

DLBC -0.5289 0.00014 0.5534 6E-05

ESCA -0.4723 1.4E-11 0.7278 0

GBM -0.3044 0.00014 0.6140 0

HNSC -0.4287 0 0.7369 0

KICH -0.3089 0.01189 0.5563 1.9E-06

KIRC -0.1903 0.00001 0.6322 0

KIRP -0.0523 0.37485 0.5938 0

LAML -0.2446 0.00122 0.3957 9.2E-08

LGG -0.2556 4.4E-09 0.3089 9.5E-13

LIHC -0.2046 7.4E-05 0.5481 0

LUAD -0.4628 0 0.7796 0

LUSC -0.4055 0 0.8417 0

MESO -0.2331 0.03001 0.5654 2.1E-08

OV -0.1737 0.00245 0.6365 0

PAAD -0.4539 2.9E-10 0.8054 0

PCPG -0.2840 0.00012 0.5750 0

PRAD -0.3301 5.7E-14 0.7020 0

SARC -0.1688 0.00652 0.7482 0

SKCM -0.1899 0.05476 0.6667 0

STAD -0.5382 0 0.7773 0

TGCT -0.2679 0.00096 0.7012 0

THCA -0.1573 0.00042 0.5156 0

THYM 0.0439 0.6334 0.6715 0

UCEC -0.1545 0.04075 0.6945 0

UCS -0.0344 0.79892 0.4543 0.00044

UVM 0.1042 0.35684 0.7525 0

Platelets vs CD8 T cells Platelets vs MDSCs

The red color represents a negative correlation, and the green color represents a positive correlation.
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T-cell function, as shown by the induction of exhaustion
markers in a mouse model. We demonstrated a link between
platelet-derived CXCL4 and CD8+ T cells through MDSCs, but
it is likely that other CXCL4-dependent mechanisms, such as
effects on endothelial cells and fibroblast activation, also alter
CD8+ T-cell infiltration into tumours. Analyses of TCGA data on
breast and various types of cancer revealed that patients with high
levels of platelets were more likely to develop metastases with
poor overall survival than patients with high levels of CD8+ T cells
and low platelets. These findings suggest that inhibiting CXCL4
may promote the recruitment of CD8+ T cells and inhibit
metastasis.
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Table. 3. Hazard ratio for overall survival of cancer patients with low CD8+ T cells and high platelets.

Cancer cohort Samples (N )
Value Range

ACC 79 2.68 (0.92-7.75)
BLCA 408 2.16 (1.37-3.42)
BRCA 1093 2.51 (1.48-4.25)
CESC 304 1.84 (1-3.38)
CHOL 36 2.92 (0.63-13.61)
CRC 377 1.07 (0.55-2.12)
ESCA 184 0.93 (0.46-1.87)
GBM 152 1.07 0.6-1.89)
HNSC 520 1.49 (1.01-2.2)
KIRC 533 0.66 (0.43-1)
KIRP 290 0.95 (0.43-2.09)
LAML 173 1.99 0.95-4.17)
LGG 515 1.29 (0.65-2.56)
LIHC 371 1.29 (0.78-2.14)
LUAD 515 1.2 (0.79-1.82)
LUSC 501 1.16 (0.77-1.77)
MESO 87 2.12 (1.06-4.21)
OV 303 1.05 (0.65-1.67)
PAAD 178 1.26 (0.64-2.47)
PCPG 179 2.34 (0.21-25.84)
PRAD 497 0.41 (0.04-4.57)
SARC 259 1.24 (0.73-2.11)
SKCM 103 1.75 (0.57-5.36)
STAD 415 1.44 (0.87-2.38)
THCA 501 3.33 (0.39-28.48)
UCEC 176 3.85 (1.04-14.3)
UCS 57 1.18 (0.41-3.38)
UVM 80 0.36 (0.04-3.2)

Low CD8 & high platelets

Hazard ratio (0.95 lower–0.95 upper)

The green color represents positive correlation.
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