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Abstract

The tumor microenvironment contains  various  immunosuppressive cells, 

including regulatory T cells (Tregs) and tumor-associated macrophages (TAMs). It has 

previously shown that one subset of Tregs, Th1-type Tregs (Th1-Tregs), significantly 

accumulates in tumors and potently suppresses antitumor immunity. However, the 

mechanism of Th1-Treg accumulation in tumors remained unknown. Recent studies have 

revealed a high correlation between TAMs and tumor-infiltrating Tregs, suggesting that 

TAMs may be involved in the recruitment of Tregs into tumors and in immunosuppressive 

functions.

In this study, I generated a novel mouse model in which TAMs can be labeled 

and removed to elucidate the function of TAMs. Depletion of TAMs resulted in a reduced 

percentage of Th1-Tregs in the tumor and suppressed tumor growth. I then examined 

whether TAMs are involved in the induction of differentiation of Tregs into Th1-Tregs by 

a  TAM-Treg  co-culture  system.  The  results  revealed  that  TAM  induces  Treg 

differentiation into Th1-Treg. Furthermore, we investigated the mechanism of TAM 

induction of Th1-Treg, and found that the chemokine platelet factor 4 (PF4), which is 

highly expressed in TAMs, is involved in Th1-Treg differentiation.

To  elucidate  the  in  vivo  function  of  PF4,  systemic  PF4-deficient  and 

macrophage-specific PF4-deficient mice were generated. The results showed that both 

systemic PF4-deficient and macrophage-specific PF4-deficient mice had a reduced 

percentage of Th1-Tregs in tumors and slower tumor growth compared to wild-type mice.

Finally, to investigate whether systemic neutralization of PF4 with PF4-specific 

antibodies has immunotherapeutic effects against tumors, neutralizing antibodies that 

inhibit PF4 function were generated, and administered it to tumor-bearing mice. The 

results showed that the administration of PF4 neutralizing antibody reduced the 

percentage of Th1-Tregs in the tumor, activated anti-tumor immunity, and suppressed 

tumor growth. Furthermore, administration of PF4-neutralizing antibody did not induce 

autoimmunity which occurs by removal of all Tregs.

These findings indicate that PF4 produced by TAMs promotes tumor growth by

inducing Treg differentiation into Th1-Tregs and strongly suppressing anti-tumor 

immunity. PF4 may thus be a novel therapeutic target for safe and effective cancer 

immunotherapy.
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Abbreviations

APC: allophycocyanin 

Arg1: Arginase1

cDC1: Conventional type 1 DC

CSF1R: colony stimulating factor 1 receptor 

CyTOF: Cytometry by time of flight

Cx3cr1: CX3C chemokine receptor 1 

cy5.5: Cyanine5.5

cy7: Cyanine7

DC: Dendritic cell

DMEM: Dulbecco's Modified Eagle Medium 

DT: diphtheria toxin

DTR: diphtheria toxin receptor 

FBS: Fetal Bovine Serum

Foxp3: forkhead box P3

HBSS: Hanks' Balanced Salt Solution 

IFN-γ: Interferon gamma

IL: Interleukin

iNOS: Inducible nitic oxide synthase 

LN: lymph node

NK cell: natural killer cells 

PBS: Phosphate Buffered Saline 

PE: phycoerythrin

Percp: peridinin chlorophyll protein 

Pf4: Platelet factor 4

RFP: Red fluorescent protein 

rpm: round per minutes

RPMI: Roswell Park Memorial Institute

RT-PCR: Reverse Transcription Polymerase Chain Reaction 

scRNA-seq: single-cell RNA sequencing

SPM: Spleen macrophage

TAM: Tumor associated macrophage 

T-bet: T-box 21

Tcov: conventional T cell

Th1-Treg: T helper 1 (Th1)-type Treg
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TIM: tumor-infiltrating myeloid 

TME: Tumor microenvironment

TNF-α: Tumor necrosis factor alfa

t-SNE: t-Distributed Stochastic Neighbor Embedding 

Treg: regulatory T cell

TuDC: tumor-infiltrating DCs 

WT: Wild Type

YFP: Yellow fluorescent protein
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Introduction

The tumor microenvironment (TME) is a complex environment that consists of 

tumor cells as well as surrounding non-neoplastic cells and molecules, and plays an 

important role in tumor growth, progression, and immune evasion. TME includes innate 

and adaptive immune cells, fibroblasts, vascular endothelial cells, and the extracellular 

matrix [1-11], which interact to regulate tumor behavior [12, 13].

Among adaptive immune cells in TME, regulatory T cells (Tregs) are known to 

suppress anti-tumor immunity and promote tumor growth [14-16]. Tregs are a specialized

subset of CD4+ T cells that play a crucial role in maintaining immune homeostasis [17, 

18], and express CD25 on the cell surface and the Treg-specific transcription factor 

Forkhead box P3 (Foxp3) in the nucleus [19, 20].  Systemic Treg removal has been 

reported to cause activation of anti-tumor immunity and induce suppression of tumor 

growth, while triggering autoimmunity [21].

Tumor-infiltrating Tregs can be further polarized to a T helper 1 (Th1)-type subset that 

expresses not only Foxp3 but also the Th1 lineage determinant transcription factor T-bet 

(encoded by the Tbx21 gene) [8, 22], hence called Th1-type Tregs (Th1-Tregs) [23]. Th1- 

Tregs abundantly accumulate in tumors compared to other non-tumor tissues [6]. The 

selective depletion of Th1-Tregs reactivates anti-tumor immunity and inhibits tumor 

growth [6], demonstrating a pro-tumor role of Th1-Tregs.

Macrophages are innate immune cells found in the TME [3, 5]. Macrophages 

play an important role in tissue homeostasis and repair as well as defense against pathogen 

infection [24, 25]. An essential feature of macrophages is phenotypic and functional 

plasticity [26]. Macrophages reversibly change function and morphology in response to 

environmental changes, contributing to tissue homeostasis and inflammatory and immune 

responses.  Macrophages  classically  activated  by  Th1  cytokines  such  as 

lipopolysaccharide (LPS) and interferon γ polarize to type M1. TNF-alpha, IL-1, IL-6, 

and inducible nitric oxide synthase (iNOS), which have potent bactericidal and tumor- 

killing activities. On the other hand, macrophages activated by Th2 cytokines such as IL- 

4 and IL-13 polarize to M2 type and are involved in parasite invasion, suppression of 

inflammation, and tissue repair [27, 28]. Macrophages within tumors are one of the major 

components of TME and are referred to as tumor associated macrophages (TAMs), which 

influence tumor development, growth, anti-tumor immunity, metastasis, and angiogenesis 

[29, 30]. TAMs are therefore increasingly attracting attention as new targets for tumor 

therapy [31-34]. In many malignancies, the majority of TAMs exhibit M2-like properties 

and have been found to act in a tumor-promoting manner, inducing suppression of anti-
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tumor immunity and promotion of angiogenesis.15 However, in a complex and diverse 

cellular environment such as TME, TAMs may not simply be polarized into only two 

phenotypes, such as M1 and M2 types, but may be a heterogeneous population of 

macrophage subpopulations with a variety of polarization patterns.

TAMs have also been reported to be involved in the accumulation of immune 

cells in TME. A high correlation between TAMs and Tregs infiltrating into tumor tissues 

suggests that TAMs may recruit Tregs to the TME and suppress anti-tumor T cell 

functions by secreting various cytokines and chemokines [35-37]. Moreover, anti-colony 

stimulating factor 1 receptor (CSF1R) monoclonal antibody (mAb)-mediated TAM 

depletion was shown to decrease Tregs in a mouse lung cancer model, suggesting a link 

between TAMs and Tregs [38]. Here I have investigated how cells, including TAMs, and 

factors in the TME contribute to abundant tumor infiltration of Th1-Tregs and whether an 

intervention of such cellular interactions could augment anti-tumor immunity.
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RESULTS

1.  Generation of a TAM-specific depletion system using VeDTR

In order to test whether TAMs are involved in the high Th1-Treg ratio in the TME, I 

set out to develop a genetic system to deplete TAMs. TAMs are well known to express 

arginase I (Arg1) [35, 39, 40], which was shown to be exclusively present in tumors but 

not in other non-tumor tissues [39]. To confirm that Arg1 gene expression is specific for 

TAMs, I generated knock-in mice expressing red fluorescent protein (RFP) under the 

control of the endogenous Arg1 gene (Fig. 1A). RFP expression was compared in various 

tissue macrophages such as microglia (brain macrophages), alveolar macrophages (lung 

macrophages), Kupffer cells (liver macrophages) and spleen macrophages (SPMs) in 

addition to tumor-infiltrating CD11b+ Ly6G- cells including TAMs (Fig. 1B). I found 

exclusively high RFP expression in the tumor-infiltrating CD11b+ Ly6G- cells compared 

to other tissue macrophages (Fig. 1B). The tumor-infiltrating CD11b+ Ly6G- cell 

populations potentially contained not only TAMs but also monocytes, dendritic cells 

(DCs), natural killer cells (NK cells) and other immune cell types. Therefore, based upon 

the gating strategy for tumor-infiltrating myeloid cells (TIMs) (Fig. 1C) [41], I further 

compared RFP expression among these cell types. I detected preferential RFP expression 

in TAMs but barely in the others among TIMs and NK cells (Fig. S1D), indicating that 

Arg1 is exclusively expressed in TAMs. Although Arg1 was preferentially expressed in 

TAMs, Arg1 alone could not be used to specifically mark TAMs due to the macrophage- 

independent high expression in the liver (Fig. 1E).

Therefore, I decided to use the VeDTR mouse system enabling intersectional genetic 

expression of yellow fluorescent protein (YFP) and diphtheria toxin receptor (DTR) [6]. 

Arg1+ TAMs had to be specifically characterized by two different genes in the VeDTR 

system. I selected the Cx3cr1 gene as the second marker, since Cx3cr1 is a well-known 

macrophage/monocyte marker and the Cre driver mice are widely used [42]. I engineered 

Cx3cr1-Cre knock in mice by genome editing (Fig. 2A), and generated Cx3cr1- 

Cre/VeDTR(ΔFRT) mice (Fig. 2B), where I found that all Cx3cr1+ cells express YFP in 

most CD11b+ cells in spleens and tumors (Fig. 2C). When single-cell RNA-seq (scRNA- 

seq) analysis was performed using YFP+ CD45+ cells in tumors or spleens (Fig. 2D), 

TAMs and SPMs were found to be distinctly clustered in the t-SNE plot (Fig. 2D and 

2E). As previously reported [43], some non-CD11b+ populations such as B cells, T cells, 

NK cells and DCs were also detected in YFP+ cells from Cx3cr1-Cre/VeDTR(ΔFRT) 

mice (Fig. 2E). Expectedly, the Arg1 gene was exclusively expressed in a subset of TAMs 

but barely detected in SPMs or other non-macrophage cells populations (Fig. 2F). To use
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the Arg1 gene in the VeDTR system (Fig. 1A), I generated knock-in mice expressing Flp 

recombinase under the control of the endogenous Arg1 gene (Fig. 2G), and crossed them 

with Cx3cr1-Cre and VeDTR(LF) mice that require both Cre and Flp recombinases to 

express YFP and DTR under the control of endogenous Cx3cr1 and Arg1 genes (Fig. 4A). 

The resultant Cx3cr1-Cre/Arg1-Flp/VeDTR(LF) mice were tested for YFP expression in 

various tissue macrophages (Fig. 4B). In Cx3cr1-Cre/Arg1-Flp/VeDTR(LF) mice, YFP 

was exclusively detected in tumor-infiltrating CD11b+ Ly6G- cells compared to other 

tissue macrophages (Fig. 4B). Moreover, robust DTR expression was detected in TAMs 

but barely in SPMs or non-macrophage liver tissues (Fig. 4C), suggesting that TAMs are 

specifically marked in tumor-bearing Cx3cr1-Cre/Arg1-Flp/VeDTR(LF) mice. When 

localization of Arg1+ TAMs (DTR+ cells) were assessed by immunohistochemistry, they 

were preferentially found at hypoxic zones in tumors (Fig. 3A), as described previously 

[44]. Upon DT injection, YFP+ CD11b+ cells were depleted in tumors (Fig. 4D). 

Furthermore, growth of tumors (MC38 colon adenocarcinoma and B16F10 melanoma) in 

YFP+ TAM-depleted Cx3cr1-Cre/Arg1-Flp/VeDTR(LF) mice was significantly inhibited 

compared to that in the non-depleted control mice (Fig. 4E and 4F), demonstrating that 

Arg1+ TAM depletion reduces tumor growth.
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Fig. 1. Generation of Arg1-RFP mice.

(A) Targeting strategy for the Arg1 locus to insert P2A-mCherry.

(B) Flow cytometry analysis of tissue macrophages of derived from Arg1-RFP mice (n = 5) that were

inoculated s.c. with MC38 cells. Representative histogram overlays and measurements of percentages of

RFP+ cells in indicated tissue macrophage population with indicated surface markers are shown.

(C) Flow cytometry gating schematic for sorting and analysis of specified MC38 tumor CD45.2- CD90.2-

B220- Ly6G- NK1.1- myeloid populations in accordance with Mujal AM, et al [41].

(D) Flow cytometry analysis of MC38 tumor CD45.2- CD90.2- B220- Ly6G- NK1.1- myeloid populations

and NK cells derived from Arg1-RFP mice (n = 5) that were inoculated s.c. with MC38 cells.

Representative histogram overlays and measurements of percentages of RFP+ cells in indicated myeloid

populations in addition to NK cells with indicated surface markers are shown.
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(E) Immunohistochemistry analysis of tissue sections derived from Arg1-RFP mice that were

inoculated s.c. with MC38 cells. Representative images of indicated tissue sections stained with anti-

RFP antibody and DAPI.

Data are mean ± SEM, and pooled from two to three independent experiments. Statistical analysis

was performed using one way ANOVA followed Dunnett's multiple comparisons test (B, D). ****, P

< 0.0001; ns, nonsignificant.
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Fig. 2. Generation of Cx3cr1-Cre mice and Arg1-Flp mice.

(A) Targeting strategy for the Cx3cr1 locus to insert the P2A-Cre cassette.

(B) Strategy to generate Cx3cr1-Cre/VeDTR(ΔFRT) mice that allow Cx3cr1-dependent expression of YFP

and DTR.

(C) Flow cytometry analysis of CD45+ CD11b+ Ly6G- cells from indicated tissues of MC38-bearing

Cx3cr1-Cre/VeDTR(ΔFRT) mice. Representative histogram overlays are shown. Data are representative of

three independent experiments.

(D-F) scRNA-seq analysis of CD45+ YFP+ cells derived from spleens and tumors of Cx3cr1-

Cre/VeDTR(ΔFRT) mice (n = 3), into which tumor cells (MC38 cells or B16F10 cells) were

subcutaneously (s.c.) transplanted. t-distributed stochastic neighbor embedding (t-SNE) plot showing all

cells sequenced with each color representing tissues of origin (D), the immune cell types (E), and

expression of Arg1 (F).

(G) Targeting strategy for the Arg1 locus to insert the P2A-Flp cassette.
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40 μm

DTR Foxp3 

HIF1α Merge

Tumor section of Cx3cr1-Cre/Arg1-Flp/VeDTR(LF) mice

Figure 3

Fig.3. Arg1+ TAMs were preferentially found at hypoxic zones in tumors.

Immunohistochemistry analysis of tissue sections derived from Cx3cr1-Cre/Arg1-Flp/VeDTR(LF) mice

that were inoculated s.c. with MC38 cells. Representative images of tumor tissue sections stained with

anti-DTR (green), anti-HIF1α (red). Data were representative of three independent experiments
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2.  Arg1+ TAM depletion decreases Th1-Treg ratios in TME

I investigated the impact of Arg1+ TAM depletion on the status of Th1-Treg in the 

TME. A marked reduction of Foxp3+ T-bet+ CD4+ T cell ratios was observed in MC38 

and B16F10 tumors after Arg1+ TAM depletion by flow cytometry (Fig. 5A and 5B). Next, 

I analyzed the effect of Arg1+   TAM depletion on the CD11b- CD45+ lymphocyte 

population (non-macrophage population) using mass cytometry (CyTOF) (Fig. 6A, 6B, 

6C and Fig. 7). The ratios of Foxp3+ T-bet+ cells were reduced, whilst T-bet+ LAG-3- 

CD8+ T cells were increased (Fig. 6A, 6B, 6C and Fig. 7). In contrast, the ratios of other 

populations remained statistically unchanged (Fig. 7), suggesting the negative and 

positive impact of Arg1+ TAM depletion on the ratios of Th1-Tregs and T-bet+ LAG-3- 

CD8+ T cells in tumor-infiltrating CD11b- cells, respectively. Given the role of LAG-3 in 

CD8+ T cell exhaustion [45], Arg1+ TAM depletion might ameliorate immune suppression 

in TME. The status of CD11b+ CD45+ cells in the TME after Arg1+ TAM depletion was 

assessed by CyTOF (Fig. 8A, 8B, and 8C). I found that Arg1+ TAM depletion 

significantly increased the ratios of CD80high or iNOS+ CD11b+ cells in addition to Ly6G+ 

CD11b+ cells.    I confirmed the increase of CD80 and iNOS, and reduction of CD206 

after Arg1+ TAM depletion by flow cytometry and immunohistochemistry (Fig. 9A and 

9B). Given decreased ratios of pro-tumor Th1-Tregs and immune-suppressive 

macrophage marker CD206, and the increased ratios of anti-tumor macrophage markers 

(CD80 and iNOS), I asked whether Arg1+ TAM depletion  may lead to  anti-tumor 

immunity. I therefore assessed the production of anti-tumor cytokines such as TNF-α and 

IFN-γ from CD4+ T cells by flow cytometry (Fig. 10). Although the numbers of CD4+ T 

cells and CD8+ T cells in tumors remained unchanged after Arg1+ TAM depletion (Fig. 

11A), it was noteworthy that the ratios of TNF-α+/IFN-γ+ CD4+ T cells and CD8+ T cells 

in tumors of Arg1+ TAM-depleted Cx3cr1-Cre/Arg1-Flp/VeDTR(LF) mice were much 

higher than those in the non-depleted control mice (Fig. 10), suggesting qualitative but 

not quantitative changes in intra-tumoral CD4+ T cells and CD8+ T cells due to Arg1+ 

TAM depletion. The ratios of Tregs (Foxp3+ CD4+ cells) and conventional CD4+ T cells 

(Tconvs: Foxp3- CD4+ cells) in draining lymph nodes (LNs) were unchanged after Arg1+ 

TAM depletion (Fig. 11B), suggesting that Arg1+ TAMs are not involved in regulating 

the numbers of Tregs and Tconvs in draining LNs. Taken together, these data suggest that 

Arg1+ TAM depletion reduces ratios of Th1-Tregs and immune-suppressive TAMs and 

increases those of immune-stimulatory CD11b+ cells and T-bet+ LAG-3- CD8+ T cells in 

tumors, leading to anti-tumor immunity.
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Fig. 4. Generation of Arg1+ TAM-targeted mice by VeDTR.

(A) Strategy to generate Cx3cr1-Cre/Arg1-Flp/VeDTR(LF) mice that allow Cx3cr1- and Arg1-dependent

intersectional expression of YFP and DTR.

(B) Flow cytometry analysis of tissue macrophages derived from Cx3cr1-Cre/Arg1-Flp/VeDTR(LF) mice

(n = 5) that were inoculated s.c. with MC38 tumor cells. Representative histogram overlays and

measurements of percentages of YFP+ cells in tissue macrophage populations with the indicated surface

markers are shown.

(C) Immunohistochemistry analysis of tissue sections derived from Cx3cr1-Cre/Arg1-Flp/VeDTR(LF)

mice that were inoculated s.c. with MC38 cells. Representative images of indicated tissue sections stained

with anti-CD11b or F4/80 and anti-DTR antibodies.

(D) Flow cytometry analysis of intra-tumoral CD45+ CD11b+ Ly6G- cells (TAMs) derived from PBS-or

DT-treated Cx3cr1-Cre/Arg1-Flp/VeDTR(LF) mice (n = 6 per group) that were inoculated s.c. with MC38

cells. Representative FACS plots and the percentages of YFP+ cells in TAMs are shown.
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(E, F) Growth of s.c. implanted MC38 (E) or B16F10 (F) tumors in PBS-injected mice and DT-

injected Cx3cr1-Cre/Arg1-Flp/VeDTR(LF) mice (indicated numbers of mice per group).

Data indicate mean ± SEM, and are pooled from two to three independent experiments. Statistical

analysis was performed using one-way ANOVA followed by Dunnett's multiple comparisons test (B)

and two-tailed Student’s t-tests (D, E, F). **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns,

nonsignificant.
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Figure 5
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Fig. 5. Depletion of Arg1+ TAMs reduces Th1-Treg ratios in tumors.

(A,B) Flow cytometry analysis of tumor-infiltrating CD4+ T cells derived from Cx3cr1-Cre/Arg1-

Flp/VeDTR(LF) mice that were s.c. implanted with MC38 (A) or B16F10 (B) tumor cells.

Representative FACS plots and the percentages of Foxp3 and T-bet double-positive cells in tumor-

infiltrating CD4+ T cells. n = 3 per group.
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Fig.6. CyTOF analysis showed that depletion of Arg1+TAM reduces Th1-Treg ratio in tumors.

(A-C), CyTOF analysis of CD45+ CD11b- cells derived from Cx3cr1-Cre/Arg1-Flp/VeDTR(LF) mice

were s.c. implanted with MC38 cells at 20 days post tumor inoculation. Data show pooled replicates (n =

3 biologically independent mice of DT condition and n = 3 biologically independent mice of PBS

condition). t-SNE plot of 19,356 CD45+ CD11b- cells (A), tSNE plot and contour plot (B), and

measurements of percentages of CD4+ Foxp3+ T-bet+ cells from mice with PBS condition and DT

condition (C). Dashed lines indicate cell population with statistical difference. Related to Fig. 7.

Data indicate mean ± SEM, and are pooled from two to three independent experiments. Statistical

analysis was performed using two-tailed Student’s t-tests (C). **, P < 0.01
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Figure 7
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Fig.7. Analysis of tumor infiltrating Lymphocyte during Arg1+ TAM Removal by CyTOF.

CyTOF analysis of CD45+ CD11b- cells derived from Cx3cr1-Cre/Arg1-Flp/VeDTR(LF) mice were s.c.

implanted with MC38 cells at day 20 post tumor inoculation. Data show pooled replicates (n = 3

biologically independent mice of DT condition and n = 3 biologically independent mice of PBS

condition). Measurements of percentages of indicated cell population from mice with PBS condition and

DT condition.

Data are mean ± SEM, and pooled from two to three independent experiments. Statistical analysis was

performed using two-tailed Student’s t-tests.
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Fig.8. Analysis of tumor infiltrating Myeloids during Arg1+ TAM Removal by CyTOF.

(A-C) CyTOF analysis of CD11b+ CD45+ cells derived from Cx3cr1-Cre/Arg1-Flp/VeDTR(LF) mice

were s.c. implanted with MC38 cells at day 20 post tumor inoculation. Data show pooled replicates (n = 3

biologically independent mice of DT condition and n = 3 biologically independent mice of PBS

condition). t-SNE plot of 26,448 CD45+ CD11b+ cells (A), tSNE plot and contour plot (B), and

measurements of percentages of indicated cells from mice with PBS condition and DT condition (C).

Dashed lines indicate cell population with statistical difference.

Data are mean ± SEM, and pooled from two independent experiments. Statistical analysis was performed

using two-tailed Student’s t-tests (C). *, P < 0.05; ns, nonsignificant.
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Fig.9. Increase in CD80 and iNOS and decrease in CD206 after Arg1+ TAM depletion by flow

cytometry and immunohistochemistry.

(A) Flow cytometry analysis of indicated surface markers on intra-tumoral CD11b+ CD45+ cells of

derived from PBS-or DT-treated Cx3cr1-Cre/Arg1-Flp/VeDTR(LF) mice (n = 3 per group) that were

inoculated s.c. with MC38 cells. Representative histogram overlays and measurements of mean

fluorescence intensity (MFI).

(B) Immunohistochemistry analysis of tissue sections derived from PBS- or DT-treated Cx3cr1-

Cre/Arg1-Flp/VeDTR(LF) mice that were inoculated s.c. with MC38 cells. Representative images of

indicated tissue sections stained with anti-CD11b (red), CD206 or iNOS (blue) antibodies.

Data are mean ± SEM, and pooled from two independent experiments. Statistical analysis was performed

using two-tailed Student’s t-tests (A). *, P < 0.05; ns, nonsignificant.
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Figure 10
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Fig.10. Removal of Arg1TAM increased the percentage of anti-tumor T cells in the tumor.

Flow cytometry analysis of tumor-infiltrating T cells of derived from Cx3cr1-Cre/Arg1-

Flp/VeDTR(LF) mice that were s.c. implanted with MC38 cells. Representative FACS plots and the

percentages of IFN-γ and TNF-α double-positive cells in intra-tumoral CD4+ (top) and CD8+ (bottom)

T cells. n = 3 per group.

Data indicate mean ± SEM, and are pooled from two to three independent experiments. Statistical

analysis was performed using two-tailed Student’s t-tests (A, D, E). *, P < 0.05; **, P < 0.01
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Figure 11
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Fig.11. The number of CD4+ T cells and CD8+ T cells in the tumor remained unchanged after

depletion of Arg1+ TAM.

(A) Numbers of CD4+ T cells and CD8+ T cells per 1 mm3 of tumor derived from Cx3cr1-Cre/Arg1-

Flp/VeDTR(LF) mice that were s.c. implanted with MC38 cells. n = 4 per group.

(B) Flow cytometry analysis of CD4+ T cells in inguinal LNs (ILNs) derived from Cx3cr1-Cre/Arg1-

Flp/VeDTR(LF) mice that were s.c. implanted with MC38 cells. Representative FACS plots and the

percentages of Foxp3-positive cells in ILN CD4+ T cells. n = 4 per group.

Data are mean ± SEM, and pooled from two to three independent experiments. Statistical analysis was

performed using two-tailed Student’s t-tests (A, B). ns, nonsignificant.
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3. TAMs secrete PF4 that polarizes Tregs into Th1-Treg cells

Th1-Tregs accumulate in tumors compared to other non-tumor tissues [6]. Arg1+

macrophages were also present in significant numbers in tumors compared to non-tumor

tissues (Fig. 4B). Arg1+ TAM depletion led to reduction of Th1-Tregs in tumors (Fig. 6).

Furthermore, when the localization of Arg1+ TAMs and Tregs in MC38-bearing Cx3cr1-

Cre/Arg1-Flp/VeDTR(LF) mice was examined by immunohistochemistry, I found that

most of Foxp3+ CD4+ cells associated with DTR+ cells in the tumors (Fig. 12A). I

observed the distance between Foxp3+ CD4+ cells and DTR+ cells was significantly closer

in tumors as opposed to spleens (Fig. 12B), suggesting a more intimate interaction

between Tregs and Arg1+ macrophages within the TME compared to the spleen. High

Th1-Treg accumulation in the TME requires that Tregs be polarized into Th1-Tregs, and

I hypothesized that Arg1+ TAMs play a role for Treg polarization. To test this possibility,

I isolated Arg1+ TAMs (Fig. 13) [7], and tested whether Tregs become Th1-Tregs when

co-cultured with Arg1+ TAMs (Fig. 14). Non-Th1-Tregs (YFP- CD4+ CD25+ T cells in

spleens of tumor-bearing Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice, hereafter called YFP-

Tregs) were co-cultured with Arg1+ TAMs (RFP+ TAMs), Arg1- TAMs (RFP- TAMs) or

SPMs, and tested for YFP expression of Tregs to monitor the Th1-Treg polarization (Fig.

14A). It was notable that the co-culture of YFP- Tregs with RFP+ TAMs resulted in YFP

expression in Tregs, whereas that with RFP- TAM and SPMs did not (Fig. 14A),

suggesting that Arg1+ TAMs potentiate Th1-Treg polarization. I further analyzed the

molecular mechanism by which Arg1+ TAMs polarize Tregs to Th1-Tregs. Initially, I

tested whether the in vitro Th1-Treg polarization by Arg1+ TAMs requires direct contact

between Arg1+ TAMs and non-Th1-Tregs (Fig. 14B). When these macrophages and YFP-

Tregs were physically separated by filters, YFP- Tregs expressed YFP after the co-culture

with RFP+ TAMs but not with RFP- TAMs and SPMs (Fig. 14B), suggesting the presence

of humoral factor(s) derived from Arg1+ TAMs in Th1-Treg generation. Moreover, even

though Arg1+ TAMs were derived from either MC38 colorectal tumor- or B16F10

melanoma-bearing mice, the YFP expression in non-Th1-Tregs was detected (Fig. 14B),

suggesting that the Th1-Treg polarization by TAMs may be dependent on the factor(s)

common to Arg1+ TAMs in both tumor models but independent on tumor antigens. To

explore common humoral factor(s), I compared the gene expression profiles between

Arg1+ TAMs and Arg1- TAMs from B16F10 and MC38 tumor-bearing mice using

scRNA-seq and bulk RNA-seq (Fig. 15A and 15B). I identified 16 and 85 genes that

showed higher expression levels in Arg1+ TAMs than in Arg1- TAMs by bulk RNA-seq

and scRNA-seq, respectively. Among them, 5 genes (Arg1, Mmp12, Egln3, Spp1 and Pf4)

were shared by both RNA-seq analysis (Fig. 15C), and I compared gene expression in
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TAMs and SPMs using scRNA-seq (Fig. 15D). Expression of Arg1, Egln3, Spp1 and Pf4

mRNA was exclusively detected in TAMs but not in SPMs. In contrast, Mmp12 mRNA

was detected in a subset of SPMs from B16F10-bearing mice (Fig. 15D), precluding

Mmp12 from the candidates. Among the rest, since proteins encoded by Spp1 and Pf4 are

shown to be secreted [46, 47], the gene products such as secreted phosphoprotein 1 (SPP1,

also known as Osteopontin) and Platelet factor 4 (PF4, also known as CXCL4) are

humoral factors. In addition, I regarded Arg1 as a humoral factor since it depletes the

extracellular arginine pool [48]. In contrast, Egln3 encodes a prolyl hydroxylase that acts

only intracellularly [49, 50]. I therefore precluded Egln3, and further investigated the

involvement of SPP1, PF4 and Arg1 in Th1-Treg polarization (Fig. 16A and 16B). When

non-Th1-Tregs were stimulated with recombinant SPP1, or PF4 protein without Arg1+

TAMs, it was surprising that stimulation with the recombinant PF4 protein caused YFP

expression in non-Th1-Tregs, whereas recombinant SPP1 did not (Fig. 16A). When I

assessed the role of Arg1 in Th1-Treg polarization using the Arg1 inhibitor, I found that

treatment with nor-NOHA (an Arg1 inhibitor) in the co-culture of Arg1+ TAMs and non-

Th1-Tregs did not affect Th1-Treg conversion (Fig. 16B). These results suggest that PF4

is the humoral factor that may be uniquely involved in Arg1+ TAM-induced Th1-Treg

polarization among the candidate gene products. When I compared the expression of Pf4

mRNA in macrophages from various tissues, Arg1+ TAMs exhibited the highest Pf4

mRNA levels (Fig. 16C), further suggesting a specific role of PF4 in Arg1+ TAMs. Next,

I assessed whether the PF4-induced Th1-Tregs functionally inhibit the proliferation of

conventional CD4+ T cells (Fig. 16D). I found stronger suppression of effector CD4+ T

cell proliferation by recombinant PF4 protein-stimulated Th1-Tregs than unstimulated

non-Th1-Tregs (Fig. 16D), indicating that the PF4-induced Th1-Tregs possess a

suppressive function. I further analyzed the expression of CD25, GITR, and CTLA-4,

molecules that play an important role in regulating Treg function [51, 52]. The surface

expression of GITR was not significantly different, whereas CD25 and CTLA-4

expression were increased in recombinant PF4 protein-stimulated Tregs compared to

unstimulated Tregs (Fig. 16E), suggesting that PF4 enhances suppressive ability.

Subsequently, I analyzed the molecular mechanism of how PF4 stimulates the

polarization of non-Th1-Tregs into Th1-Tregs. CXCR3 is a receptor for PF4 in humans

[53]. I found that the CXCR3 inhibitor (AMG487) profoundly inhibited recombinant PF4

protein-induced conversion of non-Th1-Tregs into Th1-Tregs (Fig. 16F), suggesting that

PF4 stimulates the Th1-Treg polarization via CXCR3. In addition to PF4, CXCL9,

CXCL10 and CXCL11 are also CXCR3 ligands [54]. Among them, CXCL9 is well

known as an anti-tumor immune marker [55], so I tested if CXCL9 can induce Th1-Treg
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polarization. CXCL9 as well as PF4 was found to stimulate the polarization of non-Th1-

Tregs into Th1-Tregs (Fig. 17A). I next investigated the source of these chemokines in

the tumor models. Conventional type 1 DC (cDC1) is the major source of CXCL9 in the

TME because mice devoid of Batf3, the master transcription factor to generate cDC1s

[56], are completely devoid of CXCL9 production [7]. I compared the ratios of cDC1s

and TAMs. I isolated tumor-infiltrating DCs (TuDCs) and cDC1 based upon the gating

strategy shown in Fig. 13 [7]. The ratios of RFP+ TAMs in CD45+ immune cell

populations were much higher than those of cDC1s (Xcr1+ DCs) (Fig. 17B), suggesting

that there are far more PF4-producing Arg1+ TAMs than CXCL9-producing cDC1s in the

TME. I next assessed whether TuDCs also express PF4 and induce Th1-Treg polarization.

Pf4 mRNA levels in TuDCs were lower than in RFP+ TAMs (Fig. 17C) and co-culture of

TuDCs with non-Th1-Tregs did not induce Th1-Treg polarization (Fig. 17D). Collectively,

these data suggest that Arg1+ TAMs, but not TuDCs, produce PF4 to polarize Tregs into

Th1-Tregs in a CXCR3-dependent manner.

Next, I explored the mechanisms underlying the expression of CXCR3 on Tregs

prior to PF4 stimulation. Given that IFN-γ has been shown to drive the differentiation of

Tregs into Th1-Tregs in the tumor-draining LNs [57], I investigated whether IFN-γ is

involved in the expression of CXCR3 on Tregs and in the PF4-induced Th1-Treg

polarization. I found that IFN-γ stimulated the expression of surface CXCR3 on non-Th1-

Tregs in a dose-dependent manner (Fig. 18A). Although a low concentration of IFN-γ

stimulation was insufficient on its own for Th1-Treg polarization, IFN-γ-dependent Th1-

Treg polarization was observed when co-stimulated with PF4 (Fig. 18B). Moreover, the

basal levels of CXCR3 on non-Th1-Tregs from Ifngr1-/- mice were significantly lower

than those from wild-type mice (Fig. 18C). I next sorted non-Th1-Tregs from both wild-

type and Ifngr1-/- Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice and tested them for PF4-

induced Th1-Treg polarization (Fig. 18D). PF4-induced Th1-Treg polarization of non-

Th1-Tregs from Ifngr1-/- mice was profoundly impaired compared to that from wild-type

mice (Fig. 18D). In terms of signal transduction and gene regulation, PF4 stimulation on

non-Th1-Tregs led to Stat1 phosphorylation and expression of mRNAs encoding IFN-γ-

inducible proteins such as Gbp1, Gbp5, Irgm1, Stat1 and Socs1 (Fig. 18E and 18F). Prior

to PF4 stimulation, most of these mRNA levels in wild-type cells were higher than those

from Ifngr1-/- mice, and PF4-induced upregulation of the IFN-γ-inducible genes was not

observed in Ifngr1-/- cells (Fig. 18E and 18F). These data suggest that the initial fate

decision may be determined by IFN-γ signaling. To directly assess the role of IFN-γ

stimulation in Tregs, I utilized Foxp3-Cre/Ifngr1fl/fl mice and inoculated them with MC38

tumors. The ratios of Th1-Tregs in the tumors of Foxp3-Cre/Ifngr1fl/fl mice were
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significantly lower than those in control mice, while the ratios of Th1-Tregs in spleens

were similar between the two groups (Fig. 18G). Furthermore, tumor growth in Foxp3-

Cre/Ifngr1fl/fl mice was reduced compared to that in control mice (Fig. 18H). Taken

together, these results suggest that IFN-γ signaling-induced CXCR3 expression is a

prerequisite for Th1-Treg polarization which is further reinforced by PF4, thereby

promoting tumor growth.

I further explored the mechanisms by which Arg1+ TAMs express PF4 (Fig. 19). It

was notable that co-culture of SPMs with B16F10 melanoma cells could increase Pf4

mRNA expression (Fig. 19A). Due to the Warburg effect, tumor tissues are known to have

high concentrations of lactic acid [58]. Indeed, both B16F10 melanoma and MC38

colorectal tumor tissues exhibited markedly high lactic acid concentrations compared to

spleens from the same tumor-bearing mice (Fig. 19B). Since lactic acid stimulates Arg1

expression in macrophages [40], I assessed whether it also induces Pf4 expression using

quantitative RT-PCR. Lactic acid stimulation alone potentiated Pf4 mRNA expression in

SPMs (Fig. 19C). In contrast, low pH conditions alone did not induce Pf4 mRNA

expression (Fig. 19D), suggesting that lactic acid-induced Pf4 expression in macrophages

is independent of the acid-induced low pH. Th2 cytokines such as IL-4 and IL-13 are

involved in immune-suppressive macrophage polarization in the TME [59]. However, I

did not find an increase the expression level of Pf4 mRNA in SPMs stimulated with IL-

4/IL-13 (Fig. 19E). In contrast, the IL-4/IL-13, lactic acid and low pH conditions strongly

stimulated Arg1 mRNA expression in SPMs (Fig. 19C, 19D and 19E) [25, 37, 40],

indicating a differential determinant for Pf4 and Arg1 mRNA expression in macrophages.

Taken together, PF4 induction in TAMs might rely on a tumor-specific condition such as

the high lactic acid concentration.
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Fig.12. Arg1+TAMs and Tregs were in close contact within the tumor.

(A) Immunohistochemistry analysis of tissue sections derived from Cx3cr1-Cre/Arg1-Flp/VeDTR mice 

that were inoculated s.c. with MC38 cells. Representative images of tumor tissue sections stained with 

DAPI, anti-DTR (green), anti-CD4 (red), and anti-Foxp3 (white) antibodies. Arrows indicate cell-cell 

interaction between DTR+ cells (Arg1+ TAMs) and CD4+ Foxp3+ cells (Tregs).

(B) Immunohistochemistry analysis of indicated tissue sections derived from Cx3cr1-Cre/Arg1-Flp/VeDTR

mice (n =3) that were inoculated s.c. with MC38 cells. Representative images of tumor tissue sections 

stained with DAPI, anti-DTR (green), anti-CD4 (red), and anti-Foxp3 (white) antibodies. Arrows indicate 

CD4+ Foxp3+ cells (Tregs). Distance from Tregs in tumors (27 cells) or in spleens (37 cells) to closest 

Arg1+ TAMs was measured.

Data are mean ± SEM, and pooled from two or three independent experiments. Statistical analysis was 

performed using two-tailed Student’s t-tests (B). ****, P < 0.0001. 
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Figure 13
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Fig.13. Representative gating strategy for the identification of TAMs and DCs in tumors.

Flow cytometry gating schematic for RFP+ TAM, RFP- TAM, tumor-infiltrating DC (TuDC) and cDC1

in accordance with Ayala M, et al [7] TuDCs were identified by CD45+, Ly6C-, Ly6G-, NK1.1-, B220-,

CD90.2-, MHCII+, F4/80- and CD11c+. TAMs were identified by RFP+ or RFP- CD45+, Ly6C-, Ly6G-,

NK1.1-, B220-, CD90.2-, MHCII+, , F4/80+, CD11b+.
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Figure 14
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Fig.14. Arg1+TAM induces Th1-Treg differentiation in Tregs.

(A) Flow cytometry analysis of YFP- CD4+ CD25+ cells that were derived from spleens of MC38-bearing

Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice and directly co-cultured with RFP+ or RFP- TAMs (RFP+ or

RFP- CD45+, Ly6C-, Ly6G-, NK1.1-, B220-, CD90.2-, MHCII+, F4/80+, CD11b+) and SPMs (CD45+,

Ly6C-, Ly6G-, NK1.1-, B220-, CD90.2-, MHCII+, F4/80+, CD11b+) from MC38-bearing Arg1-RFP mice.

Gates show YFP+ cells. Representative FACS plots and the percentages of YFP+ cells pooled from three

independent experiments.

(B) Flow cytometry analysis of YFP- CD4+ CD25+ cells that were derived from spleens of B16F10-

bearing Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice and indirectly co-cultured with RFP+ or RFP- TAMs and

SPMs from MC38- or B16F10-bearing Arg1-RFP mice using transwell plates. Gates show YFP+ cells.

Representative FACS plots and the percentages of YFP+ cells pooled from three independent experiments.

Data indicate mean ± SEM. Statistical analysis was performed using one way ANOVA followed

Dunnett's multiple comparisons test (A, B). ***, P < 0.001; ****, P < 0.0001
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Fig.15. Comparison of gene expression between Arg1+ TAM and Arg1-TAM.

(A) Common genes that are differentially expressed between RFP+ or RFP- TAMs from MC38- or

B16F10-bearing Arg1-RFP mice (n = 3 per group) in the bulk RNA-seq. The indicated 16 genes are

overlapped between 103 upregulated genes (|Fold change| > 2 and p-value < 0.05) in RFP+ TAMs from

MC38 tumors and 115 upregulated genes (|Fold change| > 2 and p-value < 0.05) in RFP+ TAMs from

B16F10 tumors. Table shows list of genes expressed in RFP+ TAMs from both tumors or from either

tumor.

(B) Common genes that are differentially expressed between Arg1+ or Arg1- TAMs from MC38- or

B16F10-bearing Cx3cr1-Cre/VeDTR(ΔFRT) mice (n = 3 per group), which were resulted from the

analysis of the scRNA-seq data (Fig. S2D, S2E and S2F). The indicated 85 genes are overlapped between

101 upregulated genes (|Fold change| > 1.2 and p-value < 0.05) in Arg1+ TAMs from MC38 tumors and

251 upregulated genes (|Fold change| > 1.2 and p-value < 0.05) in Arg1+ TAMs from B16F10 tumors.

Table shows list of genes expressed in Arg1+ TAMs from both tumors or from either tumor.

(C) Common genes that are differentially expressed between RFP+ or RFP- TAMs from MC38- or

B16F10-bearing Arg1-RFP mice (n = 3 per group) in the bulk RNA-seq (left). Common genes that are

differentially expressed between Arg1+ or Arg1- TAMs from MC38- or B16F10-bearing Cx3cr1-

Cre/DTR(ΔFRT) mice (n = 3 per group) in the scRNA-seq (right). Table shows the overlapped 5 genes.

(D) t-SNE plot showing of mRNA expression of indicated genes in TAMs and SPMs from MC38- or

B16F10-bearing mice.
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Figure 16

medium rSPP1 rPF4

0

10

20

30

40

50

Y
F

P
+
 (

%
) ns

✱✱✱✱

35.413.613.9

A

YFP

Medium rSPP1

C
D

4

rPF4

Single culture

C

B
ra

in

Lung 

Liv
er

S
ple

en

R
FP

-  T
A
M

R
FP

+  T
A
M

0.00

0.01

0.02

0.03

0.04

R
e

la
ti

v
e

 e
x

p
re

s
s

io
n ****

****

****
****

****

YFP

Medium RFP+ TAMs

C
D

4

RFP+ TAMs

+

nor-NOHA

Co-culture (Transwell)B

31.832.011.4

0

10

20

30

40

50

Y
F

P
+
 (

%
)

✱✱ ns

E

0

200

400

600

M
F

I 
(C

T
L

A
-4

)

✱

0-10
3

10
3

10
4

10
50

500

1000

1500

2000

M
F

I 
(G

IT
R

)

ns

0

500

1000

1500

M
F

I 
(C

D
2

5
)

✱✱
CD25 GITR

0-10
3

10
3

10
4

10
5

0-10
3

10
3

10
4

10
5

CTLA-4

Unstimulated

PF4-stimulated

CD25 GITR CTLA-4

CD4+ CD25+ T

Single cultureF
Medium rPF4 +AMG 0.1 uM

rPF4

+AMG 0.1 uM

YFP

C
D

4

11.9 36.4 10.2 11.7

m
ed

iu
m

rP
F4

A
M

G
48

7

rP
F4+

A
M

G
48

7

0

10

20

30

40

Y
F

P
+

 (
%

)

*
ns

ns

43.0

0-10
3

10
3

10
4

10
5

67.9

0-10
3

10
3

10
4

10
5

93.6

0-10
3

10
3

10
4

10
5

Tconv only

D

CFSE

unst
im

ula
te

d

rP
F4 

st
im

ula
te

d

0

20

40

60

80

s
u

p
p

re
s

s
io

n
 (

%
)

✱✱

Tconv

+unstimulated Treg

Tconv

+rPF4-stimulated Treg

CD45.1+ CD4+ T

32



Fig. 16. Arg1+ TAMs secrete PF4 that polarizes Tregs into Th1-Tregs.

(A) Flow cytometry of YFP- CD4+ CD25+ cells that were derived from spleens of B16F10-bearing

Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice and subsequently stimulated with recombinant PF4 protein

(rPF4) or recombinant SPP1 protein (rSPP1). Gates show YFP+ cells. Representative FACS plots and

the percentages of YFP+ cells pooled from three independent experiments.

(B) Flow cytometry analysis of YFP- CD4+ CD25+ cells that were derived from spleens of MC38-

bearing Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice and directly co-cultured with RFP+ TAMs in tumors

(Arg1+ TAMs) from MC38-bearing Arg1-RFP mice w/o nor-NOAH. Gates show YFP+ cells.

Representative FACS plots and the percentages of YFP+ cells pooled from three independent

experiments.

(C) Quantitative RT-PCR (q-PCR) analysis to detect Pf4 mRNA levels of tissue macrophages from

MC38-bearing wild-type mice. Tissue msacrophages were identified by expression of the cell surface

marker (Brain (microglia): Cx3cr1+, P2RY12+, Lung (alveolar macrophage): CD11c+, SiglecF+, Liver

(Kupffer cell): CD11blow, F4/80+, SPMs, RFP+ or RFP- TAMs).

(D) Flow cytometry analysis of carboxyfluorescein succinimidyl ester (CFSE)-labeled naive CD4+ T

cells (Tconv) co-cultured with YFP- CD4+ CD25+ cells that were derived from spleens of B16F10-

bearing Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice and stimulated with rPF4. Representative histograms

and the percentages of YFP+ cells pooled from three independent experiments.

(E) Flow cytometry analysis of indicated surface markers on YFP- CD4+ CD25+ cells that were

derived from spleens of B16F10-bearing Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice and stimulated with

rPF4. Representative histogram overlays and measurements of mean fluorescence intensity (MFI).

(F) Flow cytometry analysis of YFP- CD4+ CD25+ cells that were derived from spleens of B16F10-

bearing Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice and subsequently stimulated with rPF4 w/o AMG487.

Gates show YFP+ cells. Representative FACS plots and the percentages of YFP+ cells pooled from

three independent experiments.

Data indicate mean± SEM. Statistical analysis was performed using one way ANOVA followed

Dunnett's multiple comparisons test (A, B, C, F) and two-tailed Student’s t-tests (D, E). *, P < 0.05; **,

P < 0.01; ns, nonsignificant.
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Figure 17
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Fig.17. TuDCs did not induce Th1-Treg polarization.

(A) Flow cytometry of YFP- CD4+ CD25+ cells that were derived from spleens of B16F10-bearing

Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice and subsequently stimulated with recombinant PF4 protein or

recombinant CXCL9 protein. Gates show YFP+ cells.

(B) Percentages of RFP+ TAMs and cDC1s in tumor derived from Arg1-RFP mice that were s.c.

implanted with MC38 cells. n = 5 per group.

(C) q-PCR analysis to detect Pf4 mRNA levels of TuDCs and RFP+ TAMs from MC38-bearing Arg1-

RFP mice.

(D) Flow cytometry analysis of YFP- CD4+ CD25+ cells that were derived from spleens of MC38-

bearing Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice and indirectly co-cultured with TuDCs or RFP+ TAMs

from MC38-bearing Arg1-RFP mice using transwell plates. Gates show YFP+ cells. Representative

FACS plots and the percentages of YFP+ cells pooled from three independent experiments.

Data are mean ± SEM, and pooled from two or three independent experiments. Statistical analysis was

performed using two-tailed Student’s t-tests (B, C), one way ANOVA followed Dunnett's multiple

comparisons test (A, D). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, nonsignificant.
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YFP- CD4+ CD25+ T cells from spleens of Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice
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Fig. 18. Role of IFN-γ in PF4-induced Th1-Treg polarization.

(A) Flow cytometry of YFP- CD4+ CD25+ CXCR3- cells that were derived from spleens of MC38-

bearing Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice and subsequently stimulated with 5 pg/ml or 50 ng/ml

IFN-γ. Representative histogram overlays and measurements of mean fluorescence intensity (MFI).

(B) Flow cytometry of YFP- CD4+ CD25+ CXCR3- cells that were derived from spleens of MC38-

bearing Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice and subsequently stimulated with recombinant PF4

protein (rPF4) in addition to 5 pg/ml or 50 ng/ml IFN-γ. Gates show YFP+ cells. Representative FACS

plots and the percentages of YFP+ cells pooled from three independent experiments.

(C) CXCR3 expression in splenic Foxp3+ T-bet- CD4+ T cells. Representative plot (left) and total results

(right) (Ifngr1+/+: n=5, Ifngr1-/-: n = 5).

(D) Flow cytometry analysis of YFP- CD4+ CD25+ cells that were derived from spleens of B16F10-

bearing Ifngr1+/+ (n = 4) or Ifngr1-/- (n = 4) Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice and subsequently

stimulated with rPF4. Gates show YFP+ cells. Representative FACS plots and the percentages of YFP+

cells pooled from two independent experiments.

(E) Flow cytometry to assess phospho-STAT1 levels in Ifngr1+/+ (n = 3) or Ifngr1-/- (n = 3) YFP- CD4+

CD25+ cells that were derived from spleens of MC38-bearing Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice

and unstimulated or stimulated with rPF4 for 3 hrs.

(F) q-PCR analysis to detect mRNA levels of indicated genes in Ifngr1+/+ (n = 3) or Ifngr1-/- (n = 3)

YFP- CD4+ CD25+ cells that were derived from spleens of MC38-bearing Foxp3-Cre/Tbx21-

Flp/VeDTR(LF) mice and unstimulated or stimulated with rPF4 for 24 hrs.

(G) Flow cytometry analysis of CD4+ T cells of derived from indicated tissues of Ifngr1fl/fl mice or

Foxp3-Cre/Ifngr1fl/fl mice that were s.c. implanted with MC38 tumor. Representative FACS plots and

the percentages of Foxp3 and T-bet double-positive cells in CD4+ T cells in tumors or spleens. n = 5 per

group.

(H) Growth of s.c. implanted MC38 tumors in Ifngr1fl/fl mice or Foxp3-Cre/Ifngr1fl/fl mice (indicated

numbers of mice per group).

Data are mean ± SEM, and pooled from two-three independent experiments. Statistical analysis was

performed using two-tailed Student’s t-tests (C, D, G) and one way ANOVA followed Dunnett's

multiple comparisons test (A, B, E, F). (*, P < 0.05; **, P < 0.01; ***, P < 0.001, **** P < 0.0001; ns,

nonsignificant.
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Figure 19
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Fig. 19. Differential expression pattern of Pf4 and Arg1 mRNA in macrophages.

(A) Quantitative RT-PCR (q-PCR) analysis to detect Pf4 mRNA levels of CD11b+ CD45+ cells of spleens

from wild-type mice (n = 3 per group) that were indirectly co-cultured with B16F10 cells using transwell

for 24 hrs.

(B) Concentrations of suspensions of indicated tissues from MC38- or B16F10-bearing wild-type mice (n

= 4 per group) were measured by the L-Lactate Assay Kit.

(C-E) Quantitative RT-PCR (q-PCR) analysis to detect Pf4 or Arg1 mRNA levels of CD45+ CD11b+

Ly6G- cells of spleens from wild-type mice (n = 3 per group) in the absence or presence of lactic acid (25

mM) (C), low pH (pH6.0) medium (D) or IL-4 (20 ng/ml) and IL-13 (20 ng/ml) for 12 hrs (E).

Data are mean ± SEM, and pooled from three independent experiments. Statistical analysis was performed

using two-tailed Student’s t-tests (A, B, C, D, E). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns,

nonsignificant.
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4. Genetic PF4 inactivation reduces intra-tumoral Th1-Tregs and tumor growth

I examined the in vivo contribution of PF4 to the high Th1-Treg ratios in the

TME. Pf4-/- mice were generated using CRISPR/Cas9 genome editing (Fig. 20A). Arg1+

tumor-infiltrating CD11b+ Ly6G- cells were isolated from both wild-type and Pf4-/- mice

in the Arg1-RFP strain background, and tested for PF4 protein levels using ELISA (Fig.

21A and 21B). While high PF4 protein levels were observed in the sera and Arg1+ tumor-

infiltrating CD11b+ Ly6G- cells of wild-type mice, no PF4 proteins were detected in the

Pf4-/- counterparts (Fig. 21A and 21B), suggesting that PF4 production was abolished

from Arg1+ TAMs and non-macrophage cell types such as platelets in Pf4-/- mice. When

comparing tumor growth in wild-type and Pf4-/- mice, I found that Pf4-/- mice showed

delayed tumor growth in the two cancer models tested (MC38 and B16F10) (Fig. 21C

and 21D). Upon examining the Th1-Treg ratios in the tumors and spleens by flow

cytometry, I found that the Th1-Treg ratios in the tumors of Pf4-/- mice were significantly

lower than those of wild-type mice (Fig. 21E and 21F). In sharp contrast, the Th1-Treg

ratios in the spleens were comparable between tumor-bearing wild-type and Pf4-/- mice

(Fig. 21E and 21F), suggesting that PF4 is specifically involved in intra-tumoral Th1-

Treg accumulation and promotes tumor growth.

To assess to what degree macrophage-derived PF4 contributes to Th1-Treg

accumulation and tumor growth, I engineered mice with floxed alleles of the Pf4 gene

(Pf4fl/fl) by CRISPR/Cas9 genome editing (Fig. 20B), and generated Cx3cr1-Cre/Pf4fl/fl

mice on the Arg1-RFP strain background. Although serum PF4 proteins were not detected

in the conventional Pf4-/- mice (Fig. 21A), serum PF4 was present in the Cx3cr1-

Cre/Pf4fl/fl counterparts (Fig. 21G). In contrast, PF4 protein production from Arg1+

tumor-infiltrating CD11b+ Ly6G- cells was abolished in MC38 tumor-bearing Cx3cr1-

Cre/Pf4fl/fl mice (Fig. 21H), suggesting that PF4 production is defective in Arg1+ TAMs

but intact in non-macrophage populations such as platelets. Tumor growth was reduced

in the tumor-bearing Cx3cr1-Cre/Pf4fl/fl mice (Fig. 21I). Although the ratios of Th1-Treg

in spleens of Cx3cr1-Cre/Pf4fl/fl mice were comparable to those in control mice, those in

tumors from Cx3cr1-Cre/Pf4fl/fl mice were significantly reduced compared to control

mice (Fig. 21J). Taken together, these results suggest that macrophage-derived PF4 plays

a major role in promoting Th1-Treg accumulation in TME and contributing to the tumor

growth.
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Fig. 20. Generation of Pf4-/- or Pf4fl/fl mice.

(A, B) Targeting strategy for the Pf4 locus to delete (A) or flox (B) the entire coding region.
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Fig. 21. Genetic inactivation of PF4 inhibits tumor growth and accumulation of Th1-Tregs in

tumors.

(A, B) Concentrations of PF4 proteins in the sera (A) or the culture supernatants of RFP+ CD45+

CD11b+ Ly6G- cells in tumors (B) from MC38 tumor-bearing Arg1-RFP/Pf4+/+ mice or Arg1-

RFP/Pf4-/- mice (n = 4 per group) were measured by ELISA.

(C, D) Growth of s.c. implanted MC38 (C) or B16F10 (D) tumors in Pf4+/+ mice or Pf4-/- mice

(indicated numbers of mice per group are shown).

(E, F) Flow cytometry analysis of CD4+ T cells of derived from indicated tissues of Pf4+/+ mice or

Pf4-/- mice that were s.c. implanted with MC38 (E) or B16F10 (F). Representative FACS plots and the

percentages of Foxp3 and T-bet double-positive cells in CD4+ T cells in tumors or spleens. n = 4-5 per

group.

(G, H) Concentrations of PF4 proteins in the sera (A) or the culture supernatants of RFP+ CD45+

CD11b+ Ly6G- cells in tumors (B) from MC38-bearing Arg1-RFP/Pf4fl/fl mice or Arg1-RFP/Cx3cr1-

Cre/Pf4fl/fl mice (n = 5-6 per group) were measured by ELISA.

(I) Growth of s.c. implanted MC38 tumors in Pf4fl/fl mice or Cx3cr1-Cre/Pf4fl/fl mice (indicated

numbers of mice per group are shown).

(J) Flow cytometry analysis of CD4+ T cells of derived from indicated tissues of Pf4fl/fl mice or

Cx3cr1-Cre/Pf4fl/fl mice that were s.c. implanted with MC38 tumor. Representative FACS plots and

the percentages of Foxp3 and T-bet double-positive cells in CD4+ T cells in tumors or spleens. n = 4-5

per group.

Data indicate mean ± SEM, and pooled from two to three independent experiments. Statistical

analysis was performed using two-tailed Student’s t-tests (A, B,C, D, E, F, G, H, I, J). *, P < 0.05; **,

P < 0.01; ***, P < 0.001; ns, nonsignificant.
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5. PF4 neutralization by antibody decreases intra-tumoral Th1-Treg ratios and

tumor growth

Genetic inactivation of PF4 decreased the ratios of Th1-Tregs in tumors and reduced

tumor growth (Fig. 21). Recombinant PF4 protein has been previously reported to

stimulate human CD4+ T cells to express Foxp3 and T-bet [60], prompting us to examine

whether systemic PF4 neutralization by a PF4-specific antibody may have

immunotherapeutic effects on tumors. However, a commercially available anti-PF4 (com-

anti-PF4) mAb barely neutralized the recombinant PF4 protein-induced Treg polarization

into Th1-Tregs (Fig. 22A). I therefore generated an independent anti-PF4 mAb (#6-1-5)

that neutralized PF4-induced conversion of Tregs to Th1-Tregs (Fig. 22A). My anti-PF4

mAb (#6-1-5) specifically detected PF4 alone, without recognizing CXCL9, CXCL10

and CXCL11 (Fig. 22B), all of which are other ligands for CXCR3 [54]. I assessed

whether the administration of anti-PF4 mAb (#6-1-5) is immunotherapeutic to B16F10

melanoma and MC38 colorectal tumors. Anti-PF4 mAb (#6-1-5) was administered at 10

days post-tumor inoculation, which is the same timing of DT administration in Cx3cr1-

Cre/Arg1-Flp/VeDTR(LF) mice (Fig. 4E and 4F). The growth of B16F10 melanoma in

anti-PF4 mAb (#6-1-5)-treated mice was significantly diminished, whereas reduction of

MC38 colorectal tumors did not reach significance (Fig. 23A). When the anti-PF4 mAb

(#6-1-5) was administered at 3 days post-tumor inoculation, I observed growth inhibition

of both B16F10 and MC38 tumors (Fig. 23B). When comparing the Th1-Treg ratios in

the tumors of anti-PF4 mAb-treated or untreated mice, I found that the Th1-Treg ratios in

the tumors of anti-PF4 mAb-treated mice were significantly decreased compared to those

in isotype control mAb-treated control mice (Fig. 23C and 23D). In contrast, the Th1-

Treg ratios in the spleens were comparable between both treatment groups (Fig. 23C and

23D), reminiscent of the phenotypes of PF4-deficient mice (Fig. 21E, 21F and 21J).

Consistently, when MC38 or B16F10 tumor-bearing Foxp3-Cre/Tbx21-Flp/VeDTR(LF)

mice were examined for YFP+ cell ratios in tumors and spleens, the anti-PF4 mAb

treatment decreased Th1-Treg ratios in tumors but not in spleens (Fig. 24A and 24B).

Upon examining anti-tumor immunity, the ratios of IFN-γ+/TNF-α+ CD4+ T cells or CD8+

T cells in anti-PF4 mAb-treated mice were significantly increased compared to those in

tumors of control mice (Fig. 23E and 23F). Collectively, these data suggest that neither

Arg1+ TAM depletion nor PF4 neutralization affects the migration of Tregs to the TME.

I asked whether the anti-angiogenetic but not anti-tumor immunological functions of PF4

might affect tumor growth [61], however, anti-PF4 mAb administration did not change

intra-tumor vascular architecture (Fig. 25A). Exogenous and overexpressed PF4 can

directly stimulate CD8+ T cells via CXCR3 to activate caspase-3, leading to apoptosis
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and inhibition of anti-tumor immunity, respectively [62]. However, anti-PF4 mAb

administration did not alter activated caspase-3 levels in intra-tumoral CD8+ T cells

compared to isotype control administration (Fig. 25B). I next tested whether PF4 directly

affects CD8+ T cell responses. When CD8+ T cells were stimulated with PF4, cell division

stimulated by anti-CD3/anti-CD28 was not affected (Fig. 25C). In addition, production

of cytokines such as IFN-γ and IL-2 from OT-I CD8+ T cells co-cultured with ovalbumin

(OVA) peptide-pulsed antigen presenting cells was unchanged in the presence or absence

of PF4 (Fig. 25D). When OT-I CD8+ T cells were adoptively transferred, the OVA-

induced cell division in vivo were comparable in the presence or absence of anti-PF4 mAb

(#6-1-5) (Fig. 25E). These data suggest that PF4 blocking may not have a direct effect on

CD8+ T cells in my model used. To further assess whether the anti-PF4 mAb-induced

anti-tumor effect depends on immunity, I evaluated the effect of anti-PF4 mAb

administration in RAG2-deficient mice that lack T and B lymphocytes (Fig. 26). I found

that anti-PF4 mAb-induced inhibition of tumor growth was completely abolished in

RAG2-deficient mice (Fig. 26), suggesting that tumor growth reduction is dependent on

T and B cells (hence, immunity) but not other non-immune effects.

Regarding safety, the administration of anti-PF4 mAb (#6-1-5) did not cause weight

loss and abnormal immune cell activation such as increased ratios of CD44high CD62Llow

CD4+ or CD8+ T cells (Fig. 27A and 27B), which are strongly and immediately induced

following total Treg depletion (Fig. 27C and 27D), but not after selective Th1-Treg

reduction [6]. In addition, although total Treg depletion markedly increased aspartate

aminotransferase (AST) and alanine aminotransferase (ALT) in the serum and led to

severe tissue pathology manifested by massive immune cell infiltrates in liver sinusoids

and lungs [6], administration of anti-PF4 mAb (#6-1-5) did not (Fig. 27E and 27F). Thus,

PF4 neutralization-dependent Th1-Treg depletion may be safer than total Treg depletion

concerning autoimmunity.

I next compared the anti-tumor efficacy of anti-PF4 and anti-CTLA4 (clone 9D9)

antibodies. Administration of either anti-CTLA4 or anti-PF4 mAb 3 days after MC38

tumor inoculation did not result in significant differences in tumor growth inhibition (at

17 days post-inoculation) (Fig. 28A), suggesting that the anti-tumor efficacy of anti-PF4

mAb (#6-1-5) against the MC38 colorectal tumor may be comparable to that of anti-

CTLA4 mAb in this protocol. Analysis of the percentages of Th1-Tregs and total Tregs

in the tumors revealed that both were substantially lower in anti-CTLA4 mAb-treated

mice compared to tumors from anti-PF4 mAb-treated mice (Fig. 28B). This raises the

question of whether the modest reduction in Th1-Tregs by anti-PF4 mAb (#6-1-5)

treatment is sufficient to induce tumor growth inhibition. To investigate this, I used MC38
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tumor-bearing Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice (Fig. 28C, 28D and 28E). My

previous study showed that peritoneal injection of 100 ng of DT reduced Th1-Tregs by

approximately 90% in these mouse tumors [6]. Thus, I reduced both DT dose and

frequency to 10 ng, which was injected every two days, to assess its effect on Th1-Treg

proportions, achieving a modest reduction of approximately 20-30% in tumors of Foxp3-

Cre/Tbx21-Flp/VeDTR(LF) mice (Fig. 28C). Tumor growth in mice with this modest

Th1-Treg reduction slowed similarly to that observed in Arg1+ TAM-ablated or anti-PF4-

treated mice (Fig. 28D). Moreover, IFN-γ+/TNF-α+ CD4+ T cells or CD8+ T cells in

tumors from mice with modest Th1-Treg reduction significantly increased compared to

those of tumors from control mice (Fig. 28E). TAMs and PF4 can play many roles in

regulating tumor growth independently of Tregs [3, 5, 62, 63]. However, given the direct

and specific impact of DT treatment on Th1-Tregs in Foxp3-Cre/Tbx21-Flp/VeDTR(LF)

mice, the modest reduction of Th1-Tregs induced by anti-PF4 mAb (#6-1-5) treatment

might account for the reduced tumor growth rate. The reduced tumor growth in mice with

modest Th1-Treg reduction was comparable to that in mice with the profound Th1-Treg

reduction (Fig. 28D). In addition, the remaining Th1-Tregs in tumors of the partial Th1-

Treg depletion could suppress Tconv proliferation similarly to Th1-Tregs from the non-

depleted control mice (Fig. 28F), suggesting that the remaining Th1-Tregs were

functional. Although it remains unclear why the partial and profound Th1-Treg depletion

resulted in similar tumor growth reduction, my data suggest that even partial Th1-Treg

depletion might be able to effectively enhance anti-tumor immunity if the duration of the

partial depletion is extended.

To explore the potential relevance to human cancer and immunology, I analyzed the

correlations between PF4 expression levels and the prognosis of various cancer patients

using the Cancer Genome Atlas (TCGA) database. I found that the survival probability

of patients with PF4high pan-tumors was significantly lower than that of patients with

PF4low tumors (Fig. 29A). Furthermore, within the PF4high group, the survival probability

of individuals with CD11bhigh tumors was lower than that of patients with CD11blow

tumors (Fig. 29B), suggesting that greater numbers of PF4+ TAMs might be associated

with a poorer prognosis in humans.
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Fig.22. Generation of anti-PF4 monoclonal antibody.

(A) Flow cytometry analysis of YFP- CD4+ CD25+ cells that were derived from spleens of B16F10-

bearing Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice and subsequently stimulated with recombinant PF4

protein (rPF4) w/o indicated anti-PF4 mAb. Gates show YFP+ cells. Representative FACS plots and the

percentages of YFP+ cells pooled from three independent experiments.

(B) Flow cytometry to test affinity of the anti-PF4 mAb (#6-1-5) to mouse PF4, mouse CXCL9, mouse

CXCL10, CXCL11 and human PF4. Data are representative of three independent experiments.
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Fig.23. PF4 neutralization by antibodies inhibits tumor growth and Th1-Tregs in tumors.

(A) Growth of s.c. implanted B16F10 or MC38 tumors in anti-PF4- or isotype control mAb-injected

wild-type mice (indicated numbers of mice per group). mAb injection started at day 10 after tumor

inoculation.

(B) Growth of s.c. implanted B16F10 or MC38 tumors in anti-PF4- or isotype control mAb-injected

wild-type (indicated numbers of mice per group). mAb injection started at day 3 after tumor inoculation.

(C-F) Flow cytometry analysis of CD45+ CD4+ cells in tumors (C, D, E, F) or spleens (C, D) derived

from anti-PF4- or isotype control mAb-injected wild-type mice that were s.c. implanted with B16F10 (C,

E) or MC38 (D, F). Representative FACS plots and the percentages of Foxp3 and T-bet double-positive

cells in CD4+ T cells in tumors or spleens. n = 3 per group (C, D). Representative FACS plots and the

percentages of IFN-γ and TNF-α double-positive cells in intra-tumoral CD4+ (top) and CD8+ (bottom) T

cells. n = 3-5 per group (E, F). mAb treatment was started at day 3 after tumor inoculation.

Data indicate mean ± SEM, and are pooled from two to three independent experiments. Statistical

analysis was performed using two-way ANOVA followed by Tukey's multiple comparisons test (A) and

two-tailed Student’s t-tests (B, C, D, E, F, G). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, nonsignificant.
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Fig.24. In Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice mice, administration of anti-PF4 mAb

caused inhibition of tumor growth and a decrease in the percentage of Th1-Tregs.

(A, B) Flow cytometry analysis of CD4+ CD45+ cells derived from Foxp3-Cre/Tbx21-

Flp/VeDTR(LF) mice that were s.c. implanted with B16F10 (A) or MC38 (B) cells. Representative

FACS plots and the percentages of YFP+ cells in CD4+ T cells in tumors or spleens. n = 4-5 per

group.

Data are mean ± SEM, and pooled from two or three independent experiments. Statistical analysis

was performed using two-tailed Student’s t-tests (A, B). **, P < 0.01 ; ns, nonsignificant.
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Fig.25. Anti-PF4 mAb administration did not alter intra-tumor vascular architecture.

(A) Immunohistochemistry analysis of tissue sections derived from anti-PF4 mAb or isotype control

mAb-treated mice that were inoculated s.c. with MC38 cells. Representative images of tumor tissue

sections stained with DAPI (blue) and anti-CD31 (red), and the percentages of CD31+ area/tumor area

(right) are shown.

(B) Expression of activated caspase-3 in tumor-infiltrating CD8+ T cells derived from anti-PF4 mAb or

isotype control mAb-treated mice that were s.c. implanted with MC38 cells. n = 4 per group.

Representative plot (left) and total results (right) are shown.

(C) Flow cytometry analysis of CFSE-labeled naive CD8+ T cells unstimulated or stimulated with rPF4.

Representative histograms and the percentages of divided cells pooled from three independent

experiments.

(D) Concentrations of indicated proteins in the culture supernatants of OT-I CD8+ T cells co-cultured

with OVA (257-264) peptide stimulated BMDCsin the absence or presence of rPF4 (5 µg/ml) were

measured by ELISA.

(E) CFSE-labeled OT-I CD8+ T cells were adoptively transferred into anti-PF4 mAb- or control mAb-

treated mice, which were then injected intravenously with OVA (100 μg) and intraperitoneally with poly

I:C (10 μg). After 2 d, the fluorescence intensity of CFSE-labeled OT-I CD8+ T cells in the spleens was

analyzed by flow cytometry.

Data are mean ± SEM, and pooled from two or three independent experiments. Statistical analysis was

performed using two-tailed Student’s t-tests (A, B, C, D, E). **, P < 0.01; ns, nonsignificant.
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Fig. 26. The inhibitory effect of anti-PF4 mAb on tumor growth was completely abolished in

RAG2-deficient mice.

Growth of s.c. implanted B16F10 or MC38 tumors in anti-PF4- or isotype control mAb-injected

Rag2-/- mice (indicated numbers of mice per group). mAb injection started at day 3 after tumor

inoculation.
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Figure 27
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Fig. 27. Anti-PF4 mAb (#6-1-5) did not cause autoimmunity.

(A) Body weight change of anti-PF4- or isotype control mAb-injected wild-type mice (indicated

numbers per group).

(B) Flowcytometric quantification of the percentage of CD44high or CD62low cells in splenic CD4+ T

cells or CD8+ T cells of anti-PF4- or isotype control mAb-injected wild-type mice (n = 6-8/group)

at day 12 post the first mAb injection. Arrows indicate mAb injection.

(C) Body weight change of PBS- or DT-injected Foxp3-Cre/VeDTR(ΔFRT) mice (indicated

numbers per group).

(D) Flowcytometric quantification of the percentage of CD44high or CD62low cells in splenic CD4+ T

cells or CD8+ T cells of PBS- or DT-injected Foxp3-Cre/VeDTR(ΔFRT) mice (n = 6-8/group) at

day 7 post the first DT injection. Arrows indicate DT injection.

(E) 12 days after the initial injection of anti-PF4 mAb or isotype control mAb (n =6 each),

concentration of AST and ALT in the serum were measured. Vertical bars indicate means with

SD.

(F) The liver and lung were sectioned and stained with H&E.

Data are mean ± SEM, and pooled from two or three independent experiments. Statistical analysis

was performed using two-tailed Student’s t-tests (A, B, C, D, E). **, P < 0.01; ***, P < 0.001; ****,

P < 0.0001; ns, nonsignificant.
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Fig. 28. Comparison of anti-tumor efficacy by anti-PF4 and anti-CLTA4 mAb.

(A) Growth of s.c. implanted MC38 tumors in anti-CTLA4 mAb-, anti-PF4 mAb- or isotype

control mAb-injected wild-type mice (indicated numbers of mice per group). mAb injection

started at day 3 after tumor inoculation. Anti-CTLA4 mAb or anti-PF4-/isotype control mAb are

injected every 3 days or every day, respectively.

(B) Flow cytometry analysis of indicated CD45+ CD4+ cells in tumors derived from anti-CTLA4

mAb-, anti-PF4 mAb- or isotype control mAb-injected wild-type mice that were s.c. implanted

with MC38. Representative FACS plots and the percentages of Foxp3 and T-bet double-positive

cells or total Foxp3-positive in CD4+ T cells in tumors. n = 5-6 per group. mAb injection started at

day 3 after tumor inoculation. Anti-CTLA4 mAb or anti-PF4/isotype control mAbs are injected

every 3 days or every day, respectively.

(C) Flow cytometry analysis of CD4+ CD45+ cells derived from Foxp3-Cre/Tbx21-

Flp/VeDTR(LF) mice that were s.c. implanted with MC38 cells. Representative FACS plots and

the percentages of YFP+ cells in CD4+ T cells in tumors or spleens. n = 5 per group. DT (10 ng) or

PBS injection started at day 3 after tumor inoculation. Both DT (10 ng) and PBS are injected

every 2 days. DT (100ng) were started at day 3 and injected every day.

(D) Growth of s.c. implanted MC38 tumors in Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice treated

with DT (10 ng) or PBS every 2 days, or with DT (100 ng) every day from day 3 after tumor

injection. n = 5 per group.

(E) Representative FACS plots and the percentages of IFN-γ and TNF-α double-positive cells in

intra-tumoral CD4+ (top) and CD8+ (bottom) T cells from MC38 tumor-bearing Foxp3-

Cre/Tbx21-Flp/VeDTR(LF) mice treated with DT (10 ng) or PBS every 2 days from day 3 after

tumor injection. n = 5 per group.

(F) YFP+ Treg cells from tumors of PBS-treated or DT (10 ng)-treated Foxp3-Cre/Tbx21-

Flp/VeDTR(LF) mice (n = 3 each) were co-cultured with CFSE-labeled naïve CD4+ T cells

(Tconv) for 3 days, and the suppression activity was determined. Lines indicate means with

SD. Representative result (lower) and total results (n = 3) (upper).

Data are mean ± SEM, and pooled from two independent experiments. Statistical analysis was

performed using two-tailed Student’s t-tests (A, E, F) and one way ANOVA followed Dunnett's

multiple comparisons test (B, C, D). **, P < 0.01; ***, P < 0.001, **** P < 0.0001; ns,

nonsignificant.
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DISCUSSION

In this study, I have developed a genetic method to deplete Arg1+ TAMs, and

demonstrated that Arg1+ TAMs are directly involved in Th1-Treg polarization. Previous

studies demonstrated that anti-CSF1R mAb-mediated TAM depletion reduced Tregs and

inhibited tumor growth [26, 64]. Together with my current findings, an anti-CSF1R mAb-

dependent anti-tumor mechanism may involve Th1-Treg reduction in the TME. Tregs in

the TME are shown to restrict CD8+ T cell-dependent anti-tumor immunity [7]. Arg1+

TAM depletion increased the ratios of LAG-3- CD8+ T cells, and enhanced anti-tumor

IFN-γ+/TNF-α+ CD8+ T cells, suggesting that the Arg1+ TAM depletion-induced change

of CD8+ T cells might be indirectly caused by Th1-Treg reduction in the TME. Arg1 is

known to have pro-tumor functions such as promoting tumor cell growth by generating

polyamines [65] and suppressing anti-tumor immune responses by depleting L-arginine,

which is required for T cell growth [66]. Given that tumor growth is suppressed by Arg1

inhibitors and myeloid cell-specific inhibition of Arg1 [40], the suppression of tumor

growth by the removal of Arg1+ TAMs may be partly due to Arg1 deficiency in the TME.

However, since the Th1-Treg polarization occurred even when Arg1 was inhibited in the

co-culture of Arg1+ TAMs and Tregs in vitro, Arg1 and its metabolites are not involved

in the Th1-Treg polarization. Given the differential expression pattern of Pf4 and Arg1

mRNAs in macrophages, high lactate within the TME may contribute to the expression

of PF4 in TAMs, thereby increasing tumor growth via Th1-Treg polarization.

A previous study has shown that CXCR3 is important for Treg accumulation and

immunosuppression in tumors [7], where the significance of CXCR3 in the interaction

between Tregs and CXCL9-expressing cDC1 in tumors was suggested [7]. In contrast,

my present study showed that the significance of CXCR3 on Tregs is important for Th1-

Treg polarization itself. Considering that PF4-producing Arg1+ macrophages are

particularly prominent in tumors, it is conceivable that Tregs in close contact with PF4-

producing Arg1+ TAMs may differentiate into Th1-Tregs in the TME in a manner

dependent on CXCR3. Although both CXCL9 and PF4 are CXCR3 ligands, CXCL9 is

important for anti-tumor immunity and well co-related with favorable prognosis in human

cancer patients [55, 67-70]. I found that both PF4 and CXCL9 can similarly stimulate

Th1-Treg polarization, however, the number of PF4-producing Arg1+ TAMs was much

higher than that of CXCL9-producing cDC1s. Previous studies have shown that cDC1s

play various immune-stimulatory roles in polarizing CD4+ T cells to anti-tumor Th1 by

producing IL-12 and in cross presentation to stimulate anti-tumor CD8+ T cells in the

TME [56]. In contrast, TAMs are shown to be immune-suppressive to express IL-10 and
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TGF-β to induce CD4+ T cell polarization into Th2 and Tregs, respectively [71]. Here I

found a pro-tumor role of Arg1+ TAMs in polarizing Tregs to Th1-Tregs by producing

PF4. Collectively, my data and the previous findings suggest that, although PF4 and

CXCL9 may stimulate T cells similarly, the predominance of PF4-producing Arg1+

TAMs (immune-suppressive TIMs) over CXCL9-producing cDC1s (immune-stimulatory

TIMs) might lead to immune-suppressive outcomes in the TME, making these

chemokines appear to act differently. Alternatively, CXCL9 has been shown to bind with

two distinct CXCR3 isoforms, CXCR3-A and CXCR3-B, whereas PF4 binds with

CXCR3-B alone [53]. Moreover, CXCR3-A signaling by CXCL10 and CXCR3-B

signaling by PF4 exert opposite effects on Th1 and Th2 cytokine production in human T

cells [72]. In addition, CXCL10/CXCR3 binding drives effector Th1 polarization, while

CXCL11/CXCR3 binding induces an immune-suppressive state that is characterized by

IL-10+ Tr1 cells and IL-4+ Th2 cells via distinct signaling pathways [73], suggesting that

each of CXCR3 ligands can act differentially on T cells. Thus, although both PF4 and

CXCL9 similarly stimulate Th1-Treg polarization in vitro, it remains unclear whether PF4

and CXCL9 act similarly or differently in the in vivo tumor models, requiring more

studies in the future. Previous studies have shown that IFN-γ is shown to polarize Tregs

into Th1-Tregs outside TME such as regional draining LNs [38, 74]. My present study

indicates that IFN-γ signaling plays a critical role not only in the initial preparation of

CXCR3 on non-Th1-Tregs but also in subsequent PF4-mediated Th1-Treg polarization in

vitro, where PF4 reinforces IFN-γ signaling in Tregs at the levels of signal transduction

and gene regulation. Furthermore, I demonstrate that a very low concentration of IFN-γ,

with the help of PF4, synergistically promotes Th1-Treg polarization. Considering the

significance of CXCR3 signaling in PF4-reinforced Th1-Treg polarization, IFN-γ

signaling-induced CXCR3 may be a prerequisite in non-Th1-Tregs for PF4-reinforced

Th1-Treg polarization. Moreover, given that Th1-Tregs express more Ifng mRNA than

non-Th1-Tregs, as the levels of IFN-γ from polarized Th1-Tregs increase, the significance

of PF4 might gradually diminish due to the positive feedback in which IFN-γ, rather than

PF4, becomes the main driver of Th1-Treg polarization in vitro. However, the significance

of IFN-γ production from Tregs in PF4-reinforced Th1-Treg polarization in vitro and in

the TME should be tested in more detail in the future. Collectively, my data indicate that

the main role of PF4 is likely to reinforce IFN-γ-induced Th1-Treg polarization.

Since injection of recombinant PF4 protein caused inflammation and inhibited

angiogenesis [61, 63, 75-79], PF4 has been considered to act as an anti-tumor factor. It

has also been reported that PF4 is produced by Ly6G+ CD11b+ myeloid cells in

premetastatic lungs and inhibits tumor metastasis [80]. On the other hand, it was
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previously reported that anti-PF4 mAb administration was effective in suppressing tumor

repopulation after chemotherapy and that its function involves immune system [81].

Whether the anti-tumor effect is due to inhibition of Th1-Tregs induction was not tested.

Furthermore, some clinical evidence suggests that plasma PF4 is elevated in a number of

cancers including breast [82, 83], prostate [83], colorectal [84], and osteosarcoma [85].

Thus, high PF4 levels correlate with stage of progression and poor prognosis [86]. I also

found that TCGA Pan-cancer patients with PF4high tumors had shorter survival periods

than those with PF4low tumors, and those with CD11bhigh and PF4high tumors had even

shorter survival periods than those with both CD11blow PF4low tumors, suggesting that

PF4high tumors that are highly infiltrated with CD11b+ cells may be correlated with poor

prognosis. However, whether PF4 is a pro-tumor or an anti-tumor, and whether there are

differences in the timing and type of tumors, need to be further examined in the future.
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Materials and Methods

Cell lines

MC38 mouse colon carcinoma cells and B16F10 mouse melanoma cells were as

described previously [1]. MC38 cells were cultured in RPMI1640 (Nacalai Tesque) with

10% heat-inactivated FBS (Gibco), 100 U/ml penicillin, and 0.1 mg/ml streptomycin

(Nacalai Tesque). B16F10 cells were cultured in DMEM (Nacalai Tesque) with 10% heat-

inactivated FBS (Gibco), 100 U/ml penicillin, and 0.1 mg/ml streptomycin (Nacalai

Tesque). Cells were maintained in culture at 37 °C and 5% CO2.

Mice

C57BL/6NCrSlc (C57BL/6N; CD45.2) mice were purchased from Japan SLC, Inc.

Foxp3-Cre mice, RAG2-deficient mice, VeDTR(LF) mice, Foxp3-Cre/VeDTR(ΔFRT)

mice, Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice and congenic CD45.1 mice were

described as previously [6]. Ifngr1-/- mice were described previously [87]. OT-I mice

were described previously [88]. Ifngr1fl/fl mice were described previously [89]. All animal

experiments were conducted with the approval of the Animal Research Committee of

Research Institute for Microbial Diseases in Osaka University.

Reagents

PE/Cyanine7 anti-mouse/human CD11b Antibody (Cat#101216), Alexa Fluor® 594 anti-

mouse/human CD11b Antibody (Cat#101254), PerCP/Cyanine5.5 anti-mouse CD45.2

Antibody (Cat#109828), Alexa Fluor® 647 anti-mouse CD45.2 Antibody (Cat#109817),

PE/Cyanine7 anti-mouse CD4 Antibody (Cat#100422), Alexa Fluor® 594 anti-mouse

CD4 Antibody (Cat#100446), Brilliant Violet 421 anti-mouse CD8a Antibody

(Cat#100738), Brilliant Violet 421 anti-mouse/human CD45R/B220 Antibody

(Cat#103240), Brilliant Violet 421 anti-mouse CD11c Antibody (Cat#117330),

PerCP/Cyanine5.5 anti-mouse CD11c Antibody (Cat#117328), APC/Cyanine7 anti-

mouse Ly-6G Antibody (Cat#127624), APC anti-mouse CD170 (Siglec-F) Antibody

(Cat#155507), PerCP/Cyanine5.5 anti-mouse CX3CR1 Antibody (Cat#149009), APC

anti-P2RY12 Antibody (Cat#848005), PerCP/Cyanine5.5 anti-mouse CD25 Antibody

(Cat#102030), PE anti-mouse CD25 Antibody (Cat#102007), Alexa Fluor® 647 anti-

mouse FOXP3 Antibody (Cat#126408), PE anti-mouse IFN-γ Antibody (Cat#505808),

Alexa Fluor® 647 anti-mouse TNF-α Antibody (Cat#506314), APC anti-mouse CD62L

Antibody (Cat#104411), PE anti-mouse/human CD44 Antibody (Cat#103008), APC

anti-mouse CD80 Antibody (Cat#104713), APC anti-mouse CD206 (MMR) Antibody

59



(Cat#141707), APC anti-Nos2 (iNOS) Antibody (Cat#696807), APC anti-mouse CD152

Antibody (Cat#106309), PE anti-mouse CD357 (GITR) Antibody (Cat#126309),

Brilliant Violet 421 anti-mouse F4/80 Antibody (Cat#123131), Brilliant Violet 421

anti-mouse/human CD11b Antibody (Cat#101236), Alexa Fluor® 594 anti-mouse CD31

Antibody (Cat#102520), PE anti-mouse NK-1.1 Antibody (Cat#108708), APC/Cyanine7

anti-mouse/human CD11b Antibody (Cat#101226), Brilliant Violet 421 anti-mouse

NK-1.1 Antibody (Cat#108741), Brilliant Violet 421 anti-mouse CD90.2 (Thy-1.2)

Antibody (Cat# 140327), Brilliant Violet 421 anti-mouse Ly-6C Antibody

(Cat#128031), Brilliant Violet 421 anti-mouse Ly-6G Antibody (Cat#127628),

Brilliant Violet 605 anti-mouse I-A/I-E Antibody (Cat#107639), Brilliant Violet 711

anti-mouse Ly-6G Antibody (Cat#127643), Brilliant Violet 711 anti-mouse Ly-6C

Antibody (Cat#128037), Brilliant Violet 605 anti-mouse CD45 Antibody

(Cat#103139), PE/Cyanine7 anti-mouse CD11c Antibody (Cat#117318), APC/Cyanine7

anti-mouse/rat XCR1 Antibody (Cat#148223), PE anti-mouse CD24 Antibody

(Cat#101807), PE/Cyanine7 anti-mouse I-A/I-E Antibody (Cat#107630), PE anti-mouse

CD11c Antibody (Cat#117308), PE/Cyanine7 anti-mouse CD8a Antibody (Cat#100722),

APC anti-mouse CD4 Antibody (Cat#100412), Purified anti-mouse CD16/32 Antibody

(Cat#101302), Purified anti-mouse CD3ε Antibody (Cat#100302), Ultra-LEAF

Purified anti-mouse CD28 Antibody (Cat#102121), recombinant mouse CXCL4/PF4

(Cat#590208), recombinant Mouse SPP1 (Osteopontin) (Cat#763604), recombinant

mouse CXCL9 (Cat#578202), recombinant mouse CXCL10 (Cat#573602), recombinant

mouse CXCL11 (Cat#578302), and recombinant human CXCL4/PF4 (Cat#550904) were

purchased from BioLegend. Anti-mouse/human Arg1 (Cat#17-3697-82), Fixable

Viability Dye eFluor 450 (Cat#65-0863-14) and anti-F4/80 Monoclonal Antibody

(BM8) (Cat#17-4801-82) were purchased from Invitrogen. PE Mouse anti-T-Bet

(Cat#561265), APC-Cy 7 Mouse Anti-Mouse CD45.1 (Cat#560579), PE Rabbit Anti-

Active Caspase-3 (Cat#570184), PE Rat Anti-Mouse CD103 (Cat#561043) and PE

Mouse Anti-Stat1 (pY701) (Cat#612564) were purchased from BD Pharmingen.

InVivoMAb anti-mouse CTLA-4 (CD152) (Cat#BE0164) was purchased from Bio X cell.

CF488A Donkey Anti-Goat IgG (H + L) and CF594 Donkey Anti-Goat IgG (H + L) were

purchased from Biotium. DAPI (Cat#11034-56) was purchased from Nacalai Tesque.

Antibodies for CyTOF analysis were as described previously [1]. Recombinant mouse

IFN-γ (Cat#315-05), human TGF-β1 (Cat#100-21C), and mouse IL-2 proteins (Cat#212-

12) were obtained from Pepro Tech. AMG487 (Cat#S8682) was purchased from Selleck

Chemicals. Diphtheria Toxin (Cat#322326) was purchased from Millipore. Collagenase

D (Cat#11088882001), Dispase II (Cat#4942078001), DNase I (Cat#11284932001) were
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purchased from Roche. HIF-1 alpha Polyclonal antibody (Cat#20960-1-AP) was

purchased from Proteintech. Rabbit polyclonal anti-mCherry (Cat#ab167453), and nor-

NOHA (Cat#ab285408) were purchased from Abcam. Goat polyclonal anti-Human HB-

EGF (Cat#AF-259-NA) to stain DTR and anti-CXCL4/PF4 antibody (Cat#MAB595)

were purchased from R&D Systems.

Generation of Cx3cr1-Cre mice, Arg1-RFP/Flp mice, Pf4-/- mice, Pf4fl/fl mice and 

Ifngr1fl/fl mice

The T7-transcribed Cx3cr1_gRNA1, Arg1_gRNA2, Pf4_gRNA3, Pf4_gRNA4,

Pf4flox_gRNA5, Pf4flox_gRNA6, Ifngr1flox_gRNA7 and Ifngr1flox_gRNA8 

products, which were amplified by using KOD FX NEO (Toyobo) and the primers 

(Cx3cr1_gRNA1 5’-

TTAATACGACTCACTATAGGatgggtctctcctgctctgaGTTTTAGAGCTAGAAATAGCA 

AGTTAAAAT -3’; Arg1_gRNA2 5’-

TTAATACGACTCACTATAGGtggcgcattcacagtcacttGTTTTAGAGCTAGAAATAGCA 

AGTTAAAAT -3’; Pf4_gRNA3 5’-

TTAATACGACTCACTATAGGccttcccctcggaaggcaggGTTTTAGAGCTAGAAATAGC 

AAGTTAAAAT -3’; Pf4_gRNA4 5’-

TTAATACGACTCACTATAGGggttggaagaagggaagagaGTTTTAGAGCTAGAAATAGC 

AAGTTAAAAT -3’; Pf4flox_gRNA5 5’-

TTAATACGACTCACTATAGGgcagcgacgctcatgtcaagGTTTTAGAGCTAGAAATAGC 

AAGTTAAAAT -3’; Pf4flox_gRNA6 5’-

TTAATACGACTCACTATAGGcagctgatacctaactctccGTTTTAGAGCTAGAAATAGCA 

AGTTAAAAT -3’; Ifngr1flox_gRNA7 5’-

TTAATACGACTCACTATAGGcaatcaccgaggcagagtgtGTTTTAGAGCTAGAAATAGC 

AAGTTAAAAT-3’; Ifngr1flox_gRNA8 5’-

TTAATACGACTCACTATAGGactattgaagtgacccaaaaGTTTTAGAGCTAGAAATAGCA 

AGTTAAAAT-3’) were used as the subsequent generation of Cx3cr1_gRNA1,

Arg1_gRNA2, Pf4_gRNA3 gRNA, Pf4_gRNA4, Pf4flox_gRNA5, Pf4flox_gRNA6, 

Ifngr1flox_gRNA7 and Ifngr1flox_gRNA8. MEGAshortscript T7 (Life Technologies)

was used for the generation of these gRNAs. Cas9 mRNA was generated by in vitro

transcription (IVT) using mMESSAGE mMACHINE T7 ULTRA kit (Life technologies) 

and the template that was amplified by PCR using pEF6-hCas9-Puro and the primers 

T7Cas9_IVT_F and Cas9_R and gel-purified. The synthesized gRNA and Cas9 mRNA 

were purified using MEGAclear kit (Life Technologies). To obtain Cx3cr1-Cre mice, 

Arg1-RFP mice, Arg1-Flp mice, Pf4-/- mice, Pf4fl/fl mice and Ifngr1fl/fl mice, CD45.2
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C57BL/6N female mice (6 week-old) were superovulated and mated to CD45.2

C57BL/6N stud males. Fertilized one-cell-stage embryos were collected from oviducts 

and injected into the pronuclei or the cytoplasm with 100 ng/µl Cas9 mRNA, 50 ng/µl 

gRNA and 50 ng/ml the targeting vector for Cx3cr1-Cre mice, Arg1-RFP mice or Arg1-

Flp mice. The injected live embryos were transferred into oviducts of pseudopregnant

ICR females at 0.5 d post coitus. The male pup harboring the mutation was mated to 

CD45.2 C57BL/6N female mice and tested for the germ line transmission.

To generate Cx3cr1-Cre mice, 1.4 kb fragment containing exon2 and 3’ untranslated

sequence of the Cx3cr1 gene was amplified by PCR using primers (Cx3cr1_LA_F 5’-

gaattcGTGTCACCATTAGTCTGGGCGTCT -3’; Cx3cr1_LA_R 5’-

ctcGAGCAGGAGAGACCCATCTCCCTCGCT -3’; Cx3cr1 _RA_F 5’-

agatctAGGGGTCTCCCCGACCCTAGCTCC-3’; Cx3cr1_RA_R 5’-

gcggccgcTCCATGGTAAGGCGAGTCAGCA -3’) and cloned in pBluescript vector. 

P2A peptide sequence containing mammalian codon optimized Cre recombinase cDNA, 

which was artificially synthesized and obtained from FASMAC, was inserted just before 

the stop codon of Cx3cr1 in the exon2. The targeting vector was gel purified and used

for injection into embryos with Cx3cr1_gRNA1 and Cas9 mRNA. To generate Arg1-

RFP/Flp mice, 1.4 kb fragment containing exon8 and 3’ untranslated sequence of the 

Arg1 gene was amplified by PCR using primers Arg1_LA_F 5’-

gaattcCTCCATGACTGAAGTAGACAAGCT -3’; Arg1_LA_R 5’-

ctcgagCTTAGGTGGTTTAAGGTAGTCAGT -3’; Arg1 _RA_F 5’-

ggatccCTGTGAATGCGCCACATGAAAACC -3’; Arg1_RA_R 5’-

gcggccgcCTTGTCTCATTACAGAGCCAAG -3’) and cloned in pBluescript vector.

P2A peptide sequence containing mCherry or mammalian codon optimized Flp

recombinase cDNA, which were artificially synthesized and obtained from FASMAC,

was inserted just before the stop codon of Arg1 in the exon8. The targeting vector was

gel purified and used for injection into embryos with Arg1_gRNA2 and Cas9 mRNA.

For generation of the targeting fragment for the floxed Pf4 allele, the Pf4 gene was

isolated from genomic DNA that was extracted from C57BL/6N embryonic fibroblasts

by PCR using KOD FX NEO (Toyobo) and primers (Pf4_flox_LA_F 5’-

gaattcAATTTCCAACCCCACATCTCCAACCCCACAGCGGTCAGCCTCACCACA

ATCGGC-3’; Pf4_flox_LA_R 5’-

ctcgagCAAGAGGGTGCCACTGGACCCAAAGATAAAGTTCTACCTTGAGGAAAT

GGGTCT -3’; Pf4_flox_MA_F 5’-

ctcgagATAACTTCGTATAGCATACATTATACGAAGTTATgccaccATGAGCGTCGCT 

GCGGTGTTTCGAGGCCTCCGGC-3’; Pf4_flox_MA_R 5’-
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acgcgtCTAgCTCTCCAGGATTTTCTTGATTACTTTCTTATATAGGGGTGCTTGCCG

GTC -3’; Ifngr1_flox_RA_F 5’-

acgcgtATAACTTCGTATAGCATACATTATACGAAGTTATGTATCAGCTGCCTAAA 

TGTCAATTGTGTTACAAGACTCCT-3’; Pf4_flox_RA_R 5’-

gcggccgcGACCCCCCTACAGGCAATAGTATAAGAATAAAAGTTATTTTTAATATT

TCAT-3’). The targeting fragment was constructed from a 1.9-kb fragment of Pf4 

genomic DNA. The floxed 0.73-kb subfragments containing exons 1, 2 and 3 (all 

coding sequence) were ligated with other fragments using restriction enzymes in 

pBluescript. The vectors were amplified and co-injected into the embryos with the

Cas9-encoding mRNA, Pf4flox_gRNA5 and Pf4flox_gRNA6 to obtain Pf4fl/+ pups. 

Pf4fl/+ mice were further crossed with Cx3cr1-Cre mice to generate Cx3cr1-Cre/Pf4fl/fl

mice.

For generation of the targeting fragment for the floxed Ifngr1 allele, the Ifngr1 gene was 

isolated from genomic DNA that was extracted from C57BL/6N embryonic fibroblasts 

by PCR using KOD FX NEO (Toyobo) and primers (Ifngr1_flox_LA_F 5’-

gtcgaCCCAGAATATGTCCAGACTACTTGAGTCTGCAGTTCTGGTTTTCAGAGC 

AAAGAAGTGAACCATT-3’; Ifngr1_flox_LA_R 5’-

gaattctctgcctcggtgattgAACTTCACCTCTGACTTTGTCTTTAGGAAAGTATGATTAG 

TGATAAAT -3’; Ifngr1_flox_MA_F 5’-

gaattcATAACTTCGTATAGCATACATTATACGAAGTTATgtgtAGGTAAAGAGCTTC

TTGTCTGAGATT-3’; Ifngr1_flox_MA_R 5’-

acgcgtgggtcacttcaatagtACTTATGTTGGTTTTTTTCTTATCAGAATCTATGACACAT 

GAGTCTTA -3’; Ifngr1_flox_RA_F 5’-

acgcgtATAACTTCGTATAGCATACATTATACGAAGTTATaaaaTGGACTTAATTGCC

AACACTGGCCAG-3’; Ifngr1_flox_RA_R 5’-

gcggccgcGAAGTAACCTGCCCAGTGTGGAAAGACTACGAAGAGGAGGTGACA

ACCCCTGACCCGAAGAA-3’). The targeting fragment was constructed from a 2.2-kb 

fragment of Ifngr1 genomic DNA. The floxed 0.55-kb subfragments containing exon 4 

were ligated with other fragments using restriction enzymes in pBluescript. The vectors 

were amplified and co-injected into the embryos with the Cas9-encoding mRNA,

Ifngflox_gRNA7 and Ifngflox_gRNA8 to obtain Ifngr1fl/+ pups. Ifngr1fl/+ mice were 

further crossed with Foxp3-Cre mice to generate Foxp3-Cre/Ifngr1fl/fl mice.

Murine tumor model

Tumor cells were injected subcutaneously into 7-11-week-old sex-matched mice. 1.0 ×

106 MC38 cells or 3.0 × 105 B16F10 cells in PBS were injected subcutaneously to back
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of mice. For DT treatment, tumor-bearing mice were i.p. injected with 100 ng DT

(Millipore) in 200 μL PBS. DT injection started on day 10 after tumor inoculation and

continued on a daily basis. Tumor volume was measured using a digital caliper and

calculated by the following formula: (short diameter)2 × long diameter × 0.52. When the

calculated tumor volume was larger than 2500 mm3, mice were euthanized within 24

hours. Without specific indication, tumor-bearing mice were analyzed at 15-21 days after

tumor inoculation.

Cell preparation from mice

For the isolation of splenocytes, spleens were mashed in PBS on 70 μm cell strainer using

a syringes plunger and collected by centrifugation for 5 min at 2000 rpm, then suspended

in ACK buffer and kept for 2 min at RT to lyse red blood cells. After ACK treatment, cells

were washed and filtered by a 40 μm cell strainer. For the isolation of brain cells, brains

were mashed in HBSS on 70 μm cell strainer using a syringes plunger, collected by

centrifugation for 5 min at 2000 rpm, and treated with ACK buffer. Then cells were

suspended in 40% Percoll (Sigma-Aldrich) in HBSS and centrifuged for 20 min at

2,380×g to remove floating debris. The precipitates were washed in HBSS. For digestion

of lung and liver, tissues were cut into small pieces (approximately 3×3 mm) by laser in

HBSS, then Collagenase D (1 mg/mL), Dispase II (80 μg/mL), and DNase I (20 μg/mL)

were added and incubated for 60 min at 37°C on a shaker. After digestion, cells were

treated with ACK buffer, and then suspended in 40% Percoll (Sigma-Aldrich) in HBSS

and centrifuged for 20 min at 2,380×g to remove floating debris. The precipitates were

washed in HBSS. Tumors were digested using Tumor Dissociation Kit, mouse (Miltenyi,

Cat#130-096-730) and gentleMACS Octo Dissociator with Heaters (Miltenyi). After

digestion, cells were treated with ACK buffer, and then the dead cells were depleted using

Dead Cell Removal Kit (Miltenyi, Cat#130-090-101). Prepared cells were suspended in

the appropriate buffer for each experiment.

Flow cytometry and cell sorting

For surface staining, cells were blocked with anti-CD16/32 (Biolegend) for 15 min on ice.

Cells were stained with antibodies for 15 min on ice in the presence of anti-CD16/32. For

intranuclear staining, Foxp3/Transcription Factor Staining Buffer Set (eBioscience,

Cat#00-5523-00) was used following the manufacturer’s instruction. For staining TNF-α

and IFN-γ, cells were stimulated for 4 hr with 50 ng/mL PMA (Nacalai Tesque,

Cat#27547-14) and 1 μg/ml ionomycin (Nacalai Tesque, Cat#19444-91) in the presence

of 1 μL/mL Golgi-Stop reagent (BD Biosciences, Cat# 554724) at 37℃. After stimulation,
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surface-marker staining was performed on cells, followed by fixation, permeabilization,

and staining with cytokine-specific antibodies using Cytofix/Cytoperm

Fixation/Permeabilization Kit (BD Biosciences, Cat#554714) according to the

manufacturer’s instructions. For staining STAT1 pY701, BD Cytofix Fixation Buffer

(BD Biosciences, Cat#554655) and BD Phosflow Perm Buffer III (BD Biosciences,

Cat#558050) were used following the manufacturer’s instruction. FACS Aria III (BD

Biosciences) was used for data acquisition and cell sorting. The acquired data were

analyzed using FlowJo (BD Biosciences).

Single-cell RNA library construction and sequencing

Cells were stained with cell hashing antibody, TotalSeq-C0301 to-C0306 (BioLegend,

Cat#155861, Cat#155863, Cat#155865, Cat#155867, Cat#155869, Cat#155871). Single-

cell suspension were processed through the 10x Genomics Chromium Controller

following the protocol outlined in the Chromium Single Cell 5' Reagent Kits v2 User

Guide. Chromium Next GEM Single Cell 5' Kit v2 (Cat# PN-1000263), Chromium Next

GEM Chip K Single Cell Kit (Cat# PN-1000287), Dual Index Kit TT Set A, 5’ Feature

Barcode Kit (Cat# PN-1000256) and Dual Index Kit TN Set A (Cat#PN-1000250) were

applied during the process. Approximately 16,500 live cells per sample, according to the

manufacturer’s recommendations, were loaded onto the Chromium controller to generate

10,000 single-cell gel-bead emulsions for library preparation and sequencing. Oil droplets

of encapsulated single cells and barcoded beads (GEMs) were subsequently reverse-

transcribed in a Veriti Thermal Cycler (Thermo Fisher Scientific), resulting in mRNA-

derived cDNA and HTO-derived cDNA tagged with a cell barcode and unique molecular

index (UMI). Next, cDNA was then amplified to generate single-cell libraries according

to the manufacturer’s protocol. Quantification was made with an Agilent Bioanalyzer

High Sensitivity DNA assay (Agilent, High-Sensitivity DNA Kit, Cat# 5067-4626).

Subsequently amplified cDNA was enzymatically fragmented, end-repaired, and polyA

tagged. Cleanup/size selection was performed on amplified cDNA using SPRIselect

magnetic beads (Beckman-Coulter, SPRIselect, Cat# B23317). Next, Illumina

sequencing adapters were ligated to the size-selected fragments and cleaned up using

SPRIselect magnetic beads. Finally, sample indices were selected and amplified, followed

by a double-sided size selection using SPRIselect magnetic beads. For cell hashing

feature barcode libraries were constructed with HTO-derived cDNA. Final library quality

was assessed using an Agilent Bioanalyzer High Sensitivity DNA assay. Samples were

then sequenced on NovaSeq 6000 platform in a 28+90 base paired-end mode. The

resulting raw reads were processed by cellranger 6.0.0 (10x Genomics). Data analysis
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was performed by using SeqGeq (BD Life Sciences). After quality control and

normalization, PCA and the unsupervised cell clustering were performed using Seurat

plugin.

In vitro culture and stimulation of Treg

Splenic YFP- Tregs (YFP- CD4+ CD25+ cells) were sorted from Foxp3-Cre/Tbx21-

Flp/VeDTR(LF) mice and stimulated with pre-bound α-CD3 (5 μg/ml) and α-CD28 (2

μg/ml) in RPMI1640 culture medium containing mIL-2 (20 ng/ml) and hTGF-β (5 ng/ml)

in the presence or absence of recombinant mouse PF4 protein (5 μg/ml), SPP1 (5 μg/ml),

AMG487 (0.1 μM), anti-PF4(#6-1-5; 3 μg/ml), com-anti-PF4 (3 μg/ml), nor-NOHA (10

μM) for 3 days.

Co-culture experiments

YFP- Tregs (YFP- CD4+ CD25+ cells of spleens from tumor-bearing Foxp3-Cre/Tbx21-

Flp/VeDTR(LF) mice, 5.0 × 104 cells) and TAMs (RFP- or RFP+ CD45+, Ly6C-, Ly6G-,

NK1.1-, B220-, CD90.2-, MHCII+, F4/80+, CD11b+ cells in tumors of Arg1-RFP mice, 5.0

× 104 cells) were directly co-cultured in 96 well culture plate stimulated with pre-bound

α-CD3 (5 μg/ml) and α-CD28 (2 μg/ml) in RPMI1640 culture medium containing mIL-

2 (20 ng/ml), hTGF-β (5 ng/ml) for 3 days. After 3 days of co-culture, percentages of

YFP+ cells were analyzed using flow cytometry. For transwell indirect co-culture system

of Tregs and TAMs, Tregs (1.0 × 105 cells) were plated into a 24-well culture plate

stimulated with pre-bound α-CD3 and α-CD28 in RPMI1640 culture medium containing

mIL-2, hTGF-β, and TAMs (1.0 × 105 cells) were seeded onto transwell insert (with a 0.4

µm pore size, Corning, Cat#3470) top to the 24-well plate. After 3 days of co-culture,

percentages of YFP+ cells were analyzed using flow cytometry. For transwell co-culture

system of splenic macrophages (CD45+ CD11b+ Ly6G- cells in spleens of wild-type mice,

1.0 × 105 cells) and B16F10 cells (5.0 × 105 cells), splenic macrophages were plated into

a 24-well culture plate, and B16F10 cells were seeded onto transwell insert (with a 0.4

µm pore size, Corning, Cat#3470) top to the 24-well plate. After 24 hr of co-culture,

splenic macrophages were collected for PCR.

In vitro culture and stimulation of splenic macrophages

Splenic macrophages (CD45+ CD11b+ Ly6G- cells in spleens, 5.0 × 104 cells) from naïve

mice were plated in a 96-well round bottom culture plate in RPMI1640 with 25 mM lactic

acid (Nacalai Tesque) or low pH RPMI1640. Low pH RPMI1640 was prepared by adding

hydrochloric acid (Nacalai Tesque).
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RNA-seq

For RNA-seq analysis, total RNA was extracted from cells with a miRNeasy Mini kit

(Qiagen, Cat#217004) following the manufacturer’s instruction. Full-length cDNA was

generated using SMART-Seq HT Kit (Takara Bio, Cat#634455) following the

manufacturer’s instruction. An Illumina library was prepared using a Nextera DNA

Library Preparation Kit (Illumina, Cat#FC-131-1096) following SMARTer kit

instructions. Sequencing was performed on an Illumina NovaSeq 6000 sequencer

(Illumina) in the 101-base single-end mode. Sequenced reads were mapped to the mouse

reference genome sequences (mm10) using TopHat v2.0.13 in combination with Bowtie2

ver. 2.2.3 and SAMtools ver. 0.1.19. The fragments per kilobase of exon per million

mapped fragments (FPKMs) was calculated using Cufflinks version 2.2.1. Volcano plot

and heatmap were generated using GraphBio (http://www.graphbio1.com/en/).

In vitro Treg suppression assay

YFP- Tregs were isolated from Foxp3-Cre/Tbx21-Flp/VeDTR(LF) mice and unstimulated

or stimulated with recombinant mouse PF4 protein (5 μg/ml). After 3 days, the Tregs were

collected, washed by PBS 2 times, and used as PF4-stimulated or unstimulated Treg.

Splenic naive CD4+ T cells (CD4+ CD45+ CD62Lhigh CD44low CD25- cells; Tconv) were

sorted from CD45.1 congenic mice, and labeled with CellTrace CFSE Cell Proliferation

Kit (Invitrogen, Cat#C34554) following the manufacturer’s instruction. CFSE-labeled T

cells (5.0 × 104 cells) were cultured with the PF4-stimulated or unstimulated Tregs (5.0 ×

104 cells) in the presence of Dynabeads Mouse T-Activator CD3/CD28 (Gibco,

Cat#11452D) and mIL-2 (20 ng/ml). After 3 days of culture, CFSE intensity in Tconv

cells was determined using flow cytometry and suppression activity (%) was calculated

by the following formula: 100 × (1- (frequency of CFSElow in Tconv treated with

Tregs)/(frequency of CFSElow in Tconv alone)). CD45.1 congenic mice were used to

discriminate Tconv (CD45.1) and Tregs (CD45.2).

Quantitative RT-PCR

For quantitative PCR, total RNA was extracted using RNeasy Mini Kit (Qiagen,

Cat#74106), after which RNA was reverse transcribed using Verso cDNA synthesis Kit

(Thermo Scientific, Cat#AB1453B) following the manufacturer’s instructions.

Quantitative PCR was performed using GoTaq qPCR Master Mix (Promega, Cat#A6002)

and CFX Connect (Bio-Rad). The expression of mRNA was normalized to that of β-actin

mRNA.
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Immunohistochemistry

Tumor, spleen, and liver were fixed with 4% PFA for 2 h at 4°C. They were immersed

overnight in 30% sucrose at 4°C, embedded in FSC 22 Frozen Section Media (Leica),

and sectioned at 10 μm with CM1860 UV (Leica). Sections were blocked with 0.1% BSA

and 1% mouse serum for 1 hr, and incubated with antibody at 4°C overnight. The slides

were washed with PBS three times and Labelling was revealed using secondary

antibodies at room temperature for 2 hr. After the staining, the images were immediately

taken with FV3000 (Olympus).

Histopathological staining

For histopathological staining, livers were fixed by transcardial perfusion with 10%

formalin and lungs were removed and fixed by degassing in 10% formalin, after which

both livers and lungs were post-fixed with 10% formalin for 48 hrs at 4℃. The fixed

tissues were embedded in paraffin and sectioned at 5 µm using REM-710 (Yamato).

Sections were stained with hematoxylin and eosin, and mounted with Mount-Quick

(Daido Sangyo). The images were observed using FSX100 (Olympus) and VS200

(Olympus).

ELISA

The concentrations of PF4, IFN-γ, and IL-2 were measured by ELISA kit from R&D

Systems following the manufacturer’s instructions.

Determination of lactate concentration

Tumors and spleens were removed and homogenized. To measure Lactic acid

concentration, L-Lactate Assay Kit (Abcam, Cat#ab65331) was used following the

manufacturer’s instruction. The mean values for lactate concentration (nmol/g) and the

SEM were calculated for each condition.

Cell staining for CyTOF

Each sample was first barcoded by different metal-conjugated α-CD45 antibodies in

CyFACS Buffer (PBS with 0.1% BSA, 2mM EDTA and 0.01% sodium azide) with anti-

CD16/32 (Biolegend). After barcoding, samples were washed twice in CyFACS Buffer

and pooled. The pooled samples were stained with a metal-conjugated antibody cocktail

against surface proteins in CyFACS Buffer for 45 min at RT. Samples were then washed

twice in CyFACS Buffer, and stained with zirconium (IV) chloride in PBS for 5 min at
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RT to discriminate live and dead cells, and fixed and permeabilized using

Foxp3/Transcription Factor Staining Buffer Set following the manufacturer’s instruction.

Samples were subsequently stained with a metal-conjugated antibody cocktail against

intracellular proteins for 45 min at 4°C. The stained samples were then washed twice in

CyFACS Buffer and once in PBS and fixed overnight in 2% formaldehyde (Invitrogen)

in PBS with Cell-ID Intercalator-103Rh (Fluidigm, Cat#201103A) at 4°C.

CyTOF analysis

Prior to data acquisition, fixed samples were washed once in CyFACS buffer and twice

in Cell Acquisition solution (CAS) (Fluidigm, Cat#201240). Washed samples were

suspended with CAS containing 15% EQ Four Element Calibration Beads (Fluidigm,

Cat# 201078) and filtered. Helios mass cytometer (Fluidigm) was used for data

acquisition. For acquired data analysis, live singlet cell gating and sample debarcoding

were performed using FlowJo and subsequential analysis was performed using Cytobank

ver. 9.1 (Beckman Coulter). vi-SNE algorithm and FlowSOM algorithm in Cytobank

were respectively used for t-SNE 2D mapping and clustering.

Monoclonal Antibody Generation

PF4-deficient mice were immunized with recombinant mouse PF4 protein emulsified in

TiterMax Gold adjuvant (TiterMax, Cat#G-1X5). Lymph nodes from immunized mice

were harvested, homogenized to single-cell suspensions, and fused to U3P1 cells with

PEG (Hampton Research, Cat#HR2-527). Fused hybridoma cells were seeded in 96-well

plates in RPMI1640 with BM Condimed H1 (Roche, Cat#11088947001). After 24 hr,

HAT Supplement (Thermo Scientific, Cat#21060017) was added to the culture

supernatant. After ~10 days of culture, a primary screen of supernatants was performed

using PF4-coupling latex beads.

Determination of the affinity of anti-PF4 mAb

Antibody affinity was detected using latex beads coated antigen. To prepare antigen-

coupling latex beads, the latex beads (Invitrogen, Cat#A37304) and antigen protein

(recombinant mouse PF4, mouse CXCL9, mouse CXCL10, mouse CXCL11, or human

PF4 protein) were mixed and incubated with gentle mixing at room temperature. To detect

antibodies with affinity for antigen, the antigen-coupling latex beads were incubated with

anti-PF4 mAb for 15 min. Secondary antibody was used to detect antibodies conjugated

to antigen-coupling latex beads.
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CFSE proliferation assay

Purified CD8+ T cells were labeled with 5 μM CFSE (Invitrogen). 5 × 104 T cells were

cultured with or without PF4 in the presence of Dynabeads Mouse T-Activator

CD3/CD28 (Gibco, Cat#11452D). Cell division of stimulated CD8+ T cells was

quantified after 72 hr using FlowJo.

In vitro OVA/MHC-I presentation

WT BMDCs were treated with 0.1 nM OVA(257-264) peptide (MBL, Cat#S-5001-P) for 

3 h. The cells were washed with PBS, fixed with 0.01% glutaraldehyde/PBS for 30 s,

washed three times with PBS and RPMI 1640 and then cocultured in 96-well round 

bottom plates with CD8+ T cells isolated from spleen of OT-I mice for 72 hr.

In vivo OVA/MHC-I presentation

CD8+ T cells were isolated from the spleens of OT-I mice using Aria III (BD Biosciences)

and labeled with CFSE. WT mice were adoptively transferred intravenously with 5.0 ×

105 of these isolated CD8+ T cells and then injected intravenously with 100 μg OVA

(KANTO CHEMICAL, Cat#01103-31) and intraperitoneally with 10 μg poly I:C

(Amersham).

Human correlative studies

Publicly available human cancer datasets from “The Cancer Genome Atlas” (TCGA)

(www.cancergenome.nih.gov) and UCSC Xena (https://xenabrowser.net/) were used to

correlate PF4 and ITGAM mRNA expression levels in tumors with patient survival.

Statistical analysis

All quantitative data are shown as mean ± standard error of mean (SEM) and were

analyzed using GraphPad Software (Prism v10.0.3). Two-tailed Student’s t-test was used

to compare two datasets. One-way or two-way analysis of variance (ANOVA) followed

by Tukey's or Dunnett's multiple comparisons test was used to detect the differences in

the results between groups. P values < 0.05 were considered statistically significant.
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