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Abstract

Immune checkpoint inhibitors have had impressive efficacy in some cancer patients, reinvigorating 

long-term durable immune responses against tumors. Despite the clinical success of these 

therapies, most cancer patients continue to be unresponsive to these treatments, highlighting 

the need for novel therapeutic options. Although P-selectin glycoprotein ligand-1 (PSGL-1) has 

been shown to inhibit immune responses in a variety of disease models, previous work has 

yet to address whether PSGL-1 can be targeted therapeutically to promote antitumor immunity. 

Using an aggressive melanoma tumor model, we targeted PSGL-1 in tumor-bearing mice and 

found increased effector CD4+ and CD8+ T-cell responses and decreased regulatory T cells 

(Tregs) in tumors. T cells exhibited increased effector function, activation, and proliferation, which 

delayed tumor growth in mice after anti-PSGL-1 treatment. Targeting PD-1 in PSGL-1-deficient, 

tumor-bearing mice led to an increased frequency of mice with complete tumor eradication. 

Targeting both PSGL-1 and PD-1 in wild-type tumor-bearing mice also showed enhanced anti-

tumor immunity and slowed melanoma tumor growth. Our findings showed that therapeutically 

targeting the PSGL-1 immune checkpoint can reinvigorate anti-tumor immunity and suggest that 

targeting PSGL-1 may represent a new therapeutic strategy for cancer treatment.
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INTRODUCTION

Immune checkpoint inhibitors have revolutionized the treatment of many cancer types, 

including melanoma, and are now standard-of-care (1,2). Blocking the PD-1/PD-L1 and 

CTLA-4 pathway in melanoma has shown efficacy in patients through the reinvigoration 

of anti-tumor T cells (3,4). Although these immune checkpoint inhibitors show significant 

clinical success in multiple cancer types, most patients with melanoma remain unresponsive, 

and many develop immune-related adverse events (irAEs)(2,5–8). Immune checkpoints 

in melanoma actively suppress T cells to induce an exhausted dysfunctional state, 

which promotes tumor growth and metastasis (9). The high expression of these immune 

checkpoints on exhausted T cells diminishes their effector functions and cytotoxicity 

(10). Although PD-1 and CTLA-4 have been well studied, additional immune checkpoints 

have been identified that also promote T-cell exhaustion, including P-selectin glycoprotein 

ligand-1 (PSGL-1)(11).

Most tumor-infiltrating leukocytes involved in the immune response express PSGL-1 (12–

14). Although T cells utilize PSGL-1 for migration through selectin interactions, PSGL-1 

binds additional molecules, such as Siglecs, chemokines, and the recently identified ligand, 

VISTA (V-domain Ig suppressor of T-cell activation)(15–18). PSGL-1 and selectin-mediated 

migration have been extensively studied; however, less is known regarding PSGL-1 

engagement in the tumor microenvironment, and whether these interactions promote T-cell 

exhaustion (19). Much of what is known regarding PSGL-1 immune inhibitory function 

has relied on the use of PSGL-1-deficient mice (Selplg−/−)(20). Studies have shown that 

Selplg−/− mice develop autoimmunity involving the skin, lungs, and kidneys (21). In 

addition, Selplg−/− mice are shown to develop glomerulonephritis in lupus-prone mice, 

scleroderma, ulcerative colitis, and experimental autoimmune encephalomyelitis (22–25). 

Selplg−/− dendritic cells (DCs) are more immunogenic, and PSGL-1 signaling in human 

monocyte-derived DCs leads to a tolerogenic phenotype that promotes regulatory T-cell 

(Treg) differentiation (26). Furthermore, Selplg−/− mice generate less Tregs in the thymus 

(26–28). PSGL-1 inhibitory function in T cells is also found during immune responses 

to viral infections and tumors (11,29). Selplg−/− mice are shown to control chronic viral 

infection and melanoma tumors through increased effector T-cell responses (11), and 

PSGL-1 is also shown to restrain proliferation of memory T cells during acute viral infection 

(30). These studies also show that despite lacking PSGL-1 expression, Selplg−/− effector 

T cells efficiently migrate to infected tissues and tumors (11). Together, these studies 

identify PSGL-1 as an important negative immune regulator that not only facilitates T-cell 

migration, but also functions as an immune checkpoint in T cells (11,30,31). Although 

studies using Selplg−/− have been important for our understanding of PSGL-1 biology, it has 

not yet been explored whether PSGL-1 can be therapeutically targeted in wild-type (WT) 

mice with established aggressive melanoma tumors. Here, we report therapeutic efficacy 

of targeting the PSGL-1 immune checkpoint in vivo in melanoma tumor-bearing mice, 
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which resulted in delayed tumor growth attributed to enhanced effector T-cell responses. 

Our findings highlight that targeting the PSGL-1 inhibitory pathway therapeutically is an 

effective strategy to enhance anti-tumor immunity in melanoma.

MATERIALS AND METHODS

A complete list of reagents used in the study in Suppl. Table S1.

Cell lines

BrafV600E/+; Pten−/−; and Cdkn2a−/− mouse melanoma cells (YUMMER1.7) were kindly 

provided by Marcus Bosenberg (Yale). B16-GP33 melanoma cells were kindly provided 

by Dr. Ananda Goldrath (UCSD). Dartmouth murine mutant malignant melanoma-3A 

(D4M-3A) were kindly provided by Dr. Francesco Marangoni (UC Irvine). Cell lines were 

maintained in Corning Dulbecco’s modified eagle’s medium with 10% fetal bovine serum 

(FBS) (D4M-3A), Corning Iscove’s Modified Dulbecco’s medium with 10% FBS and 

1% Corning Penicillin-Streptomycin-L-Glutamine (PSG)(for YUMMER1.7), or Corning 

Iscove’s Modified Dulbecco’s medium with 10% FBS, 1% (PSG) and 1% geneticin (Gibco) 

(for B16-GP33). Cell lines were passaged two times per week and underwent a minimum 

of four passages before injections. To mitigate murine cell line adaptations while in culture, 

cells were cultured for a maximum of two months in vitro. Early passages were frozen down 

for future use. No additional cell authentication was performed. All cell lines were free of 

mycoplasma.

Mice and experimental model

All experimental animal procedures were approved by the Institutional Animal Care and 

Use Committee of University of California, Irvine (AUP-18–148) and complied with all 

relevant ethical regulations for animal testing and research. C57BL/6J and Selplg−/− mice 

were purchased from the Jackson Laboratory, then bred in SPF facilities. Male mice ≥6 

weeks of age were used in experiments. Mouse selection for experiments was not formally 

randomized or blinded.

For tumor growth experiments, mice were injected subcutaneously (s.c.) with 1×106 B16-

GP33 cells in 200μL of sterile PBS or 1×106 D4M-3A cells in 100μL of sterile PBS 

and designated into treatment groups 8 days post injection (dpi) as described in the next 

section. B16-GP33 tumors were measured by caliper at 8, 10, 12, 14–18 dpi, and mice 

were euthanized at 18 dpi. B16-GP33 tumors were dissected, along with the inguinal tumor-

draining lymph nodes. D4M tumors were measured by caliper at 8,10,12, 15, 17–19 dpi, and 

tumors were dissected out at 19 dpi.

For survival experiments, mice were injected with 1×106 B16-GP33 cells s.c., and mice with 

tumors <2000 mm3 at 18 dpi were designated as surviving. Mice in each treatment group 

had an average tumor size of 60–100mm3 at 8 dpi, and mice with tumors exceeding 100 

mm3 at this timepoint were euthanized. For the YUMMER1.7 study, mice were s.c. injected 

with 2×106 YUMMER1.7 tumor cells in 200 μL sterile PBS. Tumor size was measured by 

caliper three times per week and tumors were dissected at 34 or 38 dpi. In YUMMER1.7 

experiments with T-cell depleting antibodies, tumors were measured three times per week 
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and dissected at 21 or 28 dpi. Tumors were weighed at the time of excision. Mice that 

initially had tumors >40 mm3 at 8 dpi and then had no palpable tumors following antibody 

treatment were considered to be complete responders (CR).

In vivo antibody treatments

All monoclonal antibodies for in vivo use were from BioXcell (New Hampshire, USA). For 

antibody treatments, mice were injected intraperitoneally (i.p.) with 200 μg anti-PD-1 (clone 

RMP1–14), anti-PSGL-1 (clone 4RA10), or rat IgG (Sigma) isotype control on day 8, 10, 

and 12 after tumor inoculation (B16GP33 and D4M-3A) or day 11, 13, and 15 after tumor 

inoculation (YUMMER1.7). CD8+ T cells were depleted by intraperitoneal (i.p.) injection 

of 400 μg anti-mouse Thy1.2 (CD90.2; clone 30H12 from BioXCell), 400 μg anti-mouse 

Thy1.1 (CD90.1; clone 19E12 from BioXCell), or rat IgG isotype control. Antibodies were 

injected at day −1, 0, and 3 (B16-GP33) or day −1, 0, 3, and 14 (YUMMer1.7) in respect 

to tumor inoculation occurring at day 0. The efficacy of depletion was assessed by flow 

cytometry analysis of retro-orbital blood samples collected on day 8 (B16-GP33) or day 8, 

14, and 21 (YUMMER1.7).

Tissue digestion

B16-GP33 tumors were excised, minced, and digested with the gentleMACS™ Octo 

Dissociator with heaters (Miltenyi Biotec) using the program 37C_m_TDK_1 for 42 

minutes with RPM1 and enzyme A and enzyme R from the gentleMACS lung dissociation 

kit. Digests were then passed through a 70-μm cell strainer, centrifuged at 1200 RPM, 

washed with RPMI, and then resuspended to generate single-cell suspensions. Spleens 

were passed through a 70-μm cell strainer, incubated with red blood lysis buffer (Millipore 

Sigma), and resuspended in Wash Media (Corning HBSS with 2% PSG, 1% FBS, and 

0.5% HEPES). Tumor draining lymph nodes were passed through a 70-μm cell strainer and 

resuspended in Wash Media. Cells were then stained for flow cytometry as described below.

Flow Cytometry

Live spleen, tumor draining lymph nodes, and tumor single-cell suspensions were counted 

by hemocytometer with trypan blue stain and plated at a concentration of 2×106 live cells 

per well in a U bottom 96 well plate. Plated cells were washed twice with FACS staining 

buffer (Corning DPBS with 0.5% FBS and 0.5% NaN3 (stock at 10%)), fixed for 15 

minutes with 1% formaldehyde in PBS, washed twice, and resuspended in FACS staining 

buffer. For intracellular cytokine staining to quantify IFNγ, TNFα, IL2, and granzyme B 

production, cells were resuspended in complete RPMI-1640 (containing 10 mM HEPES, 1% 

nonessential amino acids and L-glutamine, 1 mM sodium pyruvate, 10% heat inactivated 

FBS, and 2% PSG) supplemented with 50 U/mL IL2 (NCI) and 1 mg/mL brefeldin A (BFA, 

Sigma). Cells were then incubated with phorbol myristate acetate (10 ng/mL) and ionomycin 

(0.5 μg/mL) at 37°C for 16 hours overnight. Cells were then fixed and permeabilized using 

a Cytofix/Cytoperm Kit (BD Biosciences) before staining. For intranuclear staining, cells 

were fixed and permeabilized using a Foxp3 transcription factor fixation/permeabilization 

kit (Invitrogen) and stained for Ki67 and FOXP3. Antibodies are listed in Suppl. Table S1. 

Surface stains were performed at a 1:200 dilution, whereas intracellular and intranuclear 

stains were performed at a 1:100 dilution. All cells were gated with a lymphocyte gate, 
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followed by two single-cell gates. Activated CD8+ T cells were gated as CD8+CD44hi, and 

within this population, terminal exhausted cells were gated as PD-1hiTIM-3hi. CD4+ T cells 

were gated as CD4+CD44hi and then divided into FOXP3+ Tregs and FOXP3- effector cells. 

Dividing cells in CD8+CD44hi, CD4+CD44hiFOXP3-, and CD4+CD44hiFOXP3+ were gated 

as Ki67+. Cells numbers were calculated by taking CD8+CD44hi, CD4+CD44hiFOXP3-, or 

CD4+CD44hiFOXP3+ frequencies of single cells and multiplying by the total tumor cell 

counts. Expression was determined by taking the geometric mean of TIM-3, PD-1, LAG3, 

and PSGL-1 in CD8+CD44hi, CD4+CD44hiFOXP3-, and CD4+CD44hiFOXP3+ populations. 

Representative FACS plots for Treg, Granzyme B, Ki67, and PD-1hiTIM-3hi gating are 

shown in figures where appropriate. FMO and isotype controls are shown in supplement 

where indicated. All data were collected on a Novocyte 3000 cytometer (Agilent) and 

analyzed using FlowJo Software (Tree Star).

Tetramer Staining

B16-GP33 tumor-derived, single-cell suspensions were stained with a GP33 tetramer reagents 

for 1 hour and 15 minutes at room temperature in complete RPMI-1640, washed twice, fixed 

for 15 minutes with 1% formaldehyde in PBS, washed twice, and resuspended in FACS 

staining buffer. A B16-GP33 tumor sample stained with all reagents, except for the GP33 

tetramer, was used as a negative control for tetramer staining. Samples were collected on the 

Novocyte 3000 cytometer and analyzed with FlowJo Software.

3’ single-cell RNA-sequencing (scRNA-seq) and analyses

WT mice were injected s.c. with 1 × 106 B16-GP33 melanoma cells and treated with 

200 μg IgG, 200 μg anti-PD-1, 200 μg anti-PSGL-1, or 200 μg each of anti-PSGL-1/

anti-PD-1 at 8, 10, and 12 dpi. Tumors were excised and processed at 18 dpi, as 

indicated above, and immune cells were sorted using propidium iodide (PI) and anti-

CD45.2 (PI-CD45.2+) and processed for 3’ scRNA-seq. Sorted cells were checked for 

DNA quality and concentration (range 693.9–859.93 pg/μL) and prepared using 10X 

Genomics Chromium Single-Cell Platforms (Suppl. Table S1), followed by sequencing 

using an NovaSeq 6000. Raw reads were subjected to quality control analysis with 

FASTQC software and aligned to the reference transcriptome mm10 using a short-read 

aligner STAR68 via 10X pipeline cellRanger (v.3.1.0) free open source software available 

at (https:www.bioinformatics.babraham.ac.uk/projects/fastqc/). The following represent the 

number of cells obtained per sample processed: IgG (9726 cells), anti-PD-1 (5614 cells), 

anti-PSGL-1 (7292 cells), and combination (4596 cells). All cells had an average read 

depth of approximately 18,763 reads per cell, with 2,500 to 3,000 median unique molecular 

identifiers across approximately 15,000 genes each.

Doublets observed predominantly in larger analyses, particularly the IgG analysis, were 

identified and removed using Scrublet (32). Expression matrices underwent filtering 

(nFeature_RNA > 200 and < 5,500 – 6000, percent.mt < 5), normalization, scaling, principle 

component analysis (PCA), and subsequent UMAP analysis using Seurat packages (33). 

Resultant Seurat objects were integrated using a CCA (canonical correlation analysis)–based 

integration method (34). Unique functional cell types were identified by gene expression 

profiling and queried against Immgen gene expression databases (www.immgen.org) using 
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the interactive tool “MyGeneSet”. Results were visualized using Seurat FeaturePlot, 

DotPlot and HeatMap functions. Feature plots and dot plots were generated using Seurat 

pipeline functions and log-normalized raw counts (data slot). Heatmaps were created using 

the Seurat DoHeatMap function with log-normalized and scaled raw counts (scale.data 

slot). All functions were run in the RNA assay. The integrated subsetted CD8+ T-cell 

Seurat object, containing all 4 conditions, was converted to a SingleCellExperiment 

(SCE) object for subsequent Slingshot analysis as described (https://rdrr.io/github/kstreet13/

bioc2020trajectories/f/vignettes/workshopTrajectories.Rmd (Street, K. 2018)). Cluster 2 

(TPEX) was defined as the “start cluster”.

Data and code availability

The authors declare that all supporting data are available within the article and its 

Supplementary files. 3’ scRNA-seq datasets are deposited in the Gene Expression Omnibus 

(GEO) database under the accession code: GSE196112.

Quantification and statistical analysis

Data were analyzed using Prism GraphPad software. Analysis was performed using two-

tailed t-tests or Mann–Whitney U tests. Tumor volume growth curves were analyzed by 

2-way analysis of variance (ANOVA) with Sidak’s multiple comparisons test (two groups) 

or 2-way ANOVA with Tukey’s multiple comparisons test (four groups). Survival was 

analyzed by log-rank (Mantel-Cox) test. Unless otherwise noted, all data are shown as the 

mean ± SEM.

RESULTS

Selplg is expressed by melanoma tumor-infiltrating immune cells

To determine how PSGL-1 was regulated in tumor-infiltrating immune cells, we implanted 

wild-type (WT) mice with B16-GP33-expressing melanoma cells (35) and evaluated Selplg 
gene expression at 18 days post injection (dpi) in CD45.2+ sorted cells using 3’ scRNA-seq 

(Fig. 1A-B). We characterized the tumor-infiltrating CD45.2+ myeloid and non-myeloid 

immune cells, including macrophages, DCs, neutrophils, T cells, NK cells, and B cells (Fig. 

1A, Suppl. Fig. S1, Suppl. Fig. S2A-F). Selplg was expressed by subsets of macrophages, 

DCs, and neutrophils, with very low expression in B cells (Fig. 1B). The highest Selplg 
expression was observed in CD4+ and CD8+ T cells and NK cells (Fig. 1B). We additionally 

analyzed expression of the PSGL-1 ligands P-selectin (Selp) and VISTA (Vsir) and detected 

uniformly low Selp expression, whereas high Vsir expression was observed in macrophages, 

neutrophils, and T cells (Fig. 1C-D, Suppl. Fig. S2G-H). These findings showed that 

although Selplg was expressed in most immune cells, the highest expression was observed in 

T cells and NK cells that infiltrated melanoma tumors.

PSGL-1 is upregulated and co-expressed with immune checkpoints on tumor-infiltrating T 
cells

Because we found high Selplg expression in tumor-infiltrating T cells, we next characterized 

how PSGL-1 protein expression was regulated during the anti-tumor response. We detected 

high PSGL-1 expression in effector CD4+ T cells (CD4+CD44+FoxP3-), CD8+ T cells 
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(CD8+CD44+), and Tregs (CD4+CD44+FoxP3+) in tumor draining lymph nodes (TdLNs) 

and significant upregulation in tumors (Fig. 1E-F, Suppl. Fig. S3A). We next determined 

whether PSGL-1 was co-expressed with additional immune checkpoints and found the 

majority of tumor-infiltrating CD8+ T cells expressed both PSGL-1 and PD-1, TIM-3, and 

LAG3 (Fig. 1G, Suppl. Fig. S3B-C). The majority of effector CD4+ T cells and Tregs also 

had this phenotype, with most tumor infiltrates being PSGL-1+PD-1+, PSGL-1+TIM-3+, 

and PSGL-1+LAG3+ (Fig. 1G, Suppl. Fig. S3B-C). Although T cells in TdLNs expressed 

PSGL-1, the frequencies of co-inhibitory expression (PD-1, TIM-3, LAG3) were lower 

compared to the high co-expression found in tumors (Fig. 1G, Suppl. Fig. S3D-E). These 

findings showed that PSGL-1 had high expression in TdLN T cells and was further 

upregulated, along with other immune checkpoints, on tumor-infiltrating T cells.

PSGL-1 immune checkpoint targeting changed the melanoma tumor immune landscape

Because we observed Selplg expression in various immune cells and PSGL-1 upregulation 

on all T-cell subsets in melanoma tumors, we next determined whether targeting PSGL-1 

and PD-1 in tumor-bearing mice alone or in combination with immune checkpoint blockade 

could alter tumor growth. We observed large B16-GP33 tumors in IgG and anti-PD-1 

treated mice and significantly smaller tumors in anti-PSGL-1 and anti-PD-1/anti-PSGL-1 

(combination) treated mice (Fig. 2A). We next evaluated the immune cell landscape in these 

mice by scRNA-seq and identified 18 cell clusters using Immgen (Fig. 2B, Suppl. Fig. 

S2A-F). We determined changes in cell type frequencies among all four treatment groups. 

Compared to the IgG and anti-PD-1 groups, the anti-PSGL-1 and combination groups had 

an increase in neutrophils and T cells, whereas DCs and NK cells were decreased (Fig. 

2B-C). Compared to the anti-PD-1 group, the anti-PSGL-1 and combination groups had 

increased DCs, neutrophils, B cells, and T cells and decreased macrophages and NK cells 

(Fig. 2B-C).

Because we observed an increase in T cells after anti-PSGL-1 and combination treatments, 

we further evaluated these clusters independently. We observed six Cd4+ clusters that 

mapped to Tregs, CD4+ T cells, and CD4lo NKT cells (Fig. 2D-E, Suppl. Fig. S4A-B). 

Compared to IgG and anti-PD-1 treated tumors, the anti-PSGL-1 and combination groups 

had decreased Tregs and increased CD4+ T cells (Fig. 2F). Further gene expression 

profiling revealed that compared to IgG, the anti-PSGL-1 group had decreased expression 

of inhibitory receptor genes (Havcr2, Lag3, Entpd1, Cd38, Cd101, Tigit, Ctla4, Btla), 

increased activation (Cd69, Cd44, Cd28, Klrg1) and effector function genes (Ifng, Tnf, Il2, 

Cd40lg, Bhlhe40), increased survival genes (Il2ra, Il2, Il7r), and decreased inhibitory genes 

(Il10, Tgfb1, Foxp3)(Fig. 2G). Many of the inhibitory genes downregulated in anti-PSGL-1 

tumors were increased in the anti-PD-1 group, whereas effector genes (Ifng, Tnf, Il2, 

Cd40lg, Bhlhe40) were decreased with anti-PD-1 treatment (Fig. 2G).

We next evaluated Cd8+ cells and identified four subclusters (Fig. 2H, Suppl. Fig. S4C-D). 

Slingshot trajectory analysis showed a developmental trajectory which originated with C2, 

progressed through C0 and C1, and ended at C3 (Fig. 2H). Most clusters had similar 

frequencies among treatment groups, except for C2, which was lowest in the anti-PD-1 

treated group (Fig. 2I). Based on the trajectory analysis, we next evaluated whether there 
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were changes in progenitor (Tpex) and terminally (Tex) exhausted T-cell gene signatures in 

these clusters (Fig. 2J)(36,37). We found that C2 represented the Tpex population, whereas 

C0, C1, and C3 were terminally exhausted clusters (Fig. 2J). C2 had the highest expression 

of Tcf7, Slamf6, Cd69, and Bcl2, whereas the other clusters had the lowest expression of 

these genes (Fig. 2J). Following the terminally exhausted trajectory, C0 and C1 had higher 

Cd200, Havcr2, Cd244, Cd160, and Gzmb expression (Fig. 2J). Additional global changes 

in activation and inhibitory markers, as well as transcription factors, were observed within 

the treatment groups (Suppl. Fig. S4E-F). These findings showed that targeting PSGL-1 

alone or in combination with PD-1 in melanoma tumor-bearing mice changed the immune 

landscape, resulting in decreased Tregs and increased effector CD4+ and CD8+ T-cell gene 

signatures.

Anti-PSGL-1 and combination treatments increase effector gene signatures in Cd4+ and 
Cd8+ T cells

We further evaluated the gene expression patterns in Cd4+ clusters within treatment groups 

(Suppl. Fig. S5A). We observed that compared to IgG, all treatment groups increased Il10, 

Tgfb1, Il2ra, Itk, Cd28 in Treg clusters (C1 and C3)( Suppl. Fig. S5A). Non-proliferative 

Tregs (C1) had higher Klrg1 expression in the anti-PSGL-1 and combination groups, 

whereas Klrg1 expression in proliferative Tregs (C3) was highest in the anti-PSGL-1 

and anti-PD-1 groups (Suppl. Fig. S5A). Pdcd1 expression in non-proliferative Tregs was 

highest in groups treated with anti-PD-1 and combination, yet proliferative Tregs showed 

the lowest Pdcd1 in the anti-PD-1 group (Suppl. Fig. S5A). Analysis of the effector Cd4+ 

cell clusters (C0,C2,C4,C5) showed that compared to IgG and anti-PD-1, higher Il2, Tnf, 
Ifng, Fasl, Itk, and Cd28 (except for C5) expression was observed with anti-PSGL-1 and 

combination treatment (Suppl. Fig. S5A). There were unique changes in gene expression 

with anti-PSGL-1 treatment, which included higher Il2, Tnf, Cd40lg, and Cd69 expression 

in many clusters (Suppl. Fig. S5A). Combination treatment often led to the highest 

expression of effector genes, even showing synergy in some effector genes (Il2, Tnf, Fasl)
(Suppl. Fig. S5A).

We next evaluated the gene expression in Cd8+ clusters and observed that compared to IgG, 

clusters from all three treatments groups had higher Ifng, Prf1, Lamp1, Fasl, Cd28, Itk, 

Entpd1, Cd44, Cd69, Havcr2 expression (Suppl. Fig. S5B). Anti-PD-1 treatment led to an 

upregulation of Il2 and Il2ra, as well as Cd200 (Suppl. Fig. S5B). Anti-PSGL-1 treatment 

led to an increase in Klrg1 and Slamf6 expression, as well as in the survival genes Il7r 
and Bcl2 (Suppl. Fig. S5B). The combination treatment group had the highest expression of 

the effector genes Tnf, Gzma, and Gzmb, and many clusters showed synergistic expression 

of Tnf, Gzma, Gzmb, Itk, and Icos. Tox2 was also upregulated in combination treatment 

clusters (Suppl. Fig. S5B). These findings showed that anti-PSGL-1 monotherapy increased 

expression of activation and pro-survival genes, whereas the combination treatment resulted 

in enhanced effector T-cell gene signatures.
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PSGL-1 antibody treatment in tumor-bearing mice delays B16-GP33 melanoma tumor 
growth

We next sought to verify our findings from the scRNA-seq analysis by evaluating T-cell 

changes between WT and anti-PSGL-1 treated mice. WT mice were injected subcutaneously 

with B16-GP33 melanoma tumor cells and at 8 dpi, when tumors were palpable, mice 

received either IgG or anti-PSGL-1 (Fig. 3A). We found that melanoma tumors grew 

in IgG treated mice, but tumor growth rate was significantly decreased in anti-PSGL-1 

treated mice (Fig. 3B-C). Furthermore, tumors from the anti-PSGL-1 treated mice had lower 

masses compared to control IgG groups (Fig. 3D). We next examined how anti-PSGL-1 

treatment changed the infiltration and activation of T cells within melanoma tumors. We 

found that anti-PSGL-1 treated mice had a higher frequency of activated CD8+ T cells in 

tumors, although nearly all the tumor-infiltrating CD8+ T cells were activated with both 

treatments (Fig. 3E). In contrast, activated CD4+ T-cell frequencies were increased and Treg 

frequencies were decreased in the tumors of mice that received anti-PSGL-1 treatment (Fig. 

3E-F). Because we observed a difference in Tregs, we compared the ratio of effector T 

cells to Tregs in tumors and found a significant increase in effector T cells compared to 

Tregs in mice that received PSGL-1 antibody (Fig. 3G-H). Therefore, anti-PSGL-1 therapy 

in melanoma tumor-bearing mice resulted in tumor control and changed the landscape of T 

cells that infiltrated these tumors, favoring an increase in effector CD4+ and CD8+ T cells, 

while decreasing the frequency of Tregs.

PSGL-1 targeting increased effector T-cell responses in melanoma tumors

We next determined the extent that anti-PSGL-1 treatment changed the functionality of the 

tumor-infiltrating CD4+ and CD8+ T cells. The frequency of granzyme B+ CD8+ T cells 

was increased in anti-PSGL-1 treated mice compared to CD8+ T cells from IgG treated 

mice (Fig. 3I-J). We also detected low IFNγ and TNFα production in T cells from IgG 

treated mice after PMA/Ionomycin re-stimulation, whereas CD4+ and CD8+ T cells in the 

anti-PSGL-1 treated group had a significantly higher IFNγ and TNFα production (Fig. 

3K-M). Our findings showed that anti-PSGL-1 therapy in tumor-bearing mice increased 

effector functions in tumor-infiltrating CD4+ and CD8+ T cells.

PSGL-1 targeting differentially modulates immune checkpoints on T cells

Because anti-PSGL-1 treatment increased effector functions in anti-tumor T cells, we next 

evaluated how targeting PSGL-1 modulated immune checkpoint expression in these cells. 

We observed high PD-1, LAG3, and TIM-3 in CD8+ T cells from IgG treated mice with 

melanoma tumors (Fig. 4A). CD8+ T cells from tumors of anti-PSGL-1 treated mice had 

higher surface expression of these immune checkpoints than IgG treated mice (Fig. 4A, 

Suppl. Fig. S6A). In contrast to CD8+ T cells, CD4+ T cells from tumors of anti-PSGL-1 

treated mice had no difference in PD-1 expression, but didi have decreased TIM-3 and 

LAG3 expression (Fig. 4B, Suppl. Fig. S6B). Like effector CD4+ T cells, Tregs also 

expressed similarly high PD-1 in IgG and anti-PSGL-1 treated mice (Fig. 4C, Suppl. Fig. 

S6C). In contrast to CD4+ and CD8+ T cells, Tregs had no difference in expression levels 

of TIM-3 and LAG3 between IgG and anti-PSGL-1 treated mice (Fig. 4C, Suppl. Fig. S6C). 

These data showed that although all T cells in tumors expressed high PSGL-1, PSGL-1 
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targeting differentially changed expression of inhibitory receptors in CD4+ and CD8+ T 

cells, but not in Tregs.

Terminally exhausted CD8+ T cells are increased after anti-PSGL-1 treatment

Because we observed increased expression of immune checkpoints in CD8+ T cells from 

anti-PSGL-1 treated mice, we next evaluated whether terminally vs progenitor exhausted T-

cell subsets were different among treatment groups. We observed an increased frequency of 

terminally exhausted (PD-1hiTIM-3+) CD8+ T cells and decreased frequency of progenitor 

exhausted (PD-1intTIM-3-) CD8+ T cells in tumors after anti-PSGL-1 treatment (Fig. 4D-

E). We also detected a population of PD-1-TIM-3- CD8+ T cells that was decreased in 

anti-PSGL-1 treated mice (Fig. 4D-E). Terminally exhausted T cells, which retain cytotoxic 

function, are increased after anti-PD-1 immune checkpoint therapy (38–40). We observed 

that terminally exhausted T cells proliferated more than progenitor exhausted T cells in both 

treatment groups, as shown by higher Ki67+ cells (Suppl. Fig. S6D). We observed increased 

proliferation in the PD-1-TIM-3- population from anti-PSGL-1 treated mice (Suppl. Fig. 

S6D), despite their lower frequencies in the anti-PSGL-1 treated mice (Fig. 4D). Ki67 

may last longer in cells than the period of proliferation; therefore, the increased Ki67 

in the PD-1-TIM-3- population could indicate more rapid differentiation into the terminal 

state. Because the proliferative burst after anti-PD-1 treatment resulted in the accumulation 

of the PD-1hiTIM-3+ population, we examined whether anti-PSGL-1 treatment changed 

the absolute number of these T cells within tumors. We detected an increase in the 

accumulation of these terminally exhausted CD8+ T cells in melanoma tumors after anti-

PSGL-1 treatment (Fig. 4F). Because our earlier findings showed a decrease in Tregs after 

anti-PSGL-1 treatment, we evaluated whether the PSGL-1 antibody (clone 4RA10 IgG1) 

depleted cells in vivo. We found no depletion of Tregs, CD4+, or CD8+ T cells in spleen 

or lymph nodes in anti-PSGL-1 treated mice (Suppl. Fig. S6E). These findings indicate that 

after anti-PSGL-1 treatment, there is an increase in the presence of terminally exhausted 

(PD-1hiTIM-3+) T cells in tumors.

Targeting PSGL-1 with PD-1 blockade promotes anti-tumor immunity to melanoma

We next assessed the efficacy of combination therapy with antibodies targeting PSGL-1 and 

PD-1 in B16-GP33 tumor-bearing mice (Suppl. Fig. S7A) and frequencies of activated T 

cells in tumors. We found that the majority of CD8+ T cells in tumors were CD44+, with a 

small increase in activated CD8+ T cells in mice treated with anti-PSGL-1 and combination 

therapy (Fig. 5A). We observed increased frequencies of CD4+ T cells in mice that received 

anti-PSGL-1 monotherapy and combination therapy compared to IgG or anti-PD-1 treated 

mice (Fig. 5A). Although we observed a large Treg infiltrate in tumors from IgG and 

anti-PD-1 treated mice, anti-PSGL-1 monotherapy and combination therapy both caused a 

significant decrease in frequency of Tregs (Fig. 5A). Furthermore, we found an increased 

ratio of effector CD4+ and CD8+ T cells to Tregs in mice treated with anti-PSGL-1 and 

combination therapy compared to IgG treated mice (Fig. 5B-C). We next determined if 

antibody therapy affected T-cell proliferation in tumors and found that compared to IgG, 

anti-PD-1 treatment increased CD8+ but not CD4+ T-cell proliferation, as measured by Ki67 

(Fig. 5D-E). We did detect, however, a significant increase in Ki67+ CD8+ and CD4+ T cells 

after both anti-PSGL-1 monotherapy and combination therapy (Fig. 5D-E). We detected 
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increased proliferation in T cells from anti-PSGL-1 treated mice, and the combination 

therapy had similar results, showing no further increase from the addition of anti-PD-1 

(Fig. 5D-E). To determine how combination therapy changed T-cell function, we evaluated 

granzyme B in CD8+ T cells (Fig. 5F-G). We found similar frequencies of granzyme B+ 

CD8+ T cells in tumors from IgG and anti-PD-1 treated mice and increased frequencies 

after anti-PSGL-1 monotherapy and combination therapy (Fig. 5F-G). We again did not 

detect enhanced granzyme B production when anti-PD-1 was combined with anti-PSGL-1 

treatment. Although we saw increased anti-tumor immunity with anti-PSGL-1 treatment 

in experiments performed with B16-GP33 melanoma cells, tumors eventually grew in all 

treatment groups, and mice had to be euthanized. However, we observed the highest median 

survival at 18 dpi in mice treated with combination therapy (Fig. 5H). These findings 

showed that anti-PSGL-1 therapy improved anti-tumor immunity in melanoma tumors that 

were largely unresponsive to PD-1 therapy.

Antigen-specific CD8+ T cells are increased relative to Tregs in tumors after antibody 
targeting of PSGL-1

We next quantified the number of T cells infiltrating tumors and found increased infiltration 

of CD8+ and CD4+ T cells in anti-PSGL-1 treated mice compared to IgG control (Fig. 

6A). We observed similar numbers of Tregs in IgG and anti-PD-1 treated mice but 

found a significant decrease in anti-PSGL-1 and combination treated mice (Fig. 6B). No 

differences in Treg numbers in tumors were observed between mice receiving anti-PSGL-1 

monotherapy or combination therapy (Fig. 6B). We next examined the frequencies of 

antigen-specific CD8+ T cells by staining with MHC class I tetramer specific for the GP33 

peptide expressed by B16-GP33 melanoma. We found similar frequencies of GP33
+CD8+ T 

cells in IgG and anti-PD-1 treated mice, a significant increase in the frequency of GP33
+ 

CD8+ T cells in anti-PSGL-1 treated mice, and a trend towards increased frequency in 

combination treated mice compared to IgG (Fig. 6C-D). We observed no differences in 

the numbers of GP33
+CD8+ T cells per gram of tumor among treatment groups (Fig. 6C). 

We quantified the ratio of GP33
+CD8+ T cells to Tregs in tumors and found a significant 

increase in GP33
+CD8+ T cells compared to Tregs in anti-PSGL-1 and combination treated 

mice compared to IgG and anti-PD-1 treated mice (Fig. 6E). To assess the role of T 

cells in this model, we next depleted T cells in tumor-bearing mice that received immune 

checkpoint antibody therapy (Suppl. Fig. S7B). We found no differences in tumor volume 

or mass in any of the antibody treated groups (Suppl. Fig. S7C-D). We next evaluated 

the efficacy of anti-PSGL-1 treatment in a different melanoma tumor model. We treated 

WT mice harboring D4M-3A tumors with anti-PSGL-1 and found a significant decrease 

in tumor volume and mass compared to IgG treated mice (Fig. 6F-G). These findings 

showed increased ratio of tumor-infiltrating, antigen-specific CD8+ T cells to Tregs after 

anti-PSGL-1 and combination treatment. Anti-PSGL-1 treatment also slowed D4M-3A 

melanoma tumor growth, which like B16-GP33, is also an aggressive tumor resistant to 

anti-PD-1 treatment (41).

PSGL-1 deficiency with anti-PD-1 treatment promotes melanoma tumor control

We next determined whether immune checkpoint therapy could be combined with PSGL-1 

deficiency to promote melanoma tumor control. We injected WT and Selplg−/− mice 
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subcutaneously with YUMMER1.7 melanoma cells, a highly immunogenic, anti-PD-1 

sensitive cell line (Fig. 7A)(42) and treated with either IgG or anti-PD-1 when tumors 

were measurable. We found that WT IgG treated mice developed tumors that continued to 

increase in size (Fig. 7B-C). WT anti-PD-1 treated mice also developed tumors and average 

tumor volume was similar to IgG treated mice (Fig. 7B-C). In contrast, Selplg−/− mice 

treated with IgG had significantly smaller tumors compared to WT IgG or anti-PD-1 treated 

mice (Fig. 7B-C). Furthermore, when Selplg−/− mice were injected with anti-PD-1, they 

demonstrated the most robust tumor control of all four groups examined, eliminating their 

tumors by 24 dpi (Fig. 7B-C). Despite some small tumors present in some WT IgG treated 

mice, none (0/6) controlled their tumors, whereas WT anti-PD-1 treated mice (2/6) showed 

tumor control (Fig. 7D). In contrast, a portion of Selplg−/− IgG treated mice (3/6) eliminated 

tumors, whereas all Selplg−/− anti-PD-1 treated mice (6/6) eradicated their tumors (Fig. 7D). 

To demonstrate the robustness of this phenotype, we combined tumor control data from 

three independent experiments. We determined complete responses (CR) leading to tumor 

clearance in 0/18 (0%) WT IgG, 4/18 (22%) WT anti-PD-1, 4/19 (21%) Selplg−/− IgG, 

and 13/20 (65%) in Selplg−/− anti-PD-1 treated mice (Fig. 7E). Although some Selplg−/− 

anti-PD-1 treated mice had tumors, the tumors never reached the larger volumes observed 

in the IgG or anti-PD-1 treatment groups (Fig. 7E). To confirm the role of T cells in 

the observed phenotypes, we depleted T cells in WT and Selplg−/− mice before anti-PD-1 

therapy and observed tumor growth, with no tumor clearance in all mouse groups by 28 dpi 

(Fig. 7F-G). These findings showed that although Selplg−/− mice had better tumor control 

than WT mice, combining PSGL-1 deficiency with PD-1 blockade resulted in the highest 

frequency of tumor-free mice.

DISCUSSION

In this study, we targeted PSGL-1 in tumor-bearing mice and uncovered an increased 

anti-tumor T-cell response in the tumor microenvironment, which slowed melanoma tumor 

growth and increased the activation of effector CD4+ and CD8+ T cells in tumors. T cells 

from anti-PSGL-1 treated mice had increased effector functions, proliferation, and were 

essential in delaying tumor growth after antibody treatment. We found that targeting PSGL-1 

decreased the frequencies of Tregs in tumors, resulting in an increased presence of effector T 

cells. We assessed whether combination treatment further improved anti-tumor responses in 

WT mice and found that targeting PSGL-1 and PD-1 resulted in smaller tumors compared to 

IgG controls, and combination therapy had a similar efficacy to anti-PSGL-1 monotherapy. 

Even though combination therapy did not eliminate the poorly immunogenic B16-GP33 

cell line, we did find complete responses when Selplg−/− tumor-bearing mice were given 

anti-PD-1 therapy using the more immunogenic YUMMER1.7 cell line.

It is well established that immune checkpoints are upregulated on exhausted T cells in 

tumors and inhibit T-cell effector functions (43). Although most immune checkpoints are 

induced upon T-cell activation, PSGL-1 is constitutively expressed on T cells. However, 

PSGL-1 expression does increase significantly as T cells move from the TdLNs into the 

tumor microenvironment. Although PSGL-1 was expressed on all tumor-infiltrating T cells, 

expression differed in CD4+ and CD8+ T cells, and Tregs, with Tregs expressing the highest 

levels. Furthermore, most T cells in melanoma tumors co-expressed PSGL-1 and additional 
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immune checkpoints (PD-1, TIM-3, LAG3). This suggests potential co-regulation of these 

inhibitory receptors and possible cooperation in promoting the T-cell exhaustion state. 

Indeed, Selplg−/− T cells in melanoma tumors are shown to have decreased PD-1, TIM-3, 

and LAG3 (11). Our findings suggest that these varying PSGL-1 levels in tumor-infiltrating 

T cells may result in different phenotypic and functional changes as these cells respond to 

tumor antigens. This concept is supported by our observations of increased PD-1, TIM-3, 

and LAG3 on CD8+ T cells, decreased TIM-3 and LAG3 on CD4+ T cells, and unchanged 

immune checkpoint expression in Tregs from anti-PSGL-1 treated mice. Although CD8+ 

T cells expressed higher immune checkpoints after PSGL-1 targeting, these levels are 

proposed by others to indicate T-cell activation (44). Furthermore, it was recently shown that 

exhausted CD8+ T cells increase their PD-1 expression and TCR signaling after anti-PD-L1 

blockade in vivo (45). Anti-tumor CD8+ T cells responding to PD-1 checkpoint blockade 

have increased frequencies of the exhausted terminal PD-1hiTIM-3+ population, seeded by 

proliferation of progenitor exhausted T cells (36). Although this is a terminally exhausted 

population, these T cells retain effector functions that promote tumor killing (36). Like PD-1 

blockade, we found that after anti-PSGL-1 treatment, PD-1hiTIM-3+ CD8+ T cells were 

enriched in tumors, indicating that this population may be key in promoting tumor killing. 

This conclusion was supported by the increased IFNγ, TNFα, and granzyme B production, 

increased proliferation, and the increased T-cell activation gene signatures we observed 

in CD8+ T cells in tumors from anti-PSGL-1 treated mice. CD4+ T cells had decreased 

TIM-3 and LAG3 immune checkpoint expression and were more functional in anti-PSGL-1 

treated mice, suggesting improved help to CD8+ T cells during therapy, as CD4+ T-cell 

help is critical in melanoma tumor control (46,47). Indeed, our scRNA-seq analyses showed 

improved CD4+ T-cell helper functions after anti-PSGL-1 treatment.

The cellular mechanisms that promote melanoma tumor control during anti-PSGL-1 

treatment require T cells, as shown by our studies in which T cell-depleted mice treated 

with anti-PSGL-1 antibodies had no observable tumor control. Although we found that 

T cells were critical in mediating melanoma tumor control, it is possible that additional 

immune cells may also be modulated after anti-PSGL-1 therapy. Others have shown that 

Selplg−/− DCs are more stimulatory and that PSGL-1 signaling can induce tolerogenic 

DCs that support Tregs (26). Future studies will address how anti-PSGL-1 therapy alters 

the differentiation and function of additional immune cells in the melanoma tumor 

microenvironment to support an improved anti-tumor T-cell response.

Our finding that Treg frequencies were decreased in melanoma tumors after anti-PSGL-1 

therapy further highlights the inhibitory role of Tregs in limiting effector T-cell responses. 

Studies have shown that depleting Tregs in melanoma tumors can promote tumor rejection 

(48), and the ratio of Tregs to effector T cells increases in growing tumors (49). Decreasing 

Tregs in murine and human cancers has been suggested to predict immunotherapy efficacy 

(50–52). We found decreased Tregs and increased effector T cells after anti-PSGL-1 

treatment. These findings suggest that a more pro-inflammatory environment was present 

in tumors from anti-PSGL-1 treated mice. Our findings that anti-PSGL-1 treatment 

reinvigorated CD4+ and CD8+ T-cell proliferation in tumors supports the concept that 

targeting PSGL-1 can relieve Treg-mediated inhibition. This was further supported by 

our scRNA-seq analysis showing upregulated activation and effector genes in Cd4+ and 
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Cd8+ cells after anti-PSGL-1 treatment. Important for therapeutic purposes, these immune 

changes occurred after melanoma tumors were already palpable in mice, indicating that 

reducing Tregs in established tumors is attainable when PSGL-1 is targeted.

Melanoma is a very aggressive cancer and until recently, patients with metastatic disease had 

few treatment options and most died within months of diagnosis (53). Immune checkpoint 

blockade therapies, such as anti-PD-1 and anti-CTLA-4 treatment, have saved the lives 

of patients worldwide, but many continue to be unresponsive to these therapies (54). 

Although the human disease differs from melanoma in animal models, preclinical studies 

have been key in testing the efficacy of new approaches to reinvigorate T cells in tumors. 

We injected highly immunogenic YUMMER1.7 melanoma cells into mice and discovered 

that Selplg−/− mice had better tumor control than WT IgG or WT anti-PD-1 treated mice. 

When tumor-bearing Selplg−/− mice were additionally injected with anti-PD-1, these mice 

showed complete responses, with many mice eliminating their tumors. These findings mirror 

clinical findings showing that immune checkpoint blockade therapies are more effective in 

patients with highly mutated melanomas (55). Our findings in Selplg−/− mice underscore the 

relevance of combining PSGL-1 inhibition with PD-1 blockade as a new strategy to promote 

tumor control.

Our studies using the highly aggressive B16 melanoma model revealed that anti-PSGL-1 

antibody therapy was effective in slowing melanoma growth through mechanisms leading to 

increased T-cell activation, proliferation, and effector functions. B16 melanomas have been 

reported to be resistant to anti-PD-1 and anti-PD-L1 therapy (56,57), and we found that anti-

PSGL-1 treatment in tumor-bearing mice could delay B16 tumor growth. We also observed 

delayed D4M-3A melanoma tumor growth in anti-PSGL-1 treated mice, an additional 

melanoma cell line resistant to anti-PD-1 therapy (41). When we combined therapies in 

B16-tumor bearing mice by injecting them with anti-PSGL-1 and anti-PD-1, we observed no 

enhancement of T-cell effector phenotypes. However, the combination treatment increased 

the medial overall survival of these mice. Whereas our work focused on targeting PSGL-1 to 

promote anti-tumor immunity, others have shown tumor control through blockade of known 

PSGL-1 ligands, such as the recently identified VISTA ligand (58–60). Our scRNA-seq 

showed that most immune cells in melanoma had low to undetectable P-selectin (Selp) 

expression, but they did express high VISTA (Vsir). The PSGL-1 antibody (4RA10 clone) 

has been shown to block P-selectin binding (61), but because more Vsir than Selp is present 

in cells in the tumor microenvironment, our data suggest that VISTA-PSGL-1 binding may 

be a dominant interaction. It is also possible that additional PSGL-1 binding partners may 

contribute to PSGL-1-dependent inhibition in the tumor draining lymph node and/or the 

tumor microenvironment. Our findings showing that anti-PSGL-1 treatment was effective 

against anti-PD-1/anti-PD-L1 resistant B16-GP33 and D4M-3A melanomas indicate that 

targeting PSGL-1 may represent a new therapeutic approach to control tumors that are 

unresponsive to standard therapies.

We showed that PSGL-1 is highly expressed and upregulated on T cells in the melanoma 

tumor microenvironment and is co-expressed with multiple immune checkpoints on 

exhausted T cells and Tregs. Given the importance of immune checkpoint blockade 

therapies that reinvigorate T cells in tumors, it is significant that anti-PSGL-1 therapy 
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in mice harboring aggressive B16-GP33 and D4M-3A melanomas delayed tumor growth. 

Furthermore, combining anti-PD-1 therapy in PSGL-1-deficient mice showed complete 

responses in mice harboring highly mutated YUMMER1.7 melanomas. Our findings 

identify PSGL-1 as an immune checkpoint target and suggest that inhibiting this pathway 

may provide new treatment options with the possibility of eliciting anti-tumor immunity in 

patients with cancer.
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Synopsis:

Therapeutic PSGL-1 antibody targeting increases infiltration, activation, and function of 

CD4+ and CD8+ T cells in melanoma tumors, leading to improved tumor control and 

altered tumor immune landscape that includes decreased Tregs and increased antigen-

specific T cells.
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Figure 1: PSGL-1 expression in tumor-infiltrating T cells.
WT mice were injected s.c with B16-GP33 (1 × 106) melanoma cells, and tumors and 

TdLNs were isolated at 18 dpi and tumors assessed via scRNA-seq. (A) Integration of Seurat 

clustering analysis of sorted CD45.2+ immune cells isolated from B16-GP33 melanoma 

tumors projected in UMAP with color-coded cluster identities. Integrated Seurat immune 

cell clusters with relative (B) Selplg, (C) Selp, and (D) Vsir expression are shown. Yellow 

indicates low and Purple indicates high expression. (E-F) The mean fluorescence intensity 

(MFI) of PSGL-1 on CD4+, CD8+ and Tregs in the tumor and TdLNs is shown and 

quantified. (G) PSGL-1 co-expression with PD-1, TIM-3, and LAG3 is shown for CD4+, 

CD8+ and Tregs in TdLNs and tumors. Data are representative of three independent 

experiments (n≥ 8 mice/group) and show the mean±SEM. *P< 0.05, **P< 0.005, ***P< 

0.001, ****P< 0.0001 by ordinary one-way ANOVA with Tukey’s multiple comparisons 

test.
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Figure 2: Immune cell changes in tumors after immune checkpoint blockade.
WT mice were injected s.c. with (1 × 106) B16-GP33 melanoma cells and treated with 

IgG or anti-PSGL-1 at 8, 10, and 12 dpi. (A) B16-GP33 tumor volume at 18 dpi is shown 

for IgG, anti-PD-1, anti-PSGL-1, and combination anti-PD-1/anti-PSGL-1-treated mice. 

Tumors were harvested and assess via scRNA-seq at 18 dpi. (B) Seurat clustering analysis 

of sorted CD45.2+ immune cells projected in two-dimensional UMAP with color-coded 

cluster identities. (C) Stacked bar graphs of immune cell frequencies derived from Seurat 

cluster analysis are shown for each treatment group. Seurat subset clustering analysis of 
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(D) Cd4+ immune cells with (E) color coded identities. (F) Stacked bar graph showing 

Tregs, proliferating Treg, NKT, and CD4+ T-cell frequencies in each treatment group. (G) 

Heatmaps displaying relative expression of the indicated inhibitory and effector genes in 

Cd4+ subset clusters from all four treatment groups. (H) Seurat subset clustering of Cd8+ 

cells with slingshot cluster trajectory (black arrow) and (I) corresponding stacked bar graphs 

of Cd8+ cluster frequencies for all four treatment groups. (J) Heatmaps displaying relative 

expression of T-cell precursor exhausted (Tpex) or terminally exhausted (Tex) genes in Cd8+ 

subset clusters from all four treatment groups.
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Figure 3: WT mice treated with anti-PSGL-1 have improved tumor immunity.
(A) WT mice were injected s.c. with (1 × 106) B16-GP33 melanoma cells and treated with 

IgG or anti-PSGL-1 at 8, 10, and 12 dpi. (B-C) Tumor volume and (D) tumor mass at 18 

dpi. Tumors were harvested and analyzed by flow cytometry at 18 dpi. (E) Frequencies 

of tumor-infiltrating T cells and (F) representative FACS plots of Tregs. (G-H) Ratio of T 

cell subsets to Tregs in tumors. (I) Frequency of granzyme B+ CD8+ T cells in the tumor 

and (J) representative FACS plots. (K-L) Frequency of cytokine producing CD8+ and CD4+ 

T cells and (M) representative FACS plots. Data are representative of four independent 

experiments (n≥8 mice/group). Graphs show the mean±SEM. *P< 0.05, **P< 0.005, ***P< 

0.001, ****P< 0.0001 by 2-way ANOVA with Sidak’s multiple comparisons test (tumor 

growth curve) or two-tailed t-test or Mann–Whitney U test.
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Figure 4: Activated CD8+ T cells are increased in tumors after anti-PSGL-1 therapy.
WT mice were injected s.c. with (1 × 106) B16-GP33 melanoma cells and treated with 

IgG or anti-PSGL-1 at 8, 10, and 12 dpi, and tumors were isolated at 18 dpi and analyzed 

via flow cytometry. (A) PD-1, TIM-3, and LAG3 mean fluorescence intensity (MFI) on 

CD8+ T cells, (B) CD4+ T cells, and (C) Tregs in tumors. (D) CD8+ T-cell populations 

in tumors were phenotyped as terminally exhausted (PD-1hiTIM-3+), progenitor exhausted 

(PD-1intTIM-3-), and PD-1-TIM-3- and (E) representative FACS plots are shown. Quadrants 

were set using isotype controls. (F) The number of CD8+ PD-1hiTIM-3+ T cells per gram 

of tumor. Data are representative of four independent experiments (n≥8 mice/group). Graphs 

show the mean±SEM. *P< 0.05, **P< 0.005, ***P< 0.001, ****P< 0.0001 by two-tailed 

t-test or Mann–Whitney U test.
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Figure 5: Tumor immune responses after anti-PSGL-1 and anti-PD-1 combination therapy.
WT mice were injected s.c. with (1 × 106) B16-GP33 melanoma cells and treated with IgG, 

anti-PD-1, anti-PSGL-1, or both anti-PD-1 and anti-PSGL-1 at 8, 10, and 12 dpi. Tumors 

were isolated at 18 dpi, and (A) frequencies of activated (CD44+) CD8+ and CD4+, T cells, 

Tregs and (B-C) the ratio of CD4+ and CD8+ effector to Tregs are shown. (D,E) Frequencies 

of Ki67+ T cells and representative FACS plots for CD8+ T cells. (F) Frequencies of 

granzyme B+ CD8+ T cells and (G) representative FACS plots. (H) Survival curve of IgG, 

anti-PD-1, anti-PSGL-1, or both anti-PD-1 and anti-PSGL-1-treated mice up to 18 dpi. 

Data are representative of four independent experiments (n≥7 mice/group). Graphs show the 

mean±SEM. *P< 0.05, **P< 0.005, ***P< 0.001, ****P< 0.0001 by two-tailed t-test or 

Mann–Whitney U test (tumor mass) or log-rank (Mantel-Cox) test (survival).
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Figure 6: Tumor-specific CD8+ T cells and Tregs after anti-PD-1/anti-PSGL-1 combination 
therapy.
WT mice were injected with (1 × 106) B16-GP33 melanoma cells s.c. and injected with 

IgG, anti-PD-1, anti-PSGL-1, or anti-PD-1/anti-PSGL-1 at 8, 10, and 12 dpi. Tumors were 

harvested and assessed via flow cytometry at 18 dpi. (A) The number of CD8+, CD4+ 

T cells, and (B) Tregs per gram of tumor at 18 dpi. (C) The frequencies and numbers 

of GP33
+CD8+ T cells per gram of tumor. (D) Representative FACs plots showing the 

frequency of tetramer+(GP33
+)CD8+ T cells in tumors. (E) The ratio of GP33

+CD8+ T cells 

to Tregs in tumors. (F-G) WT mice were injected with (1 × 106) D4M-3A melanoma cells 

s.c. and injected with IgG or anti-PSGL-1 antibodies at 8, 10, and 12 dpi. (F) Tumor volume 

and (G) tumor mass are shown at 19 dpi. Data are representative of four (A-B) or two (C-G) 

independent experiments (n≥5 mice/group). Graphs show the mean±SEM. *P< 0.05, **P< 

0.005, ***P< 0.001 by two-tailed t-test or Mann–Whitney U test or by 2-way ANOVA with 

Sidak’s multiple comparisons test (tumor growth curve).
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Figure 7: PD-1 blockade in Selplg−/− mice promotes complete responses to melanoma.
(A) WT and Selplg−/− mice were injected s.c. with (2×106) YUMMER1.7 melanoma cells 

and then treated with IgG or anti-PD-1, or with T-cell depleting antibodies and IgG or 

anti-PD-1 at the indicated times. (B-C) Tumor volume over time. (D) Quantification of 

tumor mass at 34 dpi and (E) tumor volumes. Tumor volumes are representative of three 

combined experiments. (F-G) Quantification of tumor volume over time, and tumor mass 

in T cell-depleted mice. (G) Mice euthanized at 21 dpi (open symbols) or 28 dpi (filled 

symbols). Data are representative of three combined independent experiments in (A-E)(n≥6 

mice/group, endpoints 34 and 38dpi) or one experiment in (F-G)(n≥ 6 mice/group, endpoint 

28dpi). Fraction of mice without tumors at the end of each experiment are shown at (D-E) 34 

dpi and (G) 21 dpi (open symbols) or 28 dpi (filled symbols). Graphs show the mean±SEM. 

*P< 0.05, **P< 0.005, ***P< 0.001, ****P< 0.0001 as determined by 2-way ANOVA with 

Tukey’s multiple comparisons test (tumor volume growth curve).
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