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ABSTRACT
◥

Purpose:Response rates to immune checkpoint blockade (ICB;

anti-PD-1/anti-CTLA-4) correlate with the extent of tumor

immune infiltrate, but the mechanisms underlying the recruit-

ment of T cells following therapy are poorly characterized. A

greater understanding of these processes may see the develop-

ment of therapeutic interventions that enhance T-cell recruit-

ment and, consequently, improved patient outcomes. We there-

fore investigated the chemokines essential for immune cell

recruitment and subsequent therapeutic efficacy of these immu-

notherapies.

Experimental Design: The chemokines upregulated by

dual PD-1/CTLA-4 blockade were assessed using NanoString-

based analysis with results confirmed at the protein level by flow

cytometry and cytometric bead array. Blocking/neutralizing

antibodies confirmed the requirement for key chemokines/cyto-

kines and immune effector cells. Results were confirmed

in patients treated with immune checkpoint inhibitors using

single-cell RNA-sequencing (RNA-seq) and paired survival

analyses.

Results: The CXCR3 ligands, CXCL9 and CXCL10, were sig-

nificantly upregulated following dual PD-1/CTLA-4 blockade and

both CD8þ T-cell infiltration and therapeutic efficacy were CXCR3

dependent. In both murine models and patients undergoing immu-

notherapy, macrophages were the predominant source of CXCL9

and their depletion abrogated CD8þ T-cell infiltration and the

therapeutic efficacy of dual ICB. Single-cell RNA-seq analysis of

patient tumor-infiltrating lymphocytes (TIL) revealed that CXCL9/

10/11 was predominantly expressed by macrophages following ICB

and we identified a distinct macrophage signature that was asso-

ciated with positive responses to ICB.

Conclusions: These data underline the fundamental importance

of macrophage-derived CXCR3 ligands for the therapeutic efficacy

of ICB and highlight the potential of manipulating this axis to

enhance patient responses.

Introduction
Immunotherapy, and in particular immune checkpoint therapy,

has emerged as a powerful treatment strategy in several cancer

types (1). Immune checkpoint inhibitors such as anti-PD-1, anti-

PD-L1, and anti-CTLA-4 used alone or in combination provide

durable responses in a subset of patients. However, it is not fully

understood which parameters influence the likelihood of patient

response (1, 2). Factors that have been reported to predict responses

to immune checkpoint inhibitors include the mutational load of the

tumor (3), the expression of target ligands such as PD-L1, and the

presence of high number of TILs (4). It is now clear that the number

of CD8þ T cells at the tumor site is a strong predictor of response

to anti-PD-1 therapy in melanoma (4). However, a large proportion

of patients exhibit an immune-exclusion or immune-desert phe-

notype and a number of strategies are currently being developed to

enhance immune infiltrate in this patient subtype (5). The efficacy

of immune checkpoint blockade depends upon the recruitment of

tumor-infiltrating lymphocytes and yet the mechanism by which

this occurs is largely unknown. Because the trafficking of immune

cells, including T cells, is modulated by chemokine:chemokine

receptor interactions, this prompted us to evaluate the chemokine

networks responsible for the recruitment of T cells following

immune checkpoint blockade. Chemokines interact with their

respective chemokine receptors and this binding leads to the

activation of intracellular signaling pathways that result in the

migration of the target cells toward the source of the chemokine.

T cells express a range of chemokine receptors including CCR2,

CCR4, CCR5, and CXCR3, which respond to a range of chemo-

kines. In the context of cancer, the ligands of CCR5 (CCL5)

and CXCR3 (CXCL9, CXCL10, and CXCL11) have been shown

to associate with levels of TIL infiltrate in human cancers (6–8)

and the production of CXCL9 and CXCL10 has been associated

with improved responses to chemotherapy (9–11) and adoptive
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cellular therapy (12–14). CXCL11 binds to CXCR3 with the highest

affinity, followed by CXCL10 and CXCL9 (15, 16) and notably

CXCL11 binds to the CXCR3 receptor at a distinct binding site

of the receptor (17), potentially leading to diverse signaling

outcomes (18).

In this study, an unbiased analysis of the maximally upregulated

chemokines following dual PD-1/CTLA-4 blockade revealed that

CXCL9 and CXCL10 were significantly upregulated in the tumor

microenvironment following therapy. Neutralization of CXCR3,

the receptor for CXCL9 and CXCL10, abrogated the therapeutic

efficacy of dual PD-1/CTLA-4 blockade and was associated with

reduced infiltration and activation phenotype of CD8þ T cells in the

tumor and draining lymph nodes. This induction of CXCL9 was

dependent on the production of IFNg because blockade of this

cytokine reduced the production of CXCL9 following therapeutic

intervention. CRISPR-Cas9–mediated knockout of CXCL9/10 in

tumor cells revealed that production of these chemokines by the

tumor cells was not required for the efficacy of immune checkpoint

blockade, inferring an important role for host-derived chemokines.

Interrogation of the source of CXCL9 revealed that macrophages

were a major source of CXCL9 chemokine and that depletion of

these cells significantly impaired the efficacy of dual PD-1/CTLA-4

blockade. Furthermore, investigation of the relevance of this axis in

patients treated with either atezolizumab (anti-PD-L1) or nivolu-

mab (anti-PD-1), respectively, revealed that the production of

CXCL9 and CXCL10 was highly associated with improved patient

prognosis and correlated with an IFN signature, underlining the

importance of IFNg in mediating this effect. Notably, single-cell

analysis of patient tumors confirmed that macrophages were a

major source of CXCL9 both prior to and after immune checkpoint

blockade. These studies reveal the critical importance of CXCL9

induction postimmunotherapy, allowing for the effective trafficking

and activation of T cells. This suggests that enhancing CXCL9

production by macrophages could be an effective therapeutic

strategy to enhance the efficacy of immunotherapy, particularly in

patients with low levels of immune cells.

Materials and Methods
Cell lines and mice

The C57BL/6 mouse breast carcinoma cell line AT-3, was obtained

from Dr. Trina Stewart (Griffith University, Queensland, Australia)

and transduced to express chicken ovalbumin as described previously

(AT-3ovadim; ref. 19). B16F10-ova tumor cells were obtained fromDr.

Jason Waithman (Telethon Kid's Institute, Nedlands, Western Aus-

tralia),MC38 tumor cells were obtained fromDr.NicoleHaynes (Peter

MacCallum Cancer Centre, Melbourne, Victoria, Australia) and

E0771 tumor cells were obtained from Prof. Robin Anderson (Olivia

Newton-John Cancer Research Institute, Victoria, Australia). Tumor

lines were verified to be Mycoplasma negative by PCR analysis and

were actively passaged for less than 6months. Tumor cells were grown

in DMEM supplemented with 10% FCS, Glutamax, and penicillin/

streptomycin. For in vivo experiments, the indicated number of cells

were resuspended in PBS and injected subcutaneously (100 mL) or into

the fourth mammary fat pad (E0771; 20 mL). C57BL/6 WT mice were

obtained from theWalter and Eliza Hall Institute of Medical Research

(Melbourne, Australia) and BATF3�/� mice were bred in house. All

animal experiments were approved by theAnimal Experimental Ethics

Committee (Peter MaCallum Cancer Centre, Victoria, Australia;

protocol E582).

IHC

Tumors were harvested and fixed overnight in 10%neutral buffered

formalin (NBF). Fixed samples were embedded in paraffin and 4-mm–

thick sections were cut onto glass slides. Before staining, samples were

dewaxed in xylene and antigens retrieved at 125�C for 3 minutes in 10

mmol/L citrate buffer (Sigma) pH 6. For staining, Perkin Elmer OPAL

reagents were used as per kit instructions. Antibodies andfluorophores

were used in the following order: CD3 (Abcam SP7, 1:200) 690; FoxP3

(eBioscience FJK-16s, 10 mg/mL) 540; PD-1 (Abcam EPR20665, 0.8

mg/mL) 620; CD8 (eBioscience 4SM15, 5 mg/mL) 570; CK8 (Abcam

EP1628Y, 0.2 mg/mL) 520; and DAPI. Multiplexing IHC images were

visualized using the Perkin Elmer Vectra 3 microscope and analyzed

using InForm v2.4.0 (Perkin Elmer) and HALO v2.3 (Indica labs).

Antibodies and treatment of tumor-bearing mice

Antibodies to PD-1 (RMP1-14), CTLA-4 (9H10), isotype control

(2A3), the depleting antibody anti-F4/80 (CI:A3-1), and the neutral-

izing antibodies for CXCR3 (CXCR3-173), IFNg (H22), and TNFa

(TN3-19.12) were purchased from BioXcell. Mice were treated once

every 4 days with either isotype control (2A3), anti-PD-1 (RMPI-14),

and/or anti-CTLA-4 (9H10) for up to 4 doses.

Analysis of tumor-infiltrating immune subsets

Seven days posttreatment, tumors were excised and digested post-

mortem using a cocktail of 1 mg/mL collagenase type IV (Sigma-

Aldrich) and 0.02mg/mLDNAase (Sigma-Aldrich). After digestion at

37�C for 30 minutes, cells were passed through a 70-mm filter twice.

Inguinal lymph nodes were also harvested and cells filtered through a

70-mm filter. Cells were then analyzed by flow cytometry as described

previously (19) and Fixable Yellow (Thermo Fisher Scientific) used as a

viability dye.

Intracellular cytokine staining

For detection of IFNg and TNFa production by T cells ex vivo, TILs

cells were cultured for 3 hours with 10 ng/mL PMA and 1 mg/mL

ionomycin in the presence of Golgi Plug (BD Pharmingen) and Golgi

Stop (BD Pharmingen). After 3 hours, cells were analyzed by flow

Translational Relevance

Treatment with immune checkpoint inhibitors has been highly

successful in a subset of tumor types, particularly those with

increased levels of immune infiltrate. However, the mechanism

and the immune cell subsets critical for successful clinical responses

are not fully understood. This study demonstrates that the che-

mokines CXCL9/10 are indispensable for robust responses to

immune checkpoint inhibitors (anti-PD-1 and anti-CTLA-4) and,

in particular, that CXCL9/10-secretingmacrophages are critical for

their therapeutic efficacy. Moreover, we identified a novel tran-

scriptional signature in macrophages that was associated with

positive patient responses to immune checkpoint inhibitors that

was lacking in nonresponding patients. This is of significant

interest to the field, challenging the paradigm that macrophages

are protumoral and detrimental to antitumor immune responses

through immunosuppressive mechanisms, including expression of

PD-L1. These findings indicate that the intratumoral macrophage

phenotype is a key feature in determining responses to immune

checkpoint inhibitors that can be exploited either diagnostically or

therapeutically.
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cytometry. For the detection of CXCL9, cells were cultured for 3 hours

in Golgi Plug/Stop in the absence of PMA/ionomycin.

Cytometric bead array

Analysis of cytokine and chemokine concentrations was performed

using either the BioLegend Legendplex kit (#74041) or paired cyto-

metric bead array reagents (BD Biosciences) as per the manufacturer's

instructions.

Gene expression analysis

RNA prepared from tumor cells was quantified and quality assessed

using Tapestation analysis. Gene count were determined by Peter

MacCallum Cancer Centre Advanced Genomica Core by nCounter

XT assay (Mouse Pan Cancer Immune Profiling; NanoString Tech-

nologies 115000142) and analyzed by nSolver 4.0 software as per the

manufacturer's instructions.

Default quality control and normalization steps showed all samples

were adequate for further analysis. Differential expression between

treatment groups was performed with the R package limma (version

3.36.5; ref. 20), using TMM (21) normalization and transformation of

counts with “voom” (22). To create the mean-difference plot, the

average expression of each gene was plotted against log2 of the fold

change between groups. Genes with an adjusted P value less than 0.05

calculated by the differential expression methodology of limma were

highlighted.

Four clinical cohorts were utilized for analysis of the prognostic

impact of chemokine expression. Gide and colleagues analyzed a

cohort of patients with metastatic melanoma treated with immune

checkpoint blockade and classified as responders or nonrespon-

ders (23). The cohort consisted of 41 biopsies at baseline and 9 biopsies

on-treatment from patients treated with anti-PD1 monotherapy, and

32 biopsies at baseline and 9 biopsies on-treatment from patients

treated with combination anti-PD1 and anti-CTLA-4. Bulk RNA-seq

and survival data were available for all patients, and 56 patients had

IHC quantification of intratumoral CD8 T cells in baseline samples.

IMvigor210 was a phase II trial investigating PD-L1 blockade with

atezolizumab 1,200 mg 3-weekly in patients with metastatic urothelial

carcinoma that had progressed on prior platinum-based chemother-

apy. Overall survival data and whole transcriptome RNA-seq was

available for 348 cases (24). The METABRIC cohort consists of

primary breast cancers that underwent microarray gene expression

profiling, and have long-term survival follow up available. Triple-

negative cases were selected according to the absence of estrogen

receptor staining and absence of HER2 amplification determined by

SNP array. Gene expression data are available as log-transformed

normalized expression values. The TCGA Melanoma cohort con-

sists of primary melanomas that underwent RNA-seq with the data

provided as transcripts per million (TPM). All survival analyses

were done with the R package “survival.” In each cohort, cases were

divided into two groups: cases where expression of the gene in

question was above the median, and cases where gene expression

was equal to or below the median. The overall survival function of

each group was estimated with the Kaplan–Meier method and

compared using the log-rank test. Survival curve plots were gen-

erated with the R package “survminer.”

Bulk RNA-seq

Differential expression results between tumors from responders and

nonresponders was obtained from the R package “IMvigor210Cor-

eBiologies” associated with the original publication (24) and available

at http://research-pub.gene.com/IMvigor210CoreBiologies/. Nomod-

ifications to the published differential expression analysis were made.

In a second analysis of gene sets associated with CXCL9 and CXCL10

expression, the IMvigor cohort was reanalyzed from raw count data.

The count matrix was filtered to remove unexpressed genes followed

by principal component analysis (PCA) to identify outlier samples that

were excluded. Counts were transformed to counts per million and

samples were ranked by CXCL9 or CXCL10 expression and split into

two groups above and below the median expression. Competitive gene

set testing between high and low expression groups was performed

with limma's “camera” function (25), using Reactome gene sets

from the Molecular Signatures Database version 5.6 C2 collection

and GO term associated gene sets from the C5 collection (26).

Enrichment barcode plots were generated with a modified version

of limma's “barcodeplot” function. Log10 transformed gene counts

per million were used for correlations and survival analyses with the

cohort split by median gene expression as described. The Gide and

colleagues melanoma dataset described in the previous section

was analyzed as per the original study, with log10 transformed

counts per million used for correlations and survival analyses (23).

Data from another cohort of patients with metastatic melanoma

treated with checkpoint blockade associated with Riaz and collea-

gues (27) were obtained from https://github.com/riazn/bms038_a

nalysis/. Differential expression between baseline and on-treatment

biopsies was performed with limma, using the duplicate Correlation

function for repeat biopsy samples. Adjusted P values were calcu-

lated according to the method of Benjamini and Hochberg. A CTC

score was calculated per sample from the mean of log10-trans-

formed gene expression values for CD8A, CD8B, GZMA, GZMB,

and PRF1 (28).

Single-cell mRNASeq datasets

Four independent cohorts of single-cell mRNASeq on immune

infiltrates from human tumors were analyzed: metastatic melanoma

studies by Sade-Feldman and colleagues (29) and Jerby-Arnon and

colleagues (30), head and neck carcinoma study by Puram and

colleagues (31); lung carcinoma study by Zilionis and colleagues (32).

See the associated publications for further details and data availability.

The Sade-Feldman dataset also contains clinical information and

outcome after treatment with checkpoint blockade. The R package

Seurat (version 3.0) was used to analyze these datasets (33). Raw data

consisted of gene expression values in TPM. Log2(TPM/10 þ 1) was

used for downstream analysis (30). For each dataset, variable genes

were selected prior to dimensionality reduction with PCA. Signif-

icant principal components were selected with Seurat JackStraw

permutation testing. These components were supplied to the

UMAP algorithm (https://arxiv.org/abs/1802.03426) to generate a

two-dimensional projection for visualization purposes. The head

and neck data from Puram and colleagues displayed batch effects

related to different sample preparation methods. This effect was

corrected using the data integration method of Seurat. No batch

effects were seen related to known experimental factors in the other

studies. For each dataset, the cluster assignments determined in the

original publications were maintained. All single-cell plots were

generated using log-transformed TPM/10 values. Differential

expression between groups of cells was performed using MAST (34),

and Padj values calculated with the Bonferroni correction. In the

Sade-Feldman and colleagues’ dataset, cases were classified in

various ways regarding response, by response of the lesion that

was biopsied and the overall clinical response. The latter was used in

classifying a case as a responder or nonresponder. Two cases were

classified as treatment resistance, as they develop progressive

Immune Checkpoint Blockade Requires Macrophage CXCL9/CXCL10
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Figure 1.

CXCL9 and CXCL10 are upregulated upon dual PD-1 and CTLA-4 blockade and correlate with survival in patient cohorts treated with immune checkpoint

blockade. A, C57BL/6 mice were injected subcutaneously with 5� 105 AT-3ova cells and allowed to establish for 14 days, following which they were treated on

days 14, 18, 22, and 26 with either dual treatment with anti-PD-1 (200 mg/mouse) and anti-CTLA-4 (150 mg/mouse; PþC) or isotype control (ISO; 200 mg/

mouse). Data shown as the mean � SEM of 6–8 mice per group of a representative experiment (n > 3). (Continued on the following page.)
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disease after an initial brief response. These cases were excluded to

provide more distinct biology for comparison of responders and

nonresponders. A gene signature was created from differential

expression results by selecting genes with an Padj < 0.05 and log2
fold change > 2. The per cell signature score was calculated by

the sum of the expression of upregulated signature genes minus

the expression of downregulated signature genes, using scaled data

in Seurat.

Single-cell mRNASeq from the CT26 melanoma syngeneic model

was also analyzed in a similar fashion to the above (35). As this data is

unique molecular identifier based, the sctransform normalization and

variance stabilization method was used.

Data availability

NanoString data generated in this study is included as a Supple-

mentary File.

METABRIC-processed gene expression data is available at www.

cbioportal.org and clinical data are available as Supplementary

Table S1 in Rueda and colleagues’ study (36).

TheCancerGenomeAtlas (TCGA)melanoma gene expression data

is available at www.cbioportal.org under the TCGA pan-cancer atlas

2018 dataset, and curated survival data was obtained from Supple-

mentary Table S1 in Liu and colleagues (37).

IMvigor210 data can be found in the R package at http://research-

pub.gene.com/IMvigor210CoreBiologies/.

Riaz and colleagues’ metastatic melanoma data is available at

https://github.com/riazn/bms038_analysis/tree/master/data.

Gide and colleagues’ metastatic melanoma data is available in the

European Nucleotide Archive under accession PRJEB23709.

Single-cell mRNASeq data are available from the Gene Expression

Omnibus; Sade-Feldman and colleagues’ melanoma single-cell data

under accession number GSE120575, Jerby-Arnon and colleagues’

melanoma single-cell data under accession number GSE115978;

Puram and colleagues’ head and neck data under GSE103322; Zilionis

and colleagues’ lung cancer data GSE127465; and Kumar and ‘collea-

gues CT26 syngeneic model data GSE121861.

Quantitative real-time PCR analysis

RNA was isolated using an RNeasy Mini Kit (Qiagen) following

which cDNA was generated using M-MLV Reverse Transcriptase

(Promega) as per the manufacturers’ instructions. qRT-PCRs were

performed using SensiFAST SYBR (Bioline) and performed on Ste-

pOnePlus (Applied Biosystems). The following primers were used:

CXCL9 forward (F): 50- ATCTTCCTGGAGCAGTGTGG-30, reverse

(R): 50-AGTCCGGATCTAGGCAGGTT-30; CXCL10 F: 50-GTGA-

GAATGAGGGCCATAGG-30, R: 50-GGCTAAACGCTTTCATTAA-

ATTC-30: CXCR3 F: 50-GCCAAGCCATGTACCTTGAG-30, R: 50-

TCAGGCTGAAATCCTGTGG-30; GAPDH F: 50- AACTTTGGC-

ATTGTGGAAGG-30, R: 50-GGATGCAGGGATGATGTTCT-30;

RPL27 F: 50- AAGCCGTCATCGTGAAGAACA-30, R: 50- CTTGA-

TCTTGGATCGCTTGGC-30.

Western immunoblotting

Protein lysates were generated in 1% NP40 lysis buffer and boiled

and resolved in Laemmli buffer in reducing conditions using 10%

acrylamide SDS-PAGE. Proteinwas then transferred to polyvinylidene

difluoride membrane (Millipore) and probed with antibodies for

CXCL9 (R&D Systems) and CXCL10 (R&D Systems) and secondary

antibodies conjugated with horseradish peroxidase. X-ray film was

used to detect chemiluminescence.

CRISPR knockout cell line generation

To generate knockout cell lines, 37 pmoles sgRNA (Synthego) and

270 pmoles recombinant Cas9 (IDT) were incubated together for 10

minutes at room temperature. sgRNA/Cas9 RNPs were then electro-

porated into AT-3ova cells (3� 105) using a Lonza SGCell line kit and

4D-Nucleofector. Gene knockout was confirmed 48 hours later by

Western immunoblot analysis. Two sgRNAs were used per gene.

Sequences used were as follows: CXCL9 g1:auuuguaguggaucgugccu

and g2: aaccugccuagauccggacu; CXCL10 g1:ugacgggccagugagaauga

and g2: ugagcagagaugucugaauc.

Statistical analysis

Statistical differences were analyzed by one-way ANOVA, two-way

ANOVA, or unpaired t test, where appropriate, as stated in text. P <

0.05 was considered significant.

Results
Intratumoral CXCL9 and CXCL10 expression is increased

following immune checkpoint blockade

To investigate the chemokines required for effective therapeutic

responses following immune checkpoint blockade we utilized

the AT-3ova model of triple-negative breast cancer, which we

have previously shown to be responsive to dual PD-1/CTLA-4 block-

ade (19). As expected, when mice bearing AT-3ova tumors

were treated with anti-PD-1 and anti-CTLA-4 at day 14 post tumor

inoculation, robust antitumor immune responses were observed

(Fig. 1A and B), while single-agent treatment with either anti-PD-1

or anti-CTLA-4 resulted in limited antitumor activity (Supplementary

Fig. S1A). Because treatment of tumors with anti-PD-1/anti-CTLA-4

is known to be associated with an increase in tumor-infiltrating

lymphocytes (19, 38), we investigated the chemokines that

were upregulated in this context by performing gene expression

analysis on tumor samples obtained from mice treated with

2A3 isotype control or anti-PD-1 and anti-CTLA-4. This analysis

revealed significant upregulation of numerous cytokines and chemo-

kines associated with T-cell infiltration with CXCL9 (P ¼ 0.001) and

CXCL10 (P ¼ 0.0001) being two of the most significantly upregu-

lated and abundant chemokines following dual immune checkpoint

blockade (Fig. 1C). Similarly, CXCR3, the receptor for CXCL9/

CXCL10, was also significantly upregulated in tumors treated with

(Continued.) B,Mouse survival is shown as combined data of two independent experiments. ���� , P < 0.0001 (determined by two-way ANOVA and Mantel–Cox

test). C and D, Seven days posttreatment, tumors were harvested (n¼ 3 per group) and gene expression was analyzed by NanoString and presented as an MA

plot (C). D, Tumors were cultured in PBS for 4 hours at 37�C (2 mL per mg of tissue) and chemokine expression determined by cytometric bead array. �, P <

0.05; �� , P < 0.005; multiple t test. N ¼ 18–19 mice per group. E–H, Analysis of patient datasets as described in ref. 23. Differential gene expression analysis

comparing responders (n ¼ 6) to nonresponders (n ¼ 3) in baseline (E) and on-treatment biopsies from patients with melanoma receiving combination

nivolumab/pembrolizumab and ipilimumab (F). Benjamini–Hochberg Padj values shown. G, Kaplan–Meier curves showing overall survival of 72 patients with

melanoma treated with anti-PD-1 or anti-PD-1 and anti-CTLA-4 therapy stratified by high and low expression of indicated chemokines. Survival curves were

compared with the log-rank test. H, Correlation of expression of indicated chemokine and numbers of intratumoral CD8þ T cells in 56 biopsies of metastatic

melanoma taken prior to checkpoint blockade, with each case annotated by response to therapy. Correlation tested with Pearson product moment correlation

coefficient.
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anti-PD-1/anti-CTLA-4 (Supplementary Fig. S1B). Analysis of

tumor supernatants confirmed that several chemokines including

CCL5, CCL22, CCL17, CXCL9, and CXCL10 were significantly

upregulated at the protein level following dual blockade of PD-1

and CTLA-4 (Fig. 1D), whereas blockade of either PD-1 or CTLA-4

alone resulted in modest increases in chemokine production (Sup-

plementary Fig. S1C).

We next analyzed the relevance of these chemokines in the context

of patients with melanoma treated with either anti-PD-1 alone (nivo-

lumab or pembrolizumab) or dual anti-PD-1/anti-CTLA-4 (ipilimu-

mab) therapy as described previously (23). Strikingly, the expression of

CXCL9, CXCL10, and CXCL11 was significantly higher in tumors

isolated from responders at baseline (Fig. 1E) and on therapy (Fig. 1F).

Furthermore, high expression of CXCL9 and CXCL10, in particular,

was associated with improved patient survival and increased numbers

of intratumoral CD8þ T cells in these patients treated with immune

checkpoint blockade (Fig. 1G andH). Analysis of a separate cohort of

patients with melanoma treated exclusively with nivolumab single-

agent therapy revealed that CXCL9, CXCL10, and CCL5 were also

among the most highly upregulated genes in this cohort (Supplemen-

tary Fig. S2A; ref. 27). Moreover, analysis of gene expression data from

the IMvigor 210 trial indicated that the expression of CXCL9 (P ¼

0.0023), CXCL10 (P ¼ 0.0074), and CXCL11 (P ¼ 0.029) were

significant prognostic indicators in patients with metastatic urothelial

carcinoma treated with atezolizumab, were expressed to a greater

extent in responders than nonresponders, and correlated with

the extent of T-cell infiltrate (Supplementary Fig. S2B–S2D). In

contrast, the expression of other chemokines CCL5, CCL2, CCL17,

and CCL22 did not correlate with survival (Supplementary

Fig. S2B), despite also correlating with immune cell infiltrate

(Supplementary Fig. S2D). In contrast, using data from both the

METABRIC triple-negative breast cancer (Supplementary Fig. S3A;

n ¼ 279) and the TCGA melanoma cohorts (Supplementary

Fig. S3B; n ¼ 369), we identified that, in patients treated with

standard-of-care therapies, CXCL9, CXCL10, CXCL11, CCL2,

CCL17, CCL22, and CCL5 expression were all significantly asso-

ciated with improved patient survival (Supplementary Fig. S3A and

S3B) and was associated with a significant increase in the CTC gene

score within patient's tumors, suggesting that the increased survival

of patients with high levels of these chemokines was likely an

immune-dependent phenomenon (Supplementary Fig. S3C). Taken

together, these data indicate that responses to immune checkpoint

blockade are associated with the expression of the CXCR3 ligands

CXCL9 and CXCL10, particularly patients treated with the com-

bination of anti-PD-1 and anti-CTLA-4. This led us to investigate

the requirement for these chemokines in the therapeutic effect

evoked by immune checkpoint blockade.

CXCR3 neutralization abrogates the efficacy of immune

checkpoint blockade and prevents the infiltration of CD8þ

T cells following therapy

To investigate the role of CXCL9 and CXCL10 in the therapeutic

effect mediated by dual PD-1/CTLA-4 blockade, we first utilized a

blocking mAb for the CXCR3 receptor (Fig. 2A). Strikingly, the

blockade of CXCR3 significantly reduced the efficacy of anti-PD-1/

anti-CTLA-4 treatment leading to enhanced tumor growth

(Fig. 2B), reduced survival of mice (Fig. 2C), and increased size

and weight of tumors when tumors were excised at day 7 post-

treatment (Fig. 2D and E). To determine whether this effect was

broadly applicable to other cancer models, we also investigated this

in the context of mice bearing MC38, E0771, or B16F10-ova tumors.

In all cases, the antitumor effect mediated by dual agent anti-PD-1

and anti-CTLA-4 therapy was reduced by coadministration of an

anti-CXCR3 antibody (Fig. 2F–H). Given that CXCR3 ligands are

also important in the context of patients treated with atezolizumab

as a single agent (Supplementary Fig. S2), we further assessed the

importance of CXCR3 in a model that was sensitive to PD-1

inhibition alone. To this end, we treated less established AT-3ova

tumors (day 7 postinoculation) using anti-PD-1 alone, which also

resulted in significant therapeutic effects that were CXCR3 depen-

dent (Supplementary Fig. S2E). Taken together, these data dem-

onstrate the critical importance for the CXCR3/CXCR3 ligand axis

for the therapeutic efficacy of anti-PD1/CTLA-4 therapy and next

sought to investigate the underlying mechanism.

We have previously shown that dual PD-1/CTLA-4 blockade

significantly enhances both CD8þ and CD4þ T-cell effector functions

in this model and that the therapeutic efficacy of this combination

therapy is dependent on both CD8þ and CD4þfoxp3� cells (19). We

therefore investigated the effect of CXCR3 blockade on the number

and activation phenotype of these subsets in the context of dual PD-1/

CTLA-4 blockade. In agreement with previous observations, including

our own (19, 38–40), dual PD-1/CTLA-4 blockade led to a significant

increase in the proportion and number of CD8þ T cells (Fig. 3A;

Supplementary Fig. S4A). Dual blockade therapy also significantly

increased the frequency of CD3þCD4þfoxp3� T cells (Fig. 3B) while

the numbers of other lymphocyte populations including NK cells

(Fig. 3C) and CD4þfoxp3þ T cells were unaffected (Fig. 3D). Strik-

ingly, blockade of CXCR3 significantly reduced the number of CD8þT

cells and CD4þfoxp3� cells following dual PD-1/CTLA-4 blockade, as

determined by both flow cytometry and immunofluorescence analysis

(Fig. 3A, B, and E). In contrast, the frequency of other immune cell

populations, including CD4þfoxp3þ and NK1.1þ NK cells, were not

significantly reduced by CXCR3 blockade (Fig. 3C and D). Given

that the expression of CXCR3 ligands has previously been linked to

T-cell priming (41) as well as playing a role in trafficking (13), we

investigated whether blockade of these receptors may also poten-

tially impact the function of T cells within the tumor microenvi-

ronment in addition to their recruitment to the tumor. As expected,

we observed that the combination of PD-1 and CTLA-4 signifi-

cantly enhanced the production of both IFNg and TNFa intratu-

morally in both the CD8þ and CD4þfoxp3� subsets (Fig. 3F),

consistent with our previous observations (19). Notably CXCR3

blockade significantly reduced the production of IFNg and TNFa of

CD8þ and CD4þfoxp3� T cells, but not NK cells, in the setting of

dual PD-1/CTLA-4 blockade (Fig. 3F; Supplementary Fig. S4B),

suggesting that intratumoral expression of CXCR3 ligands

enhanced their activation. However, CXCR3 blockade did not affect

the expression of other markers associated with T-cell activation on

either CD8þ or CD4þfoxp3� cells including Ki67 (proliferation), PD-

1/TIM-3, or tbet (Fig. 3G; Supplementary Fig. S4C).We next sought to

identify whether the importance of CXCR3 for the therapeutic effects

of dual PD-1/CTLA-4 blockade stemmed from enhanced CXCR3-

dependent recruitment ofT cells to the tumor site and/or local effects of

CXCL9/10 on T-cell function. To address this, we repeated our

therapeutic studies in the context of S1PR1 blockade, using FTY720.

Treatment of mice with FTY720 significantly reduced the therapeutic

efficacy of dual PD-1 and CTLA-4 blockade, to a similar extent as anti-

CXCR3 (Fig. 3H). Moreover, blockade of CXCR3 did not affect

the capacity of OT-I T cells to produce cytokines when cocultured

with tumor cells in vitro (Supplementary Fig. S4D). Taken together,

these data suggest that CXCR3-mediated enhancement of T-cell

cytokine production in vivo is associated with enhanced migration of

House et al.

Clin Cancer Res; 26(2) January 15, 2020 CLINICAL CANCER RESEARCH492

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

6
/2

/4
8
7
/2

0
6
2
4
8
0
/4

8
7
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2



CB AT-3ova AT-3ova

D

T
u
m

o
r 

s
iz

e
 (

m
m

2
)

0

50

100

ISO

P+C

ISO + anti-CXCR3

P+C + anti-CXCR3

*** ISO

P+C
ISO + anti-CXCR3

P+C + anti-CXCR3

P
e

rc
e

n
t 
s
u

rv
iv

a
l 100

50

0

Days posttreatment
20 40 60 80

**

ISO

P+C

ISO + 

anti-CXCR3

P+C

+anti-CXCR3

Days posttreatment

10 mm

5 10 15 20 250

A

0 84 12

Isotype control (200 µg/mouse) or

αPD-1 (200 µg/mouse) + αCTLA-4 (150 µg/mouse)

AT3 ovadim injection 

(5 x 105 cells/mouse)

-1

αCXCR3 (200 µg/mouse) 

-14

E

T
u

m
o

r 
w

e
ig

h
t 
(m

g
)

0

50

100

IS
O

P
+

C

IS
O

 +
 

a
n

ti
-C

X
C

R
3

P
+

C
 +

 

a
n

ti
-C

X
C

R
3

**

**

Day

Treatment timeline

F G H
B16F10-OVA

P
e

rc
e

n
t 
s
u

rv
iv

a
l

100

50

0

Days posttreatment
10 20 30 40 50

ISO

P+C

ISO + anti-CXCR3

P+C + anti-CXCR3 *

T
u
m

o
r 

s
iz

e
 (

m
m

2
)

ISO

P+C

ISO + anti-CXCR3

P+C + anti-CXCR3

****

E0771

0

100

200

Days posttreatment
2 4 6 8 100 12

ISO

P+C

ISO + anti-CXCR3

P+C + anti-CXCR3

****

MC38

2 4 6 8 100 12

T
u
m

o
r 

s
iz

e
 (

m
m

2
)

Days posttreatment

100

80

60

40

0

20

Figure 2.

CXCR3 blockade abrogates therapeutic efficacy of dual PD-1 and CTLA-4 blockade. A, C57BL/6 mice were injected subcutaneously with 5� 105 AT-3ova cells and

allowed to establish for 14 days before dual treatment with anti-PD-1 (200 mg/mouse) and anti-CTLA-4 (150 mg/mouse) � anti-CXCR3 (200 mg/mouse). CXCR3

blockade was given on days 13, 14, 18, 22, and 26. Tumor growth (B) and survival (C) was assessed. Data shown as themean� of 6–8mice/group of a representative

experiment of n¼ 3. Survival is shown as combined data of two independent experiments. �� ,P <0.005; � ,P <0.05 (determined by two-wayANOVAandMantel–Cox

test). Data points for ISO and PþC treated are included in Fig. 1B. D and E, Representative sizes (D) and weights (E) of tumors harvested 7 days posttreatment. A

representative experiment ofn>3 is shown.F–H,C57BL/6micewere injectedwith 3� 105MC38cells (s.c.) andallowed to establish for 12 days (n¼6mice per group).

A total of 1.5� 105E0771 cells (intramammary fat pad) andallowed to establish for 3 days (n¼ 5–8per groupof representative experimentn¼ 2;G) or 2� 105B16F10-

OVAdim cells were injected (s.c.; H) and allowed to establish for 4 days (n¼ 16–17 mice per group) before dual treatment with anti-PD-1/anti-CTLA-4� anti-CXCR3,

as per B, except for MC38, which received only two doses of combined therapy.
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Figure 3.

CXCR3blockade inhibits dual PD-1 andCTLA-4blockade-inducedCD8þT-cellmigration and activation. C57BL/6micewere injected subcutaneouslywith 5� 105AT-

3ova cells and allowed to establish for 14 days before dual treatmentwith anti-PD-1 and anti-CTLA-4� anti-CXCR3 as per Fig. 2. On day 21 (7 days posttreatment) TIL

infiltrate was analyzed as a percentage of CD45þ cells; CD8þ T cells (A), CD4þfoxp3� (B), NK1.1þ cells (C), and CD4þfoxp3þ cells (D). E, T-cell infiltrate quantified by

immunofluorescence staining. Shownare representative images andquantification of three tumors per group.F, IFNg andTNFa expression inCD8þ andCD4þfoxp3�

T cells was assessed. Shown are concatenated data from 6 mice (left) and quantification from two independent experiments (right). G, Ki67, PD-1, and TIM3

expressionwas determined in CD8þ andCD4þfoxp3� T cells.A–D, F, andG,Data represent combined data of two independent experimentswith n¼ 11–15 per group.

H,Where indicated, mice were dosed with either the S1PR1 inhibitor FTY720 (25mg/kg) or DMSO control on days 13 and 14 post tumor inoculation, and every 2 days

subsequently. Right, numbers of CD8þ and CD4þ T cells collected fromblood three days post initial FTY720 administration. Data are represented as themean� SEM

of 6–7 mice per group (���� , P < 0.0001; ��� , P < 0.001; �� , P < 0.01 one-way; n.s., not significant, one-way ANOVA or two-way ANOVA).
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T cells to the tumor site which creates a more favorable environment

for T-cell activation.

CXCR3 blockade affects the priming of CD8þ T cells within the

tumor draining lymph node

Given that we have previously shown that the therapeutic effects of

anti-PD-1/anti-CTLA-4 are dependent on both CD4þfoxp3� and

CD8þ T cells and are associated with activation of these cells in the

tumor draining lymph nodes (DLN; ref. 19), we further investigated

the phenotype of these cells in the DLNs in the context of CXCR3

blockade. To investigate a potential role for CXCL9/CXCL10: CXCR3

interactions we first evaluated the expression of these genes in cells

isolated from DLNs of tumor-bearing mice following PD-1/CTLA-4

blockade. This analysis revealed that CXCL9 and CXCR3 were sig-

nificantly upregulated within tumor DLNs (Fig. 4A and B). We

therefore investigated the effect of CXCR3 blockade on T-cell activa-

tion within tumor DLNs. In line with our previous observations, dual

blockade of PD-1 and CTLA-4 led to the activation of both CD8þ and

CD4þfoxp3� T cells within DLNs in terms of IFNg production,

proliferation, and expression of tbet and PD-1 (Fig. 4C–F). Strikingly,

and similar to our observations within the tumor microenvironment,

blockade of CXCR3 significantly reduced the production of IFNg by

CD8þ T cells isolated from tumor DLNs (Fig. 4C), while other

parameters such as the expression of Ki67, tbet, and PD-1 were
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Figure 4.

CXCR3 and its ligands modulate T-cell priming within the tumor DLNs. DLNs were harvested from AT-3ova tumor bearing C57BL/6 mice following treatment with

dual anti-PD-1 and anti-CTLA-4 � anti-CXCR3 as per Fig. 2. A, Indicated immune cell populations were isolated using FACS and CXCL9, CXCL10, and CXCR3

expressionwas assessedbyqRT-PCR. Expression is shown relative to theRpl27 housekeepinggene and is representative of triplicate qRT-PCR reactions pooled from

n¼4mice per group.B–F,CD8þ andCD4þfoxp3�T cellswere assessed by flowcytometry for expression of CXCR3 (B), IFNg (C), Ki67 (D), Tbet (E), and PD-1 [F;� ,P<

0.01; �� , P < 0.01; n.s., not significant, one-way ANOVA (C–F) or unpaired t test (B)]. Data are representative of n ¼ 12 per group from two pooled experiments.
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unaffected (Fig. 4D–F). Interestingly, while CXCR3 blockade did not

modulate the expression of IFNg (Fig. 4C) or tbet (Fig. 4E) by

CD4þfoxp3� cells in the DLNs, it did increase their expression of

Ki67 (Fig. 4D) and PD-1 (Fig. 4F). Taken together, these data indicate

that dual PD-1/CTLA-4 blockade not only induces CXCR3-dependent

migration of CD8þ T cells into the tumor site, but also that CXCR3

ligands modulate the activation of both CD8þ and CD4þfoxp3� cells

both at the tumor site and within DLNs.

Intratumoral CXCL9 is predominantly secreted from

macrophages following immune checkpoint blockade

We next assessed the mechanism and cell types that were respon-

sible for the generation of CXCR3 ligands following immune check-

point blockade. One possibility was that the production of CXCL9 and

CXCL10wasmediated by tumor cells, becauseAT-3ova cells produced

CXCL9 and CXCL10 following stimulation with IFNg and TNFa

in vitro (Supplementary Fig. S5A and S5B). To assess the importance of

tumor-derived CXCL9/CXCL10 for the therapeutic effect of dual PD-

1/CTLA-4 blockade, we generated AT-3ova cells that did not express

CXCL9 or CXCL10 using CRISPR-Cas9–mediated deletion of these

genes. The resulting cells produced negligible amounts of CXCL9/10

in vitro following dual TNFa and IFNg stimulation (Supplementary

Fig. S5C). However, loss of CXCL9 and CXCL10 production by AT-

3ova tumor cells did not significantly affect their responsiveness to

dual PD-1/CTLA-4 blockade (Fig. 5A) nor the level of CXCL9 within

the tumor microenvironment following therapy (Fig. 5B). These data

suggested that host cells were themajor source ofCXCL9 in the context

of combination therapy that was critical for the therapeutic effect.

Accordingly, we assessed the cell types responsible for the production

of CXCL9 and CXCL10 in tumors of mice undergoing immune

checkpoint therapy. Following dual PD-1/CTLA-4 blockade, on a per

cell basis, CXCL9 was predominantly expressed in a monocyte/mac-

rophage (Mo/Mac) population, defined asCD11bþLy6CintCD11cþF4/

80þ (Fig. 5C and D; Supplementary Fig. S6A). Moreover, dual anti-

PD-1/anti-CTLA-4 treatment evoked a strong infiltration and/or

differentiation of macrophages as shown by an increased proportion

of these cells (Supplementary Fig. S6B and S6C) and a significant

upregulation of a macrophage gene signature in treated tumors

(Fig. 5E). Moreover, these cells expressed high levels of CD64 and

MHCII, phenotypic markers associated with monocytes/macro-

phages, thus confirming their identity as macrophages (Supplemen-

tary Fig. S6D). Therefore, although CXCL9 production was increased

in CD103þ cDC1s (CD11cþCD103þCD11b�) and tumor/stromal

cells (CD45�) following dual PD-1/CTLA-4 blockade (Fig. 5C and

D), given their increased frequency relative to CD103þ DCs (Supple-

mentary Fig. S6C and S6E), Mo/Macs were the predominant source of

CXCL9. Indeed, Mo/Macs accounted for 38.1% of CXCL9-positive

cells following dual PD-1/CTLA-4 blockade with conventional

CD11bþCD11cþMHCIIþ DCs (27.5%) and CD45.2� cells (stroma/

tumor; 14.7%) making up the other major CXCL9þ populations

(Fig. 5F; Supplementary Fig. S6F). These experiments also revealed

that B cells were not a major source of CXCL9 (Supplementary

Fig. S6G). Macrophages were also a major source of CXCL9 in MC38

tumors (Fig. 5G) and analysis of an independent, previously generated

single-cell RNA-seq dataset of tumor-infiltrating immune cells in the

CT26 tumor model (35) revealed that CXCL9 and CXCL10 were

predominantly expressed by immune cells that also coexpressed the

macrophage markers F4/80 and CD64 (Fig. 5H), confirming this

observation was applicable to multiple tumor models. To analyze

CXCL10 in the context of dual PD-1/CTLA-4 blockade in the absence

of an antibody suitable for flow cytometry, we also FACS sorted the

relevant immune populations and analyzed CXCL9/10 at the tran-

scriptional level. This analysis confirmed that Mo/Mac cells produced

significantly more CXCL9 in the context of dual checkpoint blockade

and that these cells also produced large amounts of CXCL10 mRNA

following therapy (Supplementary Fig. S6A).

Production of CXCL9 and CXCL10 is IFNg dependent

Given the known key role of IFNg and TNFa in modulating

CXCL9/10 expression in alternative contexts (13, 42), we next assessed

their importance in driving chemokine expression in vivo in the

context of immune checkpoint blockade. We found that IFNg and

TNFa levels were significantly enhanced in the context of dual

checkpoint blockade (in comparison to single agent PD-1 or

CTLA-4 blockade) and that both CXCL9 and CXCL10 expression

was highly correlated with IFNg and TNFa production (Fig. 6A). We

next sought to confirm these observations in the IMvigor210 trial

cohort where CXCL9 and CXCL10 expression was associated with

improved responses to atezolizumab (anti-PD-L1; Supplementary

Fig. S2B). Both CXCL9- and CXCL10-high tumors were significantly

enriched for both IFNg and TNFa gene signatures (Fig. 6B). To

formally test the requirement of IFNg and TNFa for CXCL9 produc-

tion following dual checkpoint blockade, we analyzed the production

of CXCL9 by Mo/Macs and CD11bþCD103þDCs in the context of

either IFNg or TNFa neutralization. These results revealed that IFNg

was critical for CXCL9 production while no significant difference was

observed following TNFa neutralization (Fig. 6C). To confirm this

directly, we stimulated tumor-infiltrating leukocytes ex vivowith IFNg

and/or TNFawhich revealed thatmacrophages, DCs, andCD45� cells

upregulated CXCL9 ex vivo in response to IFNg stimulation alone

(Fig. 6D). Consistent with our previous data, macrophages isolated

from tumors inmice treatedwith anti-PD-1 and anti-CTLA-4 secreted

high amounts of CXCL9 that could not be further enhanced by IFNg ,

suggesting that this IFNg pathway was already activated in vivo.

Notably, these effects were also observed in BATF3�/� mice, con-

firming that these effects were independent of CD103þDCs (Fig. 6E).

However, we did observe that the overall levels of CXCL9 production

by macrophages were lower in BATF3�/� mice, suggesting that

CD103þ DCs indirectly contributed to the production of CXCL9 by

these cells. Taken together, these data demonstrated thatMo/Mac cells

are the major source of tumor-derived CXCL9 and CXCL10 after dual

PD-1/CTLA-4 blockade and that this expression is driven by IFNg that

is induced following combination therapy.

Macrophages are essential for dual PD-1/CTLA4 therapeutic

efficacy

To investigate the requirement for macrophages for CXCL9/10

production following dual PD-1/CTLA-4 blockade, we depleted these

cells using an anti-F4/80 antibody (Supplementary Fig. S6H), which

resulted in a complete abrogation of the therapeutic efficacy of dual

PD-1/CTLA-4 blockade (Fig. 7A). Depletion of macrophages also

attenuated the increased production of CXCL9 (Fig. 7B) and infil-

tration of CD8þ and CD4þfoxp3� cells within tumors following dual

PD-1/CTLA-4 blockade (Fig. 7C). Similarly, IFNg neutralization also

attenuated increased infiltration of CD8þ and CD4þfoxp3� cells,

highlighting the link between IFNg , macrophages, and CXCL9 pro-

duction. To investigate the clinical significance ofmacrophage-derived

CXCR3 ligands (CXCL9/CXCL10/CXCL11), we next sought to deter-

mine the source of these chemokines in human tumors and their

prognostic significance.

Analysis of single-cell RNA-seq datasets in melanoma (29), lung

carcinoma (32), and head and neck cancer cohorts (31) revealed that

House et al.

Clin Cancer Res; 26(2) January 15, 2020 CLINICAL CANCER RESEARCH496

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

6
/2

/4
8
7
/2

0
6
2
4
8
0
/4

8
7
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2



A B C 

D

F

ISO

P+C

P
e

rc
e

n
t 
C

X
C

L
9
+

0

20

40

60

80

C
D

1
1

b
+

M
o

/M
a

c

C
D

1
1

c
+

C
D

1
0

3
+

C
D

4
5

-

C
D

4
5

+

C
D

1
1

c
+

**

**

*

***

**

***

CXCL9 (Protein)

Mo/Mac

ISO
anti-PD-1
anti-CTLA-4
P+C

CD45+ CD11c+CD103+

IS
O

P
+

C

Mock KO ISO

Mock KO P+C

CXCL9/10KO ISO

CXCL9/10KO P+C

150

100

50

0
0 10 20 30

Days posttreatment

T
u

m
o

r 
s
iz

e
 (

m
m

)
2

600

400

200

0

1,000

800

C
X

C
L

9
 (

p
g

/m
L

)

C
X

C
L

1
0

 (
p

g
/m

L
)

IS
O

P
+

C

CD45−

CD8+ T cell

Lin+CD8−

Mo/Mac

CD103+ DCs

CD11c+Ly6c-MHCII+CD103−

CD11b+Ly6CintCD11c−

Other

CXCL9 Protein expression 

E

B lymphocyte
Dendritic cell

Neutophil
T lymphocyte

NK Cells
Treg Cells

Macrophage

     Log-10(q-value)

GSEA analysis

0 20 40 60

CXCL9

Mock KO CXCL9/CXCL10 KO

150

100

50

0

250

200

IS
O

P
+

C

H

Cxcl9

-8

-7

-6

-5

-4

-3

-4
UMAP_1

U
M

A
P

_
2

0
1
2
3

-2 0 2 4

0
1
2
3

-8

-7

-6

-5

-4

-3

U
M

A
P

_
2

-4
UMAP_1

-2 0 2 4

Cxcl10

0
1
2

Adgre1

(F4/80)

-4
UMAP_1

-2 0 2 4
-8

-7

-6

-5

-4

-3

U
M

A
P

_
2

0
1
2
3

Fcgr1

(CD64)

-8

-7

-6

-5

-4

-3

U
M

A
P

_
2

-4
UMAP_1

-2 0 2 4

0.0
0.5
1.0

Itgae

(CD103)

-8

-7

-6

-5

-4

-3

U
M

A
P

_
2

-4
UMAP_1

-2 0 2 4

G MC38

CXCL9

L
in

C
D

6
4

CD11b

CD11c

M
H

C
II

Figure 5.

Macrophages are themajor source of intratumoral CXCL9 andCXCL10 following dual combination therapy. C57BL/6micewere injected subcutaneouslywith either 5

� 105 control AT-3ova (Mock KO) or CXCL9/CXCL10 double KO AT-3ova cells and allowed to establish for 14 days (A). Mice were then treated with either dual anti-

PD-1 (200 mg/mouse) and anti-CTLA-4 (150 mg/mouse) or isotype control (200 mg/mouse). Treatment was repeated on days 18, 22, and 26. On day 21, tumors were

collected from mice and CXCL9 and CXCL10 production assessed by chemokine bead array as per Fig. 1A and B. Data shown are the mean � SEM of 5–6 mice per

group, of a representative experiment (n¼ 2). �, P < 0.05, n.s., not significant assessed by one-way ANOVA. C,D, and F, Intracellular CXCL9 staining was performed

ex vivo in the presence of golgi plug/golgi stop for 3 hours at 37�C. n¼ 3mice per group, two representative experiments. C, CXCL9 production per cell type before

and after therapy.D, CXCL9 staining in indicated populations shown as representative histograms. E, Tissue enrichment scores for the top 200 genes upregulated in

tumors treated with anti-PD-1 and anti-CTLA-4 relative to isotype control treatedmice. F, Pie charts indicating the source of CXCL9 by cell type. Each pie represents

one mouse from a representative experiment. G, C57BL/76 mice were injected with MC38 subcutaneously and 19 days postinoculation expression of CXCL9 by

tumor-infiltrating myeloid cells was determined. H, Expression of Cxcl9, Cxcl10, Adgrel (F4/80), Fcgr1 (CD64), and Itgae (CD103) in CT26 tumor-infiltrating immune

cells as determined by single-cell RNA-seq (35). UMAP embedding of single cells inmacrophage cluster (larger population) and fibroblast cluster (smaller population

bottom left) identified as per the original study are shown, with color intensity representing normalized gene expression level.
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macrophages were the predominant cell type responsible for the

production of CXCL9, CXCL10, and CXCL11 (Fig. 7D and E;

Supplementary Fig. S7A and S7B).Of note, within the lung carcinomas

studied by Zilonis and colleagues (32), multiple DC and macrophage

(tMac1-9) subpopulations were defined but CXCL9-11 were more

highly expressed by CD68-expressing macrophages than dendritic

cells, including the CLEC9Aþ cDC1 population (Fig. 7E). This was

consistent with all human datasets analyzed where CXCL9-11 pro-

duction was also detected in other immune cell populations such as

dendritic cells, but consistently to a lesser extent than macrophages

(Fig. 7D; Supplementary Fig. S7A and S7B). Utilizing the melanoma

dataset of Sade-Feldman and colleagues, derived from single-cell

RNA-seq analysis before and after immune checkpoint blockade, we

were able to investigate the expression of these chemokines in the

context of immunotherapy (29). Differential gene expression analysis

of macrophages in responders and nonresponders revealed that

CXCR3 ligands, and in particular CXCL10 and CXCL11, were more

abundantly expressed in macrophages from responding patients

(Fig. 7F and G). Further analysis of the macrophage transcriptome

identified a unique macrophage gene signature that included CXCL10
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Figure 7.

Generation of CXCR3 ligands bymacrophages is critical for the efficacy of immune checkpoint blockade.A–C, C57BL/6 mice were injected subcutaneously with 5�

105 AT-3ova cells and allowed to establish for 14 days before dual treatment with anti-PD-1, anti-CTLA-4 and/or anti-F4/80 (100 mg/mouse) as per Fig. 2. A, Tumor

size (left) and survival (right) ofn¼6mice per group froma representative experiment ofn¼ 2.B,CXCL9productionby tumors ex vivo following therapy,n¼ 3–7per

group. C, FACS plots from concatenated samples (top) and individual data points (n ¼ 8–14 per group; bottom) are shown. Expression of CXCL9, CXCL10, CXCL11,

CD68, and CLEC9a by cell subset in all patients at baseline in a cohort of patients with metastatic melanoma (D) and a cohort of patients with lung cancer (E) that

underwent single-cell RNASeq (melanoma; 5,928 cells from 19 patients, lung carcinoma; Violin plots are shown with single-cell expression values overlayed). F,

Single-cell differential gene expression analysis in macrophages in baseline melanoma samples from responders versus nonresponders. G, Box plot of CXCL9,

CXCL10, and CXCL11 expression level in individual macrophages from baseline melanoma cases in relation to immune checkpoint blockade response. Significance

determined by unpaired t test. H, Proportion of macrophages displaying chemokine signature in responders and nonresponders.
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and CXCL11 that was more abundant in macrophages derived from

patients that responded to immune checkpoint blockade (Fig. 7H;

Supplementary Fig. S7C). Taken together, the data obtained from these

patient samples strongly supports our preclinical observation that

macrophages are a major source of CXCR3 ligands and are associated

with responses to immune checkpoint blockade.

Discussion
Understanding the processes which govern responsiveness to

immune checkpoint therapy as well as the transition from non-T-

cell–infiltrated to inflamed tumors are two major frontiers in the field

of cancer immunotherapy. A number of factors can contribute to these

parameters, including the local tumor microenvironment, stromal

stiffness, the production of factors that promote an immune exclusion

phenotype (24, 43, 44) and an ineffective or inappropriate production

of chemokines that either promote the recruitment of immunosup-

pressive subtypes (45, 46) or a failure tomount effective recruitment of

antitumor T cells. In this study, we investigated chemokine production

within tumors following effective therapy with immune checkpoint

inhibitors (anti-PD-1 and anti-CTLA-4). This analysis showed that

CXCL9 production was significantly induced in an IFNg-dependent

manner following therapy both at the transcriptional and protein level

and that the production of CXCR3 ligands was critical for therapeutic

efficacy. The requirement for the CXCL9:CXCR3 axis for the thera-

peutic efficacy of these immunotherapeutic treatments is consistent

with previous data indicating that CXCL9/CXCL10:CXCR3 interac-

tions govern immune cell infiltration into tumors prior to therapy (47)

and following chemotherapy (10, 48, 49), IL2 treatment (50, 51),

adoptive cellular therapy (12, 52, 53), bispecific antibodies (54), and

that CXCR3�/� mice fail to elicit effective antitumor immune

responses postvaccination and anti-PD-1 (55). These studies have

shown that CXCL9 and CXCL10 can modulate antitumor immune

responses evoked following several therapeutic approaches. Although

our murine studies did not address the role of CXCL11 (as C57BL/6

mice do not express CXCL11), the data obtained from patients with

cancer suggests that this chemokine is worthy of further attention in

future studies. Notably, our data indicate that CXCL11 expression

correlates with improved responses to atezolizumab and was the most

significantly upregulated gene in macrophages isolated from patients

responding to immune checkpoint blockade. Therefore, further stud-

ies investigating the role of CXCL11 in human cancers, and, in

particular, its function relative to CXCL9 and CXCL10 would be of

high relevance. Although our study focuses on the role of CXCR3

ligands in the response to immune checkpoint blockade, it does not

preclude a role for other important chemokines such as CCL5, the

expression of which was shown to correlate with enhanced antitumor

immune responses and improved patient survival, particularly in the

context of high CXCL9 expression (56). However, while CCL5 can

potentially enhance antitumor immunity through the recruitment of

CCR5þ T cells and NK cells, protumoral roles of CCL5 have also been

reported (57, 58). Therefore, strategies to enhance CXCL9/10/11

productionmay bemore favorable to those designed to enhance CCL5

expression.

Our data indicating the importance of CXCL9/10/11: CXCR3

interactions for the efficacy of immune checkpoint blockade in vivo

was supported by transcriptome analysis of patients treated with either

atezolizumab (anti-PD-L1) or nivolumab (anti-PD-1), or a combina-

tion of ipilimumab and a PD-1 blocking antibody. In all cases, CXCL9/

10/11 productionwas highly correlatedwith improved patient survival

and their production was associated with an IFNg gene signature.

Given that single-cell RNA-seq analysis revealed that CXCR3 is highly

expressed on CD8þ and CD4þ tumor-infiltrating lymphocytes in

triple-negative breast cancer (59), it is highly likely that local produc-

tion of CXCL9/10 can modulate T-cell recruitment and activation in

human cancers. Interestingly, a similar observation has been

reported in a study of 45 patients with melanoma treated with

ipilimumab where the increased expression of IFNg-dependent

genes including CXCL9-11 was observed in patients undergoing

a clinical response (60). Our analysis supports that these chemo-

kines are also increased following anti-PD-1 and that they are

crucial for therapeutic activity and correlate with patient prognosis.

Therefore, strategies to enhance the expression and/or activity of

CXCL9/10 may be expected to enhance the therapeutic efficacy of

immune checkpoint blockade. Indeed, the use of a Dipeptidylpep-

tidase 4 (DPP4, CD26) inhibitor to preserve CXCL10 bioactivity

was shown to enhance the efficacy of adoptive cellular therapy and

immune checkpoint blockade (61, 62). Similarly, the localized

application of a COX-2 inhibitor was shown to enhance therapeutic

responses to anti-PD-1, associated with an increase in expression of

CXCL9 and CXCL10 (63) and epigenetic modulators (EZH2i and

DNMT1i) were shown to enhance antitumor immune responses

associated with increased expression of CXCL9 and CXCL10 (64).

However, given the broad nonspecific nature of these inhibitors, it is

clear that more specific therapeutics to modulate the CXCL9/

CXCL10 chemokines would be of significant interest.

Having established that CXCR3 was crucial to the antitumor

efficacy of dual PD-1/CTLA-4 blockade, we next investigated the

underlying mechanisms. We observed that CXCR3 blockade reduced

CD8þ T-cell infiltrate into tumors following dual PD-1/CTLA-4

blockade while the numbers of other immune cell populations such

as CD4þ Tregs and NK cells were not affected. This was somewhat

surprising given that these cells express CXCR3 and expression of

CXCL10 was shown to promote NK-cell infiltration into the NK-

sensitive RMA-S cell line (65). However, these data may either reflect a

higher dependency of CD8þT cells on CXCR3 for their migration into

the tumor site following immune checkpoint blockade than other

immune cell subtypes and/or our use of a T-cell–sensitivemodel where

NK cells are unlikely to play a major role in the control of tumor

growth. This hypothesis is consistent with the fact that CXCR3

expression was increased following T-cell activation by dual PD-1/

CTLA-4 blockade. We did not investigate the role of CXCL9 and

CXCL10 in recruiting other immune cell types, including myeloid

cells. Intriguingly, because monocytes themselves express CXCR3, it is

possible that CXCL9/10 production by monocytes/macrophages leads

to the recruitment of more monocytes in a positive feedback loop.

Previous studies have shown that CXCL9 and CXCL10 can be

secreted by multiple cell types including monocytes, endothelial cells,

fibroblasts, inflammatorymacrophages dendritic cells (particularly the

cDC1 subtype) and tumor cells themselves (9, 12, 13, 66–68). In the

context of cancer, previous data have suggested that tumor cells (68),

CD103þ DCs (9, 12, 69), or CD11bþ cells (67) are major sources of

CXCL9/10within the tumormicroenvironment.Notably, whilewe did

observe that dual PD-1/CTLA-4 blockade enhanced CXCL9/10 pro-

duction by CD103þ DCs and the bulk CD11bþ population, our data

indicate that macrophages are the predominant source of CXCL9 and

CXCL10 in the context of immune checkpoint blockade both in mice

and in patients. This was supported by single-cell RNA-seq in patient

datasets and alternative murine tumor models suggesting this is a

pathway conserved in multiple tumor types.

Our analysis of single-cell RNA-seqdata indicated thatmacrophages

secreted higher levels of CXCL9-11 than dendritic cells in multiple

House et al.
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cancer cell types. This was also observed in the context of immuno-

therapy where the presence of CXCL10- or CXCL11-positive macro-

phages was a marker for benefit from immunotherapy. Although

CXCL9 was not prognostic within this patient cohort, we cannot

exclude the possibility that the low CXCL9 counts arose through

technical limitation rather than a reduced expression of CXCL9

relative to the other CXCR3 ligands CXCL10 and CXCL11. Our data

suggest that the production of CXCL9 and CXCL10 by the tumor cells

themselves are dispensable for the therapeutic effect of anti-PD-1 and

anti-CTLA-4 and that knockout of these genes from tumor cells had

minimal impact on the overall concentration of these chemokines,

particularly CXCL9, in the context of dual combination therapy.

However,we cannot exclude a role for tumor-derivedCXCL9/CXCL10

in tumors with low immune infiltrate where their overall contribution

to CXCL9/CXCL10 levels maybe more pronounced. Interestingly, our

data also suggest a greater increase in CXCL10 mRNA, relative to

CXCL9 mRNA, in CD45� cells following combination therapy.

Although this population includes tumor cells and other host cells

such as stroma, it would be interesting to confirm this at the protein

level in future experiments, particularly because we observed a signif-

icant decrease in CXCL10 protein levels within the tumor microen-

vironment following CRISPR-Cas9–mediated deletion of CXCL10

from tumor cells.

Moreover, our data do not discount the importance of CXCL9/10

from other cell types including CD103þ DCs, which has previously

been reported in the context of adoptive cellular therapy and immune

checkpoint blockade (12, 69). The production of CXCL9/10 by these

cells can enhance T-cell priming by facilitating DC:T-cell interactions

and result in enhanced antitumor immunity. However, our data

indicate a clear role for CXCR3-dependent migration of T cells into

tumors and that the predominant cellular source of CXCL9/10 is

macrophages. We believe one explanation for this apparent discrep-

ancy is that while macrophages are critical for CXCR3-dependent

recruitment of T cells through their production of CXCL9/10 in the

tumor, CXCL9/10 production by other myeloid subsets, including

CD103þ DCs, is likely to be important for T-cell priming both within

the tumor and in the DLN. Therefore, while our studies do not

preclude an important role for CXCL9/10 production by DCs in

promoting T-cell activation, they clearly indicate that macrophages

are responsible for a significant proportion of these chemokines.

Notably, the requirement for immune cell trafficking into tumors

following immune checkpoint blockade is consistent with the emer-

gence of new antigen-specific immune cells at the tumor site following

therapy (70).

Although it was recently described that anti-TIM-3 therapy

enhances CXCL9/10 production by CD103þ DCs through direct

modulation of TIM-3 expressed on CD103þ DCs (9), such a direct

mechanism is unlikely to contribute to the efficacy of PD-1 andCTLA-

4 blockade, as PD-1 and CTLA-4 are not expressed on either DCs or

the tumoral macrophages in our study. Instead, our data suggest that

T-cell–mediated increases in IFNg and TNFa production are critical

for this effect. Indeed, we observed that the production of CXCL9 was

dependent on IFNg and TNFa, which is consistent with the role of

STAT1 and NFkB in enhancing the transcriptional activity of

CXCL9 (71, 72) and with a previous report that indicated that anti-

PD-1 enhanced CXCL10 production from intratumoral CD11bþ cells

within tumors in an IFNg-dependent manner in the context of

adoptive cellular therapy (67). Transcriptome analysis of patient's

tumors post immune checkpoint blockade indicated a robust corre-

lation between the expression of IFNg-related genes and CXCL9/

CXCL10, suggesting that this mechanism is also important in patients.

Given that mutations in both the JAK–STAT (73–75) pathway and in

TNF signaling (76) have previously been reported as resistance

mechanisms for immune checkpoint inhibitors, our data suggests that

a failure to secrete CXCL9/CXCL10 by these tumors may represent an

additional mechanism of immune escape.

Interestingly, the role of the CXCR3 receptor in the response to dual

PD-1/CTLA-4 blockade was not limited to CD8þ T-cell trafficking to

the tumor site because CXCR3 blockade also modulated T-cell func-

tionality in the DLNs. CXCR3 mRNA expression was increased on

both CD4þ and CD8þ subsets following dual PD-1/CTLA-4 blockade

and, although we did not observe increased expression of CXCR3

protein on CD8þ T cells following dual PD-1/CTLA-4 blockade, this

is potentially explained by CXCR3 internalization that has previ-

ously been reported (77). Blockade of CXCR3 reduced the produc-

tion of IFNg by CD8þ T cells in DLNs and affected CD4þfoxp3� T-

cell differentiation as shown by enhanced expression of PD-1 and

the proliferation marker Ki67. The mechanism underlying this is yet

to be fully determined but a role for CXCR3 ligands in promoting

DC:T-cell interactions within interfollicular regions of lymph nodes

following vaccination has been described previously (41, 78). Thus,

it is tempting to speculate that CXCL9/CXCL10:CXCR3 interac-

tions may play a similar role in tumor DLNs by promoting the

aggregation of tumor-specific T cells and antigen presenting DCs.

Interestingly in these studies showing a role for CXCR3 ligands in

lymph node priming, the production of CXCL10 was predomi-

nantly by the CD11bþ lymph node resident DCs while CXCL9 was

predominantly expressed by stromal cells. While we did not observe

significant expression of CXCL10 by CD11bþ cells in our analysis,

we cannot exclude that the expression of CXCL10 was restricted to

an alternative immune subset and/or expressed at a different time-

point than analyzed in our experiments. Nevertheless, our data

suggest a role for CXCL9/CXCR3 interactions within DLNs in the

context of immunotherapy and this could potentially play a role in

the spatial organization and consequent activation of both CD8þ

and CD4þ T cells within the DLNs, as has been reported in the

context of vaccination (41, 78, 79). Such interactions have not been

studied within the tumor microenvironment, but this would be of

significant interest given our data suggest that the expression of

CXCL9 by host immune cells is critical for the therapeutic effect of

immune checkpoint blockade.

In summary, our data indicate that the production of CXCR3

ligands is critical for the therapeutic effect of dual anti-PD-1/anti-

CTLA-4 therapy and identifies macrophages as the predominant

source of CXCL9 both in preclinical models and in patients treated

with immunotherapy. These cells were predicative of response to

immune checkpoint blockade and thus novel strategies to enhance

CXCL9/10 production, particularly by macrophages, have the

potential to enhance the efficacy of immunotherapy in patients.
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