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ABSTRACT
◥

Antibodies targeting PD-1 and PD-L1 have produced durable

responses in a subset of patients with cancer. However, amajority of

these patients will ultimately relapse due to acquired resistance. To

explore the underlying mechanisms of this secondary resistance, we

developed five syngeneic murine tumor variants with acquired

resistance to anti-PD-1 and/or PD-L1 antibodies in vivo. Resistant

in vivo models were obtained by serial treatment/reimplantation

cycles of the MC38 colorectal, MB49 and MBT2 bladder, and

RENCA kidney and TyrNras melanoma models. Tumor immune

infiltrates were characterized for wild type and resistant tumors

using spectral cytometry and their molecular alterations analyzed

using RNA sequencing analyses. Alterations in the tumor immune

microenvironment were strongly heterogeneous among resistant

models, involving select lymphoid and/or myeloid subpopulations.

Molecular alterations in resistant models included previously iden-

tified pathways as well as novel candidate genes found to be

deregulated in several resistant models. Among these, Serpinf1,

coding for pigment epithelial-derived factor (PEDF) was further

explored in the MC38 and the MBT2 models. Overexpression of

Serpinf1 induced resistance to anti-PD-1 antibodies in the MC38

model, whereas knockdown of Serpinf1 sensitized this model as well

as the primarily resistantMBT2model. Serpinf1 overexpression was

associated with increased production of free fatty acids and reduced

activation of CD8þ cells, while orlistat, a compound that reduces the

production of free fatty acids, reversed resistance to anti-PD-1

therapy. Our results suggest that a panel of syngeneic resistant

models constitutes a useful tool to model the heterogeneity of

resistance mechanisms encountered in the clinic.

Introduction
Immune checkpoint inhibitors (ICI) directed against programmed

cell death 1 (PD-1) and programmed cell death ligand 1 (PD-L1) have

shown impressive clinical efficacy in a wide range of cancer types.

Several mAbs have been approved by the FDA for the treatment of

patients with various indications including melanoma, non–small cell

lung cancer (NSCLC), bladder cancer, and renal cell carcinoma (1–4).

mAbs targeting PD-1 and PD-L1 allow the restoration of T-cell

antitumor functions (5). However, a large proportion of patients

demonstrates de novo resistance to these therapies or relapse after a

primary response.

Mechanisms of resistance to ICIs remain poorly understood. Muta-

tions inducing b-catenin activation have been linked to primary

resistance to anti-PD-L1 and anti-CTLA-4 treatment, correlating with

T-cell evasion in patients with melanoma (6). Mutations in b2

microglobulin causing inefficient antigen presentation by HLA class

1, as well as mutations of Janus kinase 1 (JAK1) and Janus kinase 2

(JAK2) genes causing a loss of IFN response, have been associated with

acquired resistance to PD-1–targeting agents in patients with mela-

noma (7). Using a genetically engineered mouse model of lung cancer,

Koyama and colleagues showed an upregulation of the alternative

immune checkpoint T-cell immunoglobulin and mucin-domain con-

taining-3 (TIM-3) in infiltrating T cells associated with acquired

resistance to anti–PD-1 blockade (8). Overall, these data suggest that

the underlyingmechanisms of innate and acquired resistance are likely

to be multifactorial and remain largely undetermined. Three main

causes explaining why it is so challenging to study acquired resistance

mechanisms have been identified: the absence of uniform terminology,

the difficulty in obtaining patient tumor samples and the lack of a

powerful tool to study such mechanisms (9). The establishment of

robust in vivo variants derived from sensitive models is a promising

means to decipher the mechanisms of acquired resistance to immune

checkpoint antibodies, as they allow comparison with their sensitive

parental counterparts. The mechanistic hypotheses generated from

such models can subsequently be validated in the clinical setting.

Moreover, these models are powerful tools to evaluate new treatments

or therapeutic combinations for patients with acquired resistance to

PD-1/PD-L1 antibodies.

In this study, we used immunocompetent mouse models to

analyze diverse types of syngeneic mouse tumors (colorectal, bladder,

renal, and melanoma cancers) chosen for their initial sensitivity to

anti–PD-1/ anti–PD-L1 axis blockade and developed in vivo resistant

models. Because acquired resistance is defined by the emergence of

reduced sensitivity to therapy after an initial response to this same

agent, we chose to compare the characteristics of the resistant models

at basal state with those of the corresponding sensitive models,

focusing on differences in immune cell infiltrates and alterations in

the transcriptional profiles. Modifications in the tumor immune

infiltrate were further explored by testing combinations of alternative

ICIs in an effort to reverse the resistant phenotype. Pooling of
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molecular analyses allowed us to identify altered expression of genes

potentially related to resistance mechanisms in several of our resistant

tumor models.

We chose to focus on Serpinf1, which codes for a serine proteinase

inhibitor, pigment epithelium-derived factor (PEDF; ref. 10). PEDF is

a multifunctional protein with neuroprotective, antiangiogenic, and

lipidmetabolic properties (10, 11). Although some studies have shown

that proliferation and migration are inhibited in presence of PEDF in

melanoma (12), other investigators have demonstrated an opposite

effect in esophageal squamous cell carcinoma (13). It has also been

suggested that PEDF may enhance the suppressive phenotype of

regulatory T cells (Treg) (14). The impact of PEDF on tumor growth

may depend on its location. Secretion of PEDF in the extracellular

compartment may have a direct antitumoral role through antiangio-

genic effects, whereas intracellular PEDF may have a protumoral role

through free fatty acid (FFA) accumulation (15).

PEDF has been shown to be involved in lipid metabolism, as it

binds to and activates adipose triglyceride lipase (ATGL), a protein

that catalyzes the first hydrolysis reaction of triacylglycerols (11).

There is growing evidence that a lipid-rich tumor microenviron-

ment may favor immunosuppressive populations. Of note, PD-1/

PD-L1 binding promotes lipolysis and fatty acid oxidation (FAO),

whereas anti–PD-1 treatment favored metabolic reprogramming of

T cells with activation of glycolytic pathways (16). However, if the

balance tilts in favor of lipid rather than carbohydrate metabolism,

T cells may shift to exhausted and regulatory phenotypes (17, 18).

We therefore sought to determine whether the overexpression of

Serpinf1 observed in some of our resistant models was involved in

the increased lipid load observed in these tumors. Our results

suggest that increased expression of Serpinf1 is associated with

alterations in FFA metabolic pathways which may be involved in

resistance to anti-PD-1 therapy.

Materials and Methods
Mouse cell line cultures

MC38 and RENCA cell lines were obtained from Kerafast

(CVCL_B288) and ATCC (CRL-2947), respectively. Alain Bergeron

(LavalUniversity, Qu�ebec, Canada) provided theMB49 andMBT2 cell

lines, Julie Caramel (CRCL, France) provided theTyrNras cell line, and

Emmanuel Bachy (HCL) provided theHEK293T cell line.We received

all cell lines between 2016 and 2021. Cell lines were reauthenticated

between 2020 and 2022 by genotyping (Microsynth) All cell lines were

negative forMycoplasma assays. Murine colon cancer MC38 cells and

HEK293T cells were cultured in DMEM (Gibco, 41966-029) with 10%

FBS (Gibco, A3160802) and 100 U/mL penicillin and streptomycin

(Gibco, 15140122). The murine renal cell carcinoma cell line RENCA,

the melanoma cell line TyrNras, and the murine bladder cancer cell

lines MBT2 and MB49 were cultured with RPMI medium (Gibco,

21875-034) with 10%FBS (Gibco, A3160802) and 100U/mL penicillin

and streptomycin (Gibco, 15140122). Cell lines were thawed and

directly amplified for in vivo experiments. Cells were incubated in a

humidified incubator with 5% CO2 at 37
�C.

Establishment of resistant models

MC38 cells, MB49 cells, and TyrNras cells were injected in 4–

5 weeks old female C57BL6 mice (Charles River Laboratory, 000664),

RENCA cells were injected in 4 to 5 weeks old female BALB/c mice

(Charles River Laboratory, 000651), and MBT2 cells were injected in

4 to 5 weeks old female C3H/HeNRj mice (Janvier Laboratory). In all

cases, 5 � 106 cells of exponentially growing cultures were diluted in

0.2 mL of PBS (Gibco, 140040-091) and injected subcutaneously into

the left flank. The tumor volume was measured twice a week (length�

width) with a caliper. The tumor volume was determined using the

formula: 4/3� p� r3.When the tumor volume reached 150mm3, that

is, between 7 and 15 days according to tumor growth, mice were

randomized and the first treatment was administered to groups of 5–6

mice for tumor growth and flow cytometry analyses. To establish the

resistant models, tumors obtained from mice with initial responses to

anti-PD-1 (BioXCell, RMP1-14, BE014, RRID: AB_10949053,

12.5 mg/kg/week, i.p.) or anti-PD-L1 (BioXCell, 10F.9G2, BE0101,

RRID: AB_10949073, 12.5 mg/kg/week, i.p.; Fig. 1A), were serially

reimplanted subcutaneously into new groups of naivemice and treated

once a week to maintain selection pressure. At each passage, three

na€�ve mice were implanted with tumor fragments and treatment was

initiated once the tumor reached 150mm3. Themost aggressive tumor

was selected for reimplantation. At least five passages were necessary to

induce acquired resistance (Fig. 1A). We will refer to sensitive models

as wild type (WT) and to resistant models as anti–PD-1-R or anti–PD-

L1-R for those resistant to anti–PD-1 and anti–PD-L1 mAbs, respec-

tively. All resistant models were frozen to constitute stocks. The

resistant models were regularly tested for resistance to anti-PD-1 or

anti-PD-L1 and demonstrated a stable phenotype. Allmice were raised

in an specific pathogen-free environment with free access to standard

food and water. Experimental procedures were submitted and

approved by the Animal Ethics Committee CECCAP of Lyon. We

used the ARRIVE guidelines when writing our animal experimental

protocol (19).

Flow cytometry analysis

Baseline immunophenotyping was performed in all models when

the tumor volume reached approximately 200 mm3, acquired on a

Cytek Aurora flow cytometer with SpectroFloSoftware (Cytek Bios-

ciences). For all MC38 models, a complementary flow cytometry

experiment was performed 24 hours after the second treatment, and

samples were acquired on the FortessaX20 flow cytometer with BD

FACS Diva software (BD Biosciences). For all experiments, mouse

tumor dissociation kits (Miltenyi Biotec, 130-096-730) were used. To

digest tumors, we used the gentle MACS Octo Dissociator (Miltenyi

Biotec, 130-096-427). After filtration through a 100 mm filter (Miltenyi

Biotec, 130-110-917) and wash with PBS, cells were stained with a

viability dye marker and blocked with anti-CD16/32 (BioLegend,

101320) according to the manufacturer’s instructions. Cells were

stained with the fluorescently labeled antibodies in the dark for 30

minutes at 4�C. After surface staining, cells were fixed and permea-

bilized using BDCytofix/Cytopermkit (BD, 554714), then labeledwith

F4/80, FoxP3, granzyme B, CD206 and/or T-bet in the dark for 30

minutes at 4�C. FlowJo software (BD) was used for analyses and

GraphPad Prism software was used for statistical analysis (ANOVA

with Bonferroni post-hoc test). Antibodies and gating strategies are

described in Supplementary Tables S1 and S2, respectively.

RNA sequencing

Because of availability at different periods, RNA sequencing (RNA-

seq) was performed on two separate platforms. WT, anti–PD-1-R,

anti–PD-L1-R MB49 tumors; WT, anti–PD-1-R, anti–PD-L1-R

TyrNras tumors; and WT, anti–PD-L1-R MC38 tumors were pro-

cessed by the ProfileXpert platform with samples of 200 mm3. After

grinding of samples, RNA was extracted using RNeasy mini kit

(Qiagen, catalog no. 74104). Quality of samples was checked by

Bioanalyzer 2100 (Agilent) and RNA was quantified by Nanodrop.

Thereafter, 5 mg of RNA was enriched by NextFlex Rapid Directional
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Figure 1.

WT sensitive models were rendered resistant to anti–PD-1 and/or anti–PD-L1 in vivo. A, Tumor cell lines were injected in mice to establish the resistant models and

treated with anti–PD-1 or anti–PD-L1. Fragments of tumors displaying a primary response to anti–PD-1 or anti–PD-L1 were then implanted subcutaneously into new

groups of tumor-na€�vemice and treated once aweek tomaintain selection pressure. At least five passages were necessary to induce acquired resistance. B–F,Mean

tumor volume forMC38 colorectal cancer (B), MB49 bladder cancer (C), MBT2 bladder cancer (D), RENCAkidney cancer (E), and TyrNrasmelanoma cancer (F). Error

bars are � SEM. n ¼ 4 or 6 mice/group; ns, not significant; � , P < 0.05 and �� , P < 0.01, using Mann–Whitney t test.
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mRNA-seq kit (Bio-Scientific). Quality of samples was verified again

by Bioanalyzer 2100 (Agilent) and quantified by qPCR with KAPA

Library Quantification Kit for Illumina (Roche). Samples were put

on Flow Cell High Output. Amplification and sequencing were

performed with Illumina NextSeq500: run Single Read 75 bp was

performed for MC38 and TyrNras models and paired-end 2 � 75

cycles for MB49 models. For WT and anti-PD–1-R MC38 tumors,

WT and anti–PD-L1-R MBT-2 tumors, and WT, anti–PD-1-R and

anti–PD-L1-R RENCA tumors, the RNA-seq was performed by

Roche, with samples of 200 mm3. The Qiagen Tissue Lyser together

with the RNeasy Mini Kit (Qiagen, catalog no. 74104) was used to

extract RNA from tissue. Samples were randomized before sequenc-

ing library preparation and sequencing. Extracted RNA was of high

quality (RNA integrity number, 7.8–10) and 500 ng (as quantified

using Agilent Bioanalyzer) of extracted total RNA was used for

whole mRNA-seq library preparation. The protocol for Illumina

TruSeq stranded mRNA library preparation (Illumina, catalog no.

RS-122-2101) was followed. The yield and quality of RNA-seq

libraries was assessed on the Agilent Bioanalyzer. Libraries were

sequenced on the Illumina HiSeq4000 system, paired-end 2 � 51

cycles.

All RNA-seq samples passed quality control in terms of number of

reads per sample and read quality (Q30 >90% along the full read length

and full read coverage of expressed genes and transcripts). For samples

treated by ProfileXpert platform, trimming of single reads was per-

formed using cutadapt v1.9.1 software. Then the reads were mapped

using Tophat2 v2.1.1 software with default parameters on the genome

MusmusculusGRCm38/mm10.Alignment rates to themouse genome

were above 95%. The fragments per kilobases of exon per million

mapped reads values were then computed for each gene using Cuf-

flinks v2.1.1 software as described by Trapnell and colleagues (20). For

samples treated by Roche platform, paired-end reads were aligned to

the mouse genome (NCBIM37.67) using gsnap (21). Alignment rates

to the mouse genome were above 80%. The reads per kilobase of

transcript per million mapped reads values were then computed for

each gene as described by Mortazavi and colleagues (2008) using the

gene composite length, that is, the sum of the length of all nonover-

lapping exon groups as normalization factor, using in-house tools

implemented in Java (22). Differential gene expression between WT

and resistant models were computed using R scripts with limma

package version 3.46.0 for a fold change ≥ 1 and the P value >

0.05 (23). The canonical pathways were generated using ingenuity

pathway analysis (QIAGEN Inc: https://www.qiagenbioinformatics.

com/products/ingenuitypathway-analysis). Pathways significantly

predicted to be upregulated or downregulated (z score � 1.5 and

P < 0.05) for eachmodels are recapitulated in Supplementary Table S3.

Differential gene expression between WT and resistant models were

processing with fold change ≥ 1 and the P > 0.05. Venn diagrams were

performed (24). For heat map representation, we used package on R

software pheatmap (https://cran.r-project.org/web/packages/pheat

map/index.html).

Evaluation of therapeutic combinations in resistant models

MB49 anti–PD-1-R,MC38 anti–PD-1-R, andMC38 anti–PD-L1-R

tumor fragments were implanted subcutaneously into the left flank of

immunocompetent C57Bl/6 mice. RENCA anti–PD-1R tumor frag-

ments were implanted subcutaneously into the left flank of immuno-

competent BALB/C mice. When tumor volumes reached 150 mm3,

mice were randomized and the first treatment was administered (4 to 6

mice per group). Untreated groups received IgG2a as a control

(BioXCell, clone 2A3, BE0089, RRID: AB_1107769, 12.5 mg/kg/week,

i.p.). In the MC38 anti–PD-1-R model, we tested four combinations

with anti–PD-1 treatment: (i) anti-TNFa (BioXCell, clone XT3.11,

BE0058, RRID: AB_1107764, 10 mg/kg/week, i.p.), (ii) anti-CD47

(BioXCell, clone MIAP301, BE0270, RRID: AB_2687793, 20 mg/kg

twice a week, i.p.), (iii) anti-Ly6G (BioXCell, clone 1A8, BP0075-1,

RRID:AB_1107721, 2.5mg/kg once daily, i.p.), and (iv) orlistat (Roche,

240mg/kg/day, i.p.) with anti–PD-1(BioXCell, RMP1-14, 12.5 mg/kg/

week, i.p.). We also combined anti-CSF1R (BioXCell, clone AFS98,

BE0213, RRID: AB_2687699, 20 mg/kg one day after anti–PD-1 then

every 2 days) with anti-PD-1 in theMB49 anti–PD-1-Rmodel. Finally,

we combined anti–CD25 (BioXCell, clone PC-615.3, BE0012, RRID:

AB_1107619, 20mg/kg)with anti–PD-L1 to treatMC38 anti–PD-L1-R

bearing mice. For RENCA anti–PD-1-R model, we combined anti–

TIM-3 (BioXCell, clone RMT3-23, BE0115, RRID: AB_10949464,

12.5 mg/kg twice a week), anti–LAG-3 (BioXCell, clone C9B7W,

BE0174, RRID: AB_10949602, 10 mg/kg twice a week) or anti–

CTLA-4 (BioXCell, clone 9D9, BE0131, RRID: AB_10950184, 5mg/kg

twice a week) with anti–PD-1.

Modification of candidate gene expression

Serpinf1 knockoutMC38 cells andMBT2 cells were generated using

CRISPR/Cas9 technology. Oligonucleotides were inserted into pLen-

tiCRISPRv2-puro plasmid (Addgene) using BsmBI (Thermo Fisher

Scientific-Fermentas). Targeting and control sequences are as follows:

KO Serpinf1-F: CAGTCCAGAGGAGTAGCACCGTTTT

KO Serpinf1-R: GGTGCTACTCCTCTGGACT

KO Non target Control-F: AACGGTAGCGTACCCGTGAA

KO Non target Control-R: TTCACGGGTACGCTACCGTT

Virus particles were produced using HEK 293T cells. After

24 hours incubation, medium was changed and supernatant col-

lected twice with 24 hours intervals. Supernatant was filtered using

0.45 mm filter. MC38 and MBT2 (60% confluency) were incubated

in lentivirus-containing medium with polybrene (10 mg/mL; Sigma-

Aldrich, H9268-10G) for 6 hours. After 48 hours following infec-

tion, puromycin (Sigma-Aldrich, P9620) was added at 2.5 and 4 mg/

mL, respectively.

To obtain MC38 variants with stable overexpression of the candi-

date gene, cells were transfected with pcDNA3.1þ plasmid containing

cDNAs of Serpinf1 sequence (Thermo Fisher Scientific). At day 1, cells

were added to obtain 70% of confluence in Falcon T25 flask. A total of

5 mg of corresponding pcDNA3.1þ plasmid was added with lipofec-

tamine (Invitrogen, 11668030) for six hours. On day 4, geneticin (Life

Technologies, 10131-027) at 1mg/mL concentration was used to select

transfected MC38 cells. Empty plasmid was used as negative control.

Immunochemistry

After fixation, MC38 and MBT2 WT and variant tumors were

dehydrated and impregnated in the LEICA ASP300 machine. After

inclusion, samples were cut to 3 mmol/L and mounted on a Super-

frostþ slide (Epredia, J1800AMNZ). Roche DAB Map Kit (Roche,

760-124) was used on a Roche Discovery XT machine. After unmask-

ing with a buffer, PEDF (R&D, AF1149), ATGL (Cell Signaling

Technology, 2138), CD8a (Invitrogen, 14-0808-82) antibodies were

diluted at 1/500, 1/200, and 1/200, respectively, and incubated 60

minutes at 37�C. Slides were then incubated with secondary antibody

32 minutes at 37�C. For PEDF, we used rabbit Anti-Goat IgG

Biotinylated Antibody (Vector, BA5000) at 1/300, and for ATGL and

CD8a, we used rabbit Anti-Rat IgG Biotinylated Antibody (Vector,

BA4001) at 1/100 and 1/200, respectively. To explore lipid content, Oil

RedO (ORO; Diapath, C0512) solutionwas added for 15minutes after

fixation with isopropanol 60%. Slides were rinsed with isopropanol
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60% andwater. Harris hematoxyline was added for 1minute and slides

were rinsed with water. Zeiss ZEN blue edition software was used to

obtain representative images.

Lipid extraction and analyses of FFAs

Mouse tumors were crushed and weighed. After the addition of

appropriate internal standards, total lipids were extracted twice with

ethanol/chloroform [1:2, volume for volume (v/v)]. The organic

phases were dried under nitrogen. Lipid classes were then separated

by solid phase extracted [NH2 3CC (500MG)]. Total lipids were placed

on aminopropyl columns, previously activated with 8 mL of hexane

(Merck, 1.04369.2500). Each lipid class was eluted using a different

solvent: 20 mL chloroform (VWR, 22711.290) for neutral lipids and

5 mL diethyl ether/acetic acid (Carlo Erba, P0441016 and 401422,

respectively; 98:2, v/v) for FFA. The FFA fraction was dried under

nitrogen and derived with boron trifluoride in methanol (14%; Sigma,

B1252). Transmethylation was carried out at 100�C in screw-capped

tubes for 1 hour. The derivatized fatty acid methyl esters were then

extracted twice with isooctane (Merck, 1.15440.1000) and analyzed by

gas chromatography using an HP6890 instrument equipped with a

fused silica capillary BPX70 SGE column (60� 0.25 mm). The vector

gas was hydrogen. Temperatures of the flame ionization detector and

the split/splitless injector were set at 250�C and 230�C, respectively.

Availability of data and material

The authors declare that data and Supplementary Data files sup-

porting the findings of this study are available. Further information

and requests for resources and reagents should be directed to the lead

contact, Charles Dumontet (charles.dumontet@chu-lyon.fr). In vivo

models will be made freely available to other investigators. RNA-seq

data are available with the bioproject accession number PRJNA637469

(https://www.ncbi.nlm.nih.gov/sra/PRJNA637469).

Ethics approval and consent to participate

Experiments using C57Bl/6, C3H, or BALB/C mice were submitted

to and approved by the Animal Ethics Committee CECCAP of Lyon.

Results
Development of models with in vivo resistance to anti–PD-1 and

anti–PD-L1

First, we identified five murine cell line models, which were

robustly sensitive to treatment with PD-1 and/or PD-L1 mAbs. All

WT models were sensitive to both PD-1 and PD-L1 blockade,

except for MBT-2, which was sensitive to PD-L1 blockade only.

We established nine resistant models, five selected with PD-L1 mAb

and four with PD-1 mAb, with treatment regimens that induced

partial response in all of these models and consisted of anti–PD-1

or anti–PD-L1 treatment (12.5 mg/kg), initiated when tumor

volume reached 150 mm3, administered intraperitoneally (i.p.) once

per week. These models had become resistant to the selecting agent

after five serial implantations and exposure to antibodies (Fig. 1A).

Models included the colorectal cancer MC38 model (Fig. 1B;

Supplementary Fig. S1A), two bladder cancer models MB49

(Fig. 1C; Supplementary Fig. S1B) and MBT-2 (Fig. 1D; Supple-

mentary Fig. S1C), the renal cell carcinoma RENCA (Fig. 1E;

Supplementary Fig. S1D), and a melanoma TyrNras models

(Fig. 1F; Supplementary Fig. S1E).

Once these models had been established, we evaluated their

cross-resistance to the other ICI targeting the anti–PD-1/anti–

PD-L1 interaction, that is, anti–PD-1 mAb in anti–PD-L1-R models

and anti–PD-L1 treatment in anti–PD-1-R models. We showed a

complete or partial cross-resistance in some models, suggesting that

the resistance phenotype was not limited to the antibody used for

the selection of resistant models, but to PD-1/PD-L1 checkpoint

inhibition axis (Supplementary Fig. S2).

Therapeutic combinations target infiltrating immune

populations that appear with resistance

The immune infiltrate ofMC38WT at basal state comprisedmostly

of CD11bþ cells and an equivalent proportion of B cells, T cells, and

natural killer (NK) cells, in accordance with other publications (25).

Both resistant models showed an increase in CD8þ T central memory

(Tcm) cells, suggesting that ICI therapies were unable to activate these

cells properly (Fig. 2A). Conversely, NK-, NKT-, and B-cell contents

were decreased in both resistant models in comparison with the WT

model (Supplementary Fig. S3A, S3B, S3C, and S3E). In the MC38

anti–PD-1-R model, we observed that tumor-associated macrophages

(TAM), particularly M2-like and monocytes-myeloid derived sup-

pressor cells (M-MDSC) were significantly upregulated (Fig. 2B;

Supplementary Fig. S3H), whereas in theMC38 anti–PD-L1-Rmodel,

total T cells were upregulated, representing up to 20% of CD45þ cells,

as well as the proportion of Tregs (Supplementary Fig. S3G). Exam-

ination of the polymorphonuclear-MDSCs (PMN-MDSC) population

revealed a trend toward increased infiltration in the MC38 anti-PD-1-

R model (Fig. 2C; Supplementary Fig. S3A–S3C). On the basis of the

immunophenotypic data and literature data, we evaluated selected

therapeutic combinations aiming to target specific immune subsets.

On the basis of our data and those reported by Bertrand and colleagues

showing that anti-TNFamAb could enhance anti-PD-1 responses in

melanoma, we tested the combination of anti-TNFawith the anti-PD-

1 mAb to boost the T-cell response in MC38 anti–PD-1-Rmodel (26).

This combination resulted in a significant delay in tumor growth (P <

0.05; Fig. 2D). Because this model in one of the most commonly used

in immuno-oncology studies, we decided to test other combinations

targeting myeloid suppressor cells. We combined anti-CD47 with

anti–PD-1 to target the SIRPa-CD47 pathway, a “don’t eat me”

phagocytosis checkpoint signal (27). This combination overcame

therapeutic resistance to anti–PD-1 in MC38 anti–PD-1-R (P <

0.05; Fig. 2E). Moreover, in accordance with the increased infiltration

of neutrophils that we detected in the MC38 anti–PD-1-R models, we

combined anti–PD-1 with anti-Ly6G, to deplete neutrophils. We

observed a significant regression of tumor volume with this combi-

nation (P < 0.001) in comparison with untreated group (Fig. 2F).

RENCA tumors have previously been reported to contain a dense

immune infiltrate, representing up to 60% of total cells at basal state

(Supplementary Fig. S4A–S4D; ref. 28). In the RENCA resistant

models, we detected the expansion of CD8þ T cells. The large

proportion of CD8þ Tcm suggests that resistance may be reversed

if they are reactivated by targeting other inhibitory checkpoints

(Fig. 2G). Indeed, some studies have previously described upregula-

tion of TIM-3 as a mechanism of adaptive resistance to anti–PD-1

therapy (8). Because CD8þT cells are abundant inRENCAanti–PD-1-

Rmodels, we evaluated therapeutic combinations targeting alternative

ICIs. Thus, we performed an in vivo survival and antitumor efficacy

study with anti–TIM-3, anti–LAG-3 and anti–CTLA-4mAbs alone or

in combination with anti-PD-1 in the anti–PD-1-R RENCA model

(Fig. 2H–K). We observed an antitumor effect of the anti–LAG-3

administered as a single agent, whereas anti-TIM-3 and anti–CTLA-4

antibodies used as single agents did not show any efficacy in this

resistant model (Fig. 2H). However, in combination with anti-PD-1,

these three antibodies induced a significant delay in tumor growth in

Tumor Models with Acquired Resistance to Immunotherapies
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Figure 2.

Efficacy of therapeutic combinations in vivo in preclinical anti–PD-1-R and anti–PD-L1-R models. A–C, Flow cytometry analysis of tumor-infiltrating immune cells in

MC38 WT versus MC38 anti–PD-1-R. D, C57Bl/6 MC38 anti–PD-1-R model implanted in mice treated with anti-TNFa and anti–PD-1. E, C57Bl/6 MC38 anti–PD-1-R

model implanted inmice treatedwith anti-CD47 and anti–PD-1. F,C57Bl/6MC38 anti–PD-1-Rmodel implanted inmice treatedwith anti-Ly6G and anti–PD-1.G andH,

RENCAWT versus RENCA anti–PD-1-R. I–K, BALB/C RENCA anti–PD-1-R model implanted in mice treated with anti–TIM-3 (I), anti–LAG-3 (J), and anti–CTLA-4 (K)

and anti–PD-1. Data shown are mean tumor volume values and error bars are � SEM. Significant decreases and increases were assessed by a two-way ANOVA

statistical test,withBonferronipost hoc test. For PMN-MDSC cells, significant decreases and increaseswere assessedbyMann–Whitney t test.n¼5 tumors per group,

or 3 to 5 mice per group. � , P < 0.05; �� , P < 0.01; ���� , P < 0.0001.
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comparison with the group receiving a combination with an IgG2a

control (P< 0.05).Moreover, we did not observe adverse toxic effects of

these combinations (no effect on body weight or on animal well-

being). Overall, these results suggest that resistance to anti–PD-1 or

anti–PD-L1 therapy may be circumvented with various combinations

targeting other ICIs.

To determine whether Treg depletion could reverse the resistant

phenotype we administered anti-CD25 (29) in combinationwith anti–

PD-L1 in the MC38 anti–PD-L1-R model. In this model, the anti-

CD25 mAb alone or in combination with anti–PD-L1 induced a trend

toward reduced tumor growth (P ¼ 0.09; Supplementary Fig. S5A).

This modest effect may be due to the fact that activated T cells also

express CD25 and may have been depleted by the anti-CD25 mAb. In

addition, we investigated whether targeting of MDSC could be of

interest. We evaluated anti-CSF1R alone or in combination with anti–

PD-1 in MB49 anti–PD-1-R model and we observed a modest trend

toward reduced tumor growth with this combination (P ¼ 0.1;

Supplementary Fig. S5B). In fact, the immune infiltrate of the MB49

WTmodel comprised of two main populations, represented by PMN-

MDSC and CD11bþ B cells (22% and 35%, respectively; Supplemen-

tary Fig. S6A, S6B, S6C, and S6E). In the resistant models, analysis of

CD11bþ cells revealed an increase of the proportion of CD206þMHC

IIþmacrophages andM-MDSC,which are expected to promote tumor

growth (Supplementary Fig. S6H). As opposed to the MC38 variants

described above, these data show similar alterations in the immune

infiltrates of the two MB49 resistant models, in particular for macro-

phages and M-MDSC.

Identification of genes implicated in the resistance phenotype

We performed gene expression profiling of sensitive and resistant

models in an effort to identify pathways and genes of interest

with an altered expression in resistant tumors. In gene expression

profiling analyses, MC38-resistant models displayed the highest num-

ber of alterations in canonical pathways among all the models which

we developed (Fig. 3A). Concerning the alterations of gene expression

in canonical pathways for MB49 models, only a limited number

were found to be upregulated or downregulated, suggesting that these

models have not undergone the same degree of genetic modifications.

Moreover, profiles were very similar in both anti–PD-1-R and anti–

PD-L1-R models. For instance, WNT/bcatenin signaling was upre-

gulated in both models, an alteration which was associated with anti–

PD-1 resistance correlated with PMN-MDSC accumulation, as

observed in our models (Fig. 3A; ref. 30). Similarly to MB49 models,

the analysis of canonical pathways suggested that the resistant RENCA

variants had not undergone significant genetic modifications

(Fig. 3A). Moreover, the results of canonical pathway analyses in

MBT-2 were completely different from those in MB49 anti–PD-L1-R

models. Many signaling pathways were found to be upregulated, such

as HIF1a, TGFb, and ERK/MAPK signaling. These pathways may

explain the preferential recruitment of M-MDSC in the immune

infiltrate and primary resistance to anti–PD-L1 therapy in this model

(Fig. 3A; Supplementary Fig. S7; refs. 31, 32).

Contrary to other resistant models, TyrNras resistant models con-

tained a limited immune infiltrate, assimilating them to “cold tumors”

(Supplementary Fig. S8). Unlike the other two models mentioned

above, the TyrNrasmodels displayed deregulation of a large number of

pathways, suggestive of significant genetic alterations, with different

patterns in each model. For instance, in the TyrNras anti–PD-1-R

model, pathways that activate T cells (Th1 pathways, cross-talk with

dendritic cell (DC) and IFN signaling)were upregulated, whereas these

pathways were decreased in the anti–PD-L1-R model. However, the

ILK-signaling pathway, which has been largely associated with tumor

progression, was upregulated in bothmodels (33). Moreover, the JAK/

STAT signaling pathway was downregulated, in keeping with previous

reports implicating JAK1 and 2 in acquired resistance to anti–PD-1

(Fig. 3A; ref. 7).

Finally, using RNA-seq analysis, we identified genes commonly

altered in several anti–PD-1-R and anti–PD-L1-R models at basal

state. We compared differentially expressed genes within anti–PD-1–

resistant models (four models: MC38, MB49, RENCA, and TyrNras)

and within anti–PD-L1–resistant models (five models: MC38, MB49,

RENCA, TyrNras, and MBT2; Fig. 3B and C, respectively). After

analysis, we identified 11 genes commonly altered in at least five of the

nine resistant models (Fig. 3D). Among these potential candidate

genes, we explored Serpinf1 and have produced and characterized

MC38 variants with reduced or enhanced expression of PEDF and

tested the therapeutic sensitivity of an MBT2 variant with reduced

expression of PEDF.

Altered pigment epithelial-derived factor expression impacts

sensitivity to anti–PD-1 and anti–PD-L1

To explore the impact of altered PEDF expression on sensitivity to

ICIs, we modulated the expression of this gene by transfecting the

MC38 WT cells with an empty vector or one containing full-length

Serpinf1 cDNA. Endogenous Serpinf1 was also knocked out using

CRISPR/Cas9 in the MC38 WT and MBT2 WT models, displaying

primary sensitivity and resistance to anti–PD-1 therapy, respectively.

To confirm modulation of PEDF protein content, we performed an

IHC analysis of PEDF expression in established tumors of MC38 WT

and resistant models as well as genetically modified modes (Fig. 4A).

PEDF content was found to be strongly increased in the anti-PD-1-R

MC38 model, in keeping with the RNA-seq analysis. After having

confirmed that tumorigenesis was not impacted by modifications in

PEDF expression, we tested these models for sensitivity to anti-PD-1

and anti-PD-L1 therapies. Importantly, the two control cell lines

behaved similarly toWT counterparts regarding response to therapies

(Fig. 1B and Fig. 4B, C, and G). Induced overexpression of PEDF in

MC38was associatedwith a loss of sensitivity to anti-PD-1 therapy and

reproduced the results observed with our MC38 anti-PD-1-R model

obtained by repeated exposure in vivo (Fig. 4D). Knockdown of PEDF

was associated with enhanced sensitivity to anti-PD-1 therapy in the

MC38 model, with observations of complete remissions (Fig. 4E). To

understand whether PEDF might be associated with a primary resis-

tance phenotype also, we evaluated the impact of PEDF downregula-

tion in the MBT2 model (Fig. 4F). We obtained a partial response to

anti-PD-1 when PEDF content was reduced (Fig. 4H). Together, these

results suggest that overexpression of PEDF induced resistance to anti-

PD-1 therapy.

Anti–PD-1 resistance and pigment epithelial-derived factor

overexpression induced preferential accumulation of saturated

fatty acids and monounsaturated fatty acids

To better understand the involvement of Serpinf1 in the process of

anti–PD-1 resistance and explore the hypothesis supported by RNA-

seq analysis, we studied lipid accumulation in our models. We

performed staining with ORO to evaluate accumulation of neutral

lipids and lipid droplets. As PEDFmay bind to ATGL and catalyze the

hydrolysis reaction of triacylglycerols to diacylglycerols, we also

analyzed ATGL expression by IHC. Comparison of the WT parental

and the anti–PD-1-R models showed that lipid droplets were not

detected in the sensitive model, whereas several zones of tumor cells

gorged with lipid droplets were present in the resistant model.
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Figure 3.

Identification of altered genes in anti–PD-1-R and anti–PD-L1-Rmodels byRNA-seq analysis.A,Heatmapof RNA-seq expression z-scores displaying the prediction of

deregulated pathways due to the acquisition of anti–PD-1 or anti-PD-L1 resistance. The top five upregulated and downregulated pathways for each model were

selected and grouped. B, Venn diagram representation of genemodulation shared with anti–PD-1–resistant colorectal cancer (MC38), renal cell carcinoma (RENCA)

and bladder cancer (MB49) andmelanoma cancer (TyrNras).C,Venn diagram representation of genemodulation sharedwith anti–PD-L1–resistant colorectal cancer

(MC38), renal cell carcinoma (RENCA), bladder cancer (MB49) and bladder cancer (MBT-2) and melanoma cancer (TyrNras), with a consideration of P < 0.05 and a

fold change �1. D, Heat map representing genes commonly modulated in at least five resistant models.
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Similarly, ATGL staining was found to bemore intense in the resistant

models than in the sensitive models (Fig. 5A).

We then performed gas chromatography detection of fatty acids

present in our various tumors. This assay revealed a preferential

increase in saturated fatty acids (SFA) and monounsaturated fatty

acids (MUFA) in the anti–PD-1 resistant models (MC38 anti–PD-1-R

and MC38 Serpinf1þ) compared with the corresponding sensitive

models (MC38 WT and MC38 pcDNA3.1 þ empty). In the MC38

Serpinf1� model, an inversion of these fatty acids, namely polyunsat-

urated fatty acids (PUFA) to the detriment of SFAs and MUFAs, was

detected. All these data confirmed an effect of Serpinf1 in the fatty acid

composition in the tumor (Fig. 5B–D).

Figure 4.

Altered sensitivity profiles to anti–PD-1 associated with modulation of the expression of Serpinf1 gene. A, IHC analysis for PEDF in representative MC38

WT, MC38 anti–PD-1-R, MC38 Serpinf1
þ, MC38 Serpinf1

� and control tumors. B–E, Tumor growth of MC38 pcDNA3.1þ empty (B), MC38 CRISPER/Cas9

control (C), MC38 Serpinf1
þ (D), and MC38 Serpinf1

� (E). F, IHC analysis for PEDF in representative MBT2 Serpinf1
� and control tumor. MBT2 CRISPER/Cas9

control (G and H), MBT2 Serpinf1� (H). Data shown are mean tumor volume values and error bars are � SEM. n ¼ 3 or 5 mice per group; � , P < 0.05; �� , P < 0.01,

using Mann–Whitney t test.
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Figure 5.

SFA and MUFAs preferentially accumulate in anti–PD-1–resistant tumors.A, Representative pictures of ORO and ATGL staining in all MC38models. B–D, Histograms

represent fatty acid composition in tumors in molar percentage (nmol/g). MC38 WT and MC38 anti–PD-1-R models (B), MC38 pcDNA3.1 empty and Serpinf1
þ (C),

MC38 CRISPR/Cas9 control and Serpinf1� (D). Significant decreases and increaseswere assessed by a two-wayANOVA statistical test, with Bonferroni post hoc test,
� , P < 0.05; �� , P < 0.01; and ���� , P < 0.0001, n ¼ 3 tumors per group.
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Impact of tumor pigment epithelial-derived factor expression

on microenvironmental T cells

To establishwhether increased PEDF expression in resistant tumors

could have an impact on T cells present in the tumor immune

microenvironment, we performed three complementary experiments.

The first was the costaining of ORO with CD8 labeling by IHC. We

observed that CD8þ T cells had a sparse distribution in theMC38WT

model, whereas CD8þ T cells preferentially accumulated in the islands

of tumor cells gorged with lipid droplets in the MC38 anti–PD-1-R

model (Fig. 6A). In the second approach, we analyzed the immune

infiltrate after exposure of tumors to anti–PD-1 and performed flow

cytometry to demonstrate whether the CD8þ T-cell status was altered

in the resistant models (MC38 anti–PD-1-R and MC38 Serpinf1þ).

The immune infiltrates of the tumor microenvironment were char-

acterized 24 hours after a second weekly treatment of the selected

antibody. First, we observed Th1 CD4þ T-cell activation using the T-

Bet marker. In the two sensitive models, namelyMC38WT andMC38

Serpinf1�, this subpopulation increased, whereas resistant models

followed a downward trend (Fig. 6B). Moreover, the proportion and

the activity (granzyme Bþ) of infiltrated CD8þ T cells decreased in the

MC38 Serpinf1þ and MC38 anti–PD-1-R models, whereas it was

increased in the MC38 Serpinf1� and MC38 WT models (Fig. 6C

and D). These results indicate that overexpression of Serpinf1 pro-

motes an immunosuppressive microenvironment. Moreover, these

results suggest that Serpinf1may be deleterious for the maintenance of

antitumor immunity supported by CD8þ T-cell and Th1 CD4þ T-cell

responses.

Finally, to determine whether the resistant phenotype was sup-

ported by the accumulation of FA, we combined anti–PD-1 with

orlistat, an inhibitor of fatty acid synthesis that targets ATGL, in the

MC38 WT and anti-PD–1-R models. This combination overcame

therapeutic resistance to anti-PD-1 in MC38 anti–PD-1-R (P < 0.01)

and improved survival compared with the untreated group, whereas

no effect was detected in MC38 WT model (Fig. 6E and F).

Discussion
Developingmodels of acquired resistance to anti–PD-1 or anti–PD-

L1 therapies is challenging, as in vitro models poorly reproduce their

antitumor potential. An important advantage of our in vivo resistant

models is that the derived variants may be compared with their

sensitive parental counterparts, providing insights into potential resis-

tancemechanisms. This is not achievablewith de novo resistantmodels

to anti–PD-1 and anti–PD-L1 therapies, which, to our knowledge,

represent the majority of murine syngeneic models. The availability of

several resistant variants additionally allows for identification of

common alterations, which are more likely to be mechanistically

involved in resistance and can secondarily be validated by modifica-

tions of the parental models. Conversely, limitations of this approach

include the fact that the tumors used were implanted subcutaneously

rather than orthotopically, a factor that may affect the infiltration by

the immune system and thus the development of resistance and the

relevance to clinical settings. Another caveat of our design is the use of

rat anti-murine PD-1/PD-L1 antibodies, given the unavailability of

commercially available murine antibodies against these targets. How-

ever, this strategy has allowed us to produce variants from several

tumor types that may be of great use to characterize the immunologic

diversity of tumors, and thus better reproduce the situations encoun-

tered in humans.

To understand the role of tumor immune microenvironment

alterations in acquired resistance to anti–PD-1/L1 targeted therapies,

we first analyzed the tumor immune microenvironment in syngeneic

WT and anti–PD-1 and/or anti–PD-L1 resistant models. A possible

mechanism of acquired resistance to anti–PD-1/L1 therapies is the

insufficient activation of cytotoxic T cells. Focusing onMC38-resistant

models, we observed that immune infiltrates at basal state were

different in the two resistant models. As MC38 anti–PD-1-R model

displayed an upregulation of CD8þ Tcm cells, we tested the combi-

nation of anti–PD-1 with anti-TNFa. In accordance with the report by

Bertrand and colleagues that TNFa or TNFR blockade could enhance

the activity of anti-PD-1–directed therapy in melanomas, we found

that the combination of anti-TNFa with anti–PD-1 was able to

circumvent resistance in the anti–PD-1-R MC38 tumor model (26).

These results support the hypothesis that TNF-targeted agents used in

combination with ICIs have the potential to revert some cases of

resistance to anti–PD-1/PD-L1–targeted therapies (34). Another

hypothesis may be that resistant tumors are enriched in Tregs which

hamper the antitumor response. Our results showed a significant

increase in the content of FoxP3þCD4þ cells in anti–PD-L1-R MC38

and MB49 models compared with their parental sensitive models,

suggesting a role of regulatory T cells in the resistance phenotype. To

determine whether Treg depletion could reverse the phenotype, we

administered anti-CD25 (29), concomitantly or prior to anti–PD-L1

therapy in our MC38 anti–PD-L1-R model and observed a modest

trend toward sensitization for the combination (P < 0.1). The absence

of a significant combinatorial effect may, however, be explained by the

fact that anti-CD25 is likely to deplete not only preexisting Tregs, but

also anti–PD-L1–induced activated cytotoxic T cells. Moreover, the

use of the PC-61 anti-CD25 is controversial, because results obtained

with this antibody have shown a failure to deplete intratumoral

Tregs (35).

The role ofmyeloid suppressor cells in the resistance to ICIs remains

poorly understood. Several approaches may be considered to circum-

vent resistance, including therapeutic modulation of myeloid check-

points or depletion of protumor populations. CD47 expressed by

tumor cells is a promising target, since its interaction with SIRPa

present on macrophages has been shown to inhibit tumor cell phago-

cytosis (36). In addition, CD47/SIRPa may impact the activation

of cytotoxic CD8þ T cells through DC antigen presentation (37).

Using our MC38 anti–PD-1-R model, we found that combination of

anti–PD-1 with anti-CD47 indeed overcame the PD-1 resistance. In

this same model, we observed a significant increase in the intratumor

neutrophil content, which is remarkable because the MC38 model is

known to lack neutrophils in the tumor microenvironment (25).

Depletion of neutrophils using anti-Ly6G in combination with

anti–PD-1 was found to overcome resistance in the MC38 anti–

PD-1-R model. In other cases, myeloid cells are largely represented

before therapy and may yet increase in response to therapy (38). To

model this situation, we used the MB49 WT tumor in which we

observed an increase of TAM and M-MDSC in the resistant models

and administered anti-CSF1R in the MB49 anti–PD-1-R model to

target type 2 macrophages in an attempt to restore the activity of anti–

PD-1. With this combination, we observed a nonsignificant trend

suggesting enhanced activity of the combination on tumor growth, in

spite of the depletion of macrophages, possibly due to a compensatory

increase of Treg cells (39).

Data from the literature support the hypothesis that upregulation of

alternative immune checkpoints is associated with resistance to anti–

PD-1 therapy. Thommen and colleagues established a correlation

between the expression of multiple immune checkpoints on CD8þ

T cells and disease progression in patients with NSCLC (40). Koyama

and colleagues observed IC overexpression, notably of TIM-3, in T
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Figure 6.

Serpinf1 inhibition enhances cytotoxic lymphocyte responses. A, Representative pictures of ORO lipid staining and CD8þ staining. B–D, Flow cytometry analysis of

tumor-infiltrating immune cell populations in tumormodels treatedwith anti–PD-1. CD4þ Tbetþ T cells (B), percentage of CD3þ/CD8þ ratio (C), and CD8þ granzyme

Bþ T cells (D). E and F, Tumor models treated with anti–PD-1, Orlistat or a combination of both agents MC38 WT (E), MC38 anti–PD-1-R (F). Data shown are mean

tumor volume values and error bars are� SEM. n¼ 4–5 tumors per group or 5 or 6 mice per group. Significant decreases and increases were assessed by a Mann–

Whitney t test, � , P < 0.05 and �� , P < 0.01.
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cells associated with adaptive resistance to anti–PD-1 (8). TIM-3

expression by tumor cells has been linked to a poor prognosis in liver

cancer, melanoma, lung cancer, and renal cancer (41). Moreover,

tumor cell lines expressing TIM-3 had stronger self-renewal capacities

compared with cells with no TIM-3 expression (42). Although the

TIM-3 ligand recognized by tumor cells remains unknown, studies

have shown that TIM-3 engagement can activate the NFkB path-

way (43), thereby contributing to acquired resistance through the

acquisition of cancer stemness properties (44). Todetermine the role of

alternative IC targeting in our resistant models, we evaluated anti–

TIM-3, anti–CTLA-4, and anti–LAG-3mAbs alone or in combination

with anti–PD-1 in RENCA anti–PD-1-R cells, because of the large

amount of CD8þ T cells present in this model. We observed a

significant antitumor effect of all of these combinations in this resistant

model, with a good tolerance of the combination regimens. Overall,

these data support the combination of ICI-targeted therapies as a

strategy in patients with resistant disease.

Knowledge regarding tumor cell molecular alterations associated

with anti–PD-1 acquired resistance remains limited, with a major

focus on the role of tumor mutation burden (TMB) and neoantigenic

depletion (45). Zaretsky and colleagues described mutations in Jak1

and Jak2 genes in resistantmelanoma tumors (7), whereasGarcia-Diaz

and colleagues reported that an IFN signature enrichment enhanced

PD-L1 and PD-L2 expression in melanoma cells (46). To identify

molecular alterations mechanistically involved in resistance to anti–

PD-1 and/or anti–PD-L1 targeted therapy, we performed an RNA-seq

analysis, comparing sensitive parental models and their resistant

counterparts. We then determined common modifications of genes

between anti–PD-1-R and anti–PD-L1-R tumors. This approach may

be used to identify putative pathways and candidate genes involved in

the in vivo resistance phenotype. In the MC38, MBT2, and TyrNras

models, we observed alterations of the pathways already described as

beingmodified in patients with disease progressing under ICI therapy,

such as PTEN, IFNy, PI3K/AKT or JAK1/JAK2.However, this appears

to be highly model dependent, reflecting the heterogeneity observed in

patients. Models such as MB49 and RENCA display relatively few

modifications of their expression profile upon acquisition of a resistant

phenotype, which suggests an environment with a low TMB and

therefore possibly less immunogenic. Insofar as the degree of immune

infiltration is not directly correlated to tumor immunogenicity, this

observation could partially explain why RENCA models grow in spite

of a significant immune infiltration.

Our results support a potential role of the Serpinf1 gene in resistance

to anti–PD-1 therapy. Serpinf1 codes for PEDF, which hasmainly been

studied as a secreted protein, is reported to inhibit cancer cell prolif-

eration, and increase apoptosis via the FAS/FASL pathway, and reduce

VEGF expression by cancer cells (47). However, intracellular PEDF

has also been shown to regulate several pathways, including fatty acid

metabolism. To our knowledge, the impact of PEDF on sensitivity to

ICI therapy has not yet been explored. PEDF was found to be over-

expressed both at the transcriptional and protein level in MC38 anti–

PD-1-R model. To validate Serpinf1 as a candidate gene involved in

resistance to therapy in the MC38 model, we developed variants with

upregulation or downregulation of PEDF. We found that the MC38

variant that overexpressed PEDF was resistant to anti–PD-1 targeted

therapy. In addition, the Serpinf1 knockout model appeared to be

highly sensitive to anti–PD-1, with complete remission in some of

mice, whereas the models transfected with the control vectors dis-

played partial response at best. These results suggest that PEDFmay be

mechanistically involved in the acquisition of a resistance phenotype to

ICIs, in particular to anti–PD-1–based therapy.

Overexpression of PEDF has been reported to be associated with

altered AMPK activity, particularly in obesity-associated insulin resis-

tance (48). RNA-seq analysis of our resistant MC38 model was

compatible with enhanced resistance to insulin, whereas the FAO

pathway was underexpressed. We hypothesized that PEDF overex-

pression in resistant cancer cells is associated with enhanced de novo

lipogenesis (15) and an increase of SFA and MUFA fatty acids in the

anti–PD-1–resistant models. These results are in agreement with a

study which showed the beneficial antitumor effect of PUFAs in

contrast to SFAs and MUFAs (49). This allows cells enhanced flex-

ibility to distribute FFAs in different biosynthetic pathways and

generate a diverse pool of lipid species with distinct functions. Beyond

contribution to the energy pool, which is undeniably advantageous for

cancer cells, if SFA and MUFA are produced, FFA can be released,

inducing an inflammatory microenvironment. This in turn might

increase the pool of protumor cells, such as MDSCs and TAM, while

also blocking CD8þ T-cell activation (50), a hypothesis which was

supported by the colocalization of lipid droplets and CD8þ staining in

our resistant model. Moreover, flow cytometry experiment confirmed

that the proportion and activation ofCD8þT cells were correlatedwith

the expression of PEDF.

It has been reported that the binding of PD-L1 to PD-1 causes the

metabolic reprogramming of cytotoxic CD8þ cells from aerobic

glycolysis to free FAO, thereby inducing a phenotypic conversion of

effector T cells into exhausted cells (16, 18). Because PD-1 binding has

been shown to activate FAO, we hypothesize that increased FFA

production and release induced by increased PEDF within tumor

cells might lead the polarization of CD8þ T cells and prevent their

activation (16, 17). Consistent with our hypothesis, we obtained

durable tumor responses when we combined an anti-fatty acid agent

with anti–PD-1 in the MC38 anti–PD-1-R model.

Conclusion
Resistance to anti–PD-1 and anti–PD-L1 therapy is associated with

several genetic alterations and/or modifications in the immune cell

infiltrate. Our model library, which may be enriched in the future with

several other variants developed using the same methodology, pro-

vides an innovative tool to better apprehend the complexity, multi-

factorial nature and diversity of resistance to ICIs and test resistance

reversal strategies.
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