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Abstract

A recurring historic finding in cancer drug development is

encouraging antitumor effects observed in tumor-bearing mice

that fail to translate into the clinic. An intriguing exception to this

pattern is immune checkpoint therapy, as the sustained tumor

regressions observed in subsets of cancer patients are rare inmice.

Reasoning that this may be due in part to relatively low muta-

tional loads of mouse tumors, we mutagenized transplantable

mouse tumor cell lines EMT-6/P, B16F1, RENCA, CT26, and

MC38 in vitro with methylnitro-nitrosoguanidine (MNNG) or

ethylmethane sulfonate (EMS) and tested their responsiveness to

PD-L1 blockade. Exome sequencing confirmed an increase in

somatic mutations by mutagen treatment, an effect mimicked in

EMT-6 variants chronically exposed in vivo to cisplatin or cyclo-

phosphamide. Certain mutagenized variants of B16F1, EMT-6/P,

CT26, andMC38 (but not RENCA)weremore immunogenic than

their parents, yet anti-PD-L1 sensitizationdeveloped only in some

EMT-6/P and B16F1 variants. Treatment response patterns corre-

sponded with changes in immune cell infiltration and especially

increases in CD8þ T cells. Chronically cisplatin-exposed EMT-6

variants were also more responsive to anti-PD-L1 therapy.

Although tumor PD-L1 expression was upregulated in in vivo

chemotherapy-exposed variants, PD-L1 expression levels were

not consistently associated with anti-PD-L1 treatment activity

across mutagenized or chemotherapy-exposed variants. In sum-

mary, mutagenized and more immunogenic mouse tumors were

not universally sensitized to PD-L1 blockade. Chemically muta-

genized variants may be useful to evaluate the impact of immu-

nologically "hot" or "cold" tumorswith ahighmutational load, to

which certain chemotherapy agents may contribute, on immu-

notherapy outcomes. Mol Cancer Ther; 17(4); 869–82. �2018 AACR.

Introduction

Immune checkpoint inhibitors are a relatively new and suc-

cessful therapeutic modality causing potent responses and pro-

longed survival times in patient subsets of certain malignancies.

Two of the most important immune checkpoints are CTLA-4 that

restricts initiation of T-cell responses in lymph nodes, and pro-

grammed death receptor 1 (PD-1)/PD-L1 that downregulates the

activation and proliferation of antigen-specific T cells in tumors

and peripheral tissues (1). Therapeutic antibodies against CTLA-4

and PD-1/PD-L1 therefore relieve immunosuppression and

unmask antitumor effector T-cell responses.

It is emerging that cancer types that are most responsive to

checkpoint inhibitors often have a high mutational load (2, 3).

The reason is that such tumors have a greater likelihood of

generating neoantigens that may be recognized by CD4þ and

CD8þ T cells, thereby providing the necessary preexisting antitu-

mor immunity. These cancers includemelanoma andNSCLC that

have on average the highest rate of nonsynonymous mutations

due to mutagenic UV radiation and the carcinogens in tobacco,

respectively, which drive their pathogenesis (2, 3). More pro-

longed and durable treatment benefit has also been observed in

the subsets of patients with higher neoantigen and nonsynon-

ymous mutational burden (4–7) or in patients with acquired or

genetically predisposedmismatch repair (MMR) deficiency (8, 9).

These genetic biomarkers are becoming crucial for the selection of

patients who are more likely to benefit from immune checkpoint

inhibition, as evidenced by the recent FDA approval of the PD-1

inhibitor pembrolizumab for any tumor type with MMR defi-

ciency or microsatellite instability (10). Certain chemotherapy

agents including temozolomide, nitrogen mustards, and plati-

numagents are also known carcinogens andmutagens (2, 11, 12).

Although not currently well recognized, this may be an important

consideration where patients are administered checkpoint inhi-

bitors after receiving multiple lines of prior chemotherapy-con-

taining regimens (13, 14).

In contrast to clinical results, immune checkpoint inhibitors as

monotherapies often have no activity or merely delay growth in

mouse tumor models—antitumor responses that clinically cor-

respond to progressive disease (15, 16). One reason is that most

syngeneic spontaneous and transplantable tumor models are

weakly or nonimmunogenic (17). This is in part because such

tumors likely underwent immune editing during their
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development and were later propagated for efficient growth (18).

A second related reason may be that mouse tumors have low

mutational loads. Unlike their human tumor counterparts that

may develop following decades of accumulating genetic damage,

tumors arising spontaneously or from genetically engineered

mice (GEMM) develop within months with reduced exposure to

potential mutagenic or carcinogenic substances (19, 20). Mouse

tumors grow rapidly in vivo, which further impairs the develop-

ment of local inflammation and antitumor immunity.

The clinical relevance of mouse syngeneic tumor models is

unclear. LLC and MAD109 lung cancers and B16 melanoma cell

lines manifest high levels of local immunosuppression with low

effector T-cell infiltration and immunotherapy resistance, directly

contrasting with clinical observations in the corresponding can-

cers (17, 21, 22). Unlike MMR-proficient colorectal carcinomas

(9), chemically induced MC38 and CT26 colon cancer cell lines

are among the most immunogenic of syngeneic tumors and

respond to some single-agent checkpoint inhibitors, but these

models are highly variable with not all of treated tumors regres-

sing within an experiment of genetically identical hosts (21, 23,

24). Recent correlations ofmutational datawithPD-1, PD-L1, and

CTLA-4 inhibitor activity in several tumormodels have not shown

consistent trends (21, 24). It is presently unclear to what extent

there is a cause-and-effect relationship between mouse tumor

mutational load and immune checkpoint inhibitor responsive-

ness, as recently pointed out by Germano and colleagues (25).

We hypothesized that the limited immunogenicity of most

conventional murine tumors and their limited responsiveness to

immune checkpoint drugs could be altered by increasing their

mutational load. One such method is by treatment of cells with

chemicals including N-methyl-N0-nitro-N-nitrosoguanidine

(MNNG) and ethylmethane sulfonate (EMS), which cause ran-

dom point mutations in DNA (26). These chemicals generated

highly immunogenic clones of various non- or poorly immuno-

genic tumor cell lines that were incapable of growing tumors in

syngeneic hosts ("tum-" clones; refs. 27–29), yet grew progres-

sively in irradiated mice (30). We therefore chemically muta-

genized mouse tumor cell lines with MNNG and EMS and

characterized several immune characteristics of these tumors.

We also evaluated variants repeatedly exposed to potentially

mutagenic cancer drugs, i.e., cisplatin or cyclophosphamide

in vivo or in vitro. Finally, we evaluated the activity of PD-(L)1

inhibitors on parental and mutagenized or drug-treated tumors

to directly evaluate the impact of mutational load increase and

whether these mutagenized tumors might model checkpoint

inhibitor–responsive patients.

Materials and Methods

Cell lines and mutagen treatment

RENCA and B16F1 were originally obtained from Dr. Isaiah J.

Fidler (MD Anderson Cancer Center, Houston, TX). EMT-6/P

(P ¼ parental), EMT-6/CDDP, and EMT-6/CTX cells were

originally obtained from Dr. Beverly Teicher (National

Institutes of Health, Bethesda MD) and were derived following

ten successive passages of EMT-6 tumors in mice repeatedly and

transiently treated with potentially lethal high doses of cisplatin

(EMT-6/CDDP), cyclophosphamide (EMT-6/CTX), or untreated

(EMT-6/P; ref. 31). EMT-6/CTX2was derived from an EMT-6/CTX

tumor-bearingmouse resistant to two cycles of three treatments of

100 mg/kg CTX followed by a two week treatment break a (plus

150 mg/kg induction dose). EMT-6/P-2CDDP cells were previ-

ously generated following chronic in vitro exposure of EMT-6/P

cells to increasing concentrations (up to 2 mmol/L) of cisplatin

over 6 weeks (32). All cell lines were determined to be myco-

plasma-free within 6 months of use at an external laboratory

(Charles River) and internally using MycoAlert kit (Lonza).

Cells were treated with 1-methyl-3-nitro-1-nitrosoguanidine

(MNNG) or ethylmethane sulfonate (EMS) in vitro to obtain

multiclonal mutagenized variants of a higher mutational load.

Protocols were adapted from prior studies (27, 29). Log-phase

cells were resuspended at 1.2 million (MNNG) or 2.4 million

(EMS) cells per 20-mL serum-free media. EMS/mL (0.5 mL) or 3
mg/mL MNNG or control treatment was added and incubated for

1 hour (MNNG) or 2 hours (EMS) at 37�C with gentle agitation.

Treatment was inactivated in 10% sodium thiosulfate and cells

washed twice then expanded uncloned in vitro. A total of 1,000

cells/well of 6-well plates were immediately seeded in triplicate to

assess clonogenic survival. A second mutagenesis step was per-

formed on recovered cells to generate MNNGþEMSþ (MNNG

followed by EMS) or B16F1-EMSþEMSþ variants. One control

variant per cell line was used for tumor studies.

In vivo studies

Tumorswere grown in female Balb/c (EMT-6, RENCA,CT26)or

C57Bl/6 mice (B16F1, MC38) aged 6–9 weeks. A total of 2� 105

cells were implanted orthotopically in the right inguinal mam-

mary fat pad for EMT-6 breast cancer, and subdermally for B16F1

melanoma cell lines. All other cell lines were inoculated subcu-

taneously (5 � 105 cells). A luciferase-tagged variant of RENCA

used (RENCAlucþ), a kidney cancer line, is referred to as "RENCA".

A total of 5 � 105 cells of EMT-6/P-Control, MNNGþ, and

MNNGþEMSþ variants were implanted orthotopically in female

YFP-SCID mice (bred in-house). Animal protocols and experi-

ments were carried out with the approval of the institutional

Animal Care Committee in accordance to CCAC guidelines. Cell

lines for in vivo studies were used between 1 and 3 passages after

mutagen treatment.

Mice with established tumors (volumes 65–135 mm3

depending on the model) were administered 100 mg i.p. of

isotype control (rat IgG2b clone LTF-2) or anti-PD-L1 (10F.9G2

clone, both BioXCell) antibody on days 0, 3, and 7. Alterna-

tively, 200 mg i.p. of rat anti-PD-1 (clone RMPI-14, BioXCell) or

isotype control IgG2a (clone 2A3; both from BioXCell) were

administered days 0, 2, 4, 6, 17, 19, 21, and 23. Chemotherapy-

exposed EMT-6 variants were administered IgG2b or PD-L1

antibody in combination with vehicle or 6 mg/kg cisplatin

(CDDP; Sigma) i.p. on days 1, 3, and 5.

Exome sequencing and bioinformatics

Qubit (Life Technologies) was used to quantify the gDNA and

3 mg was sheared to 150–200 bp fragments using a Covaris

Sonicator (Covaris Inc). Illumina paired-end libraries were pre-

pared using the Agilent Technologies SureSelect XT Library Prep

Kit for Illumina sequencing (Agilent). From the purified library,

750 ng was used as input for 24-hour hybridization at 65�C to

Agilent SureSelectXT Mouse All Exon (49.6 MB design) baits

(Agilent Technologies). Targeted DNAwas recovered using Dyna-

beads MyOne Streptavidin T1 (Life Technologies). Libraries were

validated using the Agilent Bioanalyzer High Sensitivity DNA Kit

(Agilent Technologies) and quantified on theQuantStudio3 Real-

Time PCR Instrument (Thermo Fisher Scientific) according to the

Kuczynski et al.

Mol Cancer Ther; 17(4) April 2018 Molecular Cancer Therapeutics870

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/m
c
t/a

rtic
le

-p
d
f/1

7
/4

/8
6
9
/1

8
5
7
3
4
8
/8

6
9
.p

d
f b

y
 g

u
e

s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2



standard manufacturer's protocols. Paired-end cluster generation

and sequencing of 2 � 101 cycles was carried out for all eight

libraries on the Illumina Hi-Seq 2500 platform (Illumina Inc.) in

Rapid Run mode with four libraries per lane. Mutation profiles

were analyzed using muTect 1.1.4 (33) and Strelka 1.0.13 (34)

software.

Mutation profiles of EMT-6/P cell line samples were analyzed

using muTect 1.1.4 (33) and Strelka 1.0.13 (34) software. SNPs

were generated for mutagenized EMT-6/P cell line treated with

EMSþ, MNNGþ, and MNNGþEMSþ using the parental cell line

as a reference sample using both methods, and variant calls

identified in both were intersected to increase specificity. These

mutations were used for analyses of mutational loads. This

method was repeated for MNNGþEMSþ mutagenized RENCA

and its parental control, and EMT-6/P, EMT-6/CDDP, EMT-6/

CTX, and EMT-6/CTX2 chemotherapy-exposed variants.

Flow cytometry analysis of tumor cells

Enzymatically digested tumor cells were stained with fixable

viability stain 450, FcR blocked (both BD Pharmingen), and

stained for surface markers using the following mAbs: CD45-

APC-Cy7, CD3e-AF700, CD11b-PerCP (all fromBDBiosciences),

CD4-PE-Dazzle594, CD8a-PE-Cy7, CD25-PeCy5, Ly-6G/Ly-6C

(Gr1)-BV650, PD-1-FITC, PD-L1-PE (all Biolegend). The gating

strategy is shown in Supplementary Fig. S1. Tumor cells were

harvested following in vitro culture and stained with PE-conju-

gated PD-L1 or rat isotype (Biolegend) and DAPI (Invitrogen) for

PD-L1 expression. All samples were run on a BD LSRII flow

cytometer and analyzed using FlowJo.

IHC

Formalin-fixed, paraffin embedded sections were stained using

antibodies for Ki67 (clone D3B5, Cell Signaling Technology) or

CD8a (clone GHH8, Dianova) with biotin-conjugated secondary

antibodies (Jackson ImmunoResearch) and detected with Vector

Elite HRP kit and DAB chromogen (Dako) with hematoxylin

counterstain (Leica). Sections were visualized with a Carl Zeiss

Axioplan 2 microscope and digital camera (Carl Zeiss Canada

Inc.) and images acquired using AxioVision 3.0 software.

Statistical analysis

Differences in immune cell populations were evaluated by

ANOVA followed by Kruskal–Wallis for multiple comparisons

relative to the Isotype parental control group. The proportion of

transition versus transversionmutations were analyzed by c2 test.
P values less than 0.05 were considered statistically significant.

The impact of cisplatin on EMT-6/CDDP and EMT-6/P-2CDDP

tumor growthwas evaluated by Tukeymultiple comparisons. The

mean and SEM are reported.

Results

Generation and growth of mutagenized mouse tumor variants

We first selected EMT-6/P breast cancer, RENCA kidney cancer,

and B16F1 melanoma cells for mutagenesis treatment, which are

examples of spontaneous (EMT-6 was originally derived from a

hyperplastic nodule) and transplantable cell lines that form pro-

gressively growing poorly immunogenic tumors (17, 22). Cells

were exposed in vitro to MNNG, EMS, or the two mutagens in

sequence according to Fig. 1A.Cellswere then expandeduncloned

(29) to improve chances of generating clones cells capable of

activating adaptive immunity while ensuring that variants would

still be tumorigenic, ie. "tumþ" (27). Thus, one "variant" line

(consisting of heterogeneous cell populations) permutagen treat-

ment condition was generated for each parental cell line.

MNNG treatment in particular reduced clonogenic survival and

led to longer recovery times of cell lines (Fig. 1B and C; Supple-

mentary Fig. S2A–S2C), but once recovered, all variant cells grew

well in vitro (Supplementary Fig. S2D and S2E). Only B16F1-

EMSþEMSþ cells had a clonogenic survival advantage (Fig. 1C).

Mutagenized variants remained morphologically similar to

parental cells with the exception being MNNG-exposed B16F1,

which in addition to some size and shape changes, lost their black

pigment phenotype (Supplementary Fig. S2F–S2H).

Increased mutational load of mutagenized variants

We performed exome sequencing on EMT-6/P-mutagenized

variant cells to assess their mutational loads. To capture induced

somatic mutations including those in rare subpopulations, we

used OnTarget calling and directly compared mutagenized

variants to their parental cells. Mutagen treatment led to genetic

mutations consisting primarily of "passenger" mutations

[93%–96% of single nucleotide polymorphisms (SNP)] that

represent the predominant source of neoepitopes recognized by

T cells (ref. 35; Supplementary Tables S1 and S2). All classes of

point mutations were represented, with EMS associated with

preferential C!T transitions consistent with the effects of

alkylating agents on DNA (Fig. 1C; ref. 26). MNNG produced

a significantly higher proportion of transversions than transi-

tions (Fig. 1D; c2P < 0.0001), which tend to be more delete-

rious on amino acid sequences. Transversions were recently

associated with clinical benefit in pembrolizumab (anti-PD-1)-

treated NSCLC patients (4).

Importantly, MNNGþ variant cells had a higher number of

induced mutations (mutational load) than EMSþ cells, with 249

new detected SNPs, insertions, and deletions (Indels) inMNNGþ

versus 32 in EMSþ cells (Fig. 1E). Moreover sequential mutagen

treatment (MNNGþEMSþ) had a cumulative effect resulting in

389 newmutations, a high proportion of whichwere shared by its

MNNGþ precursor (Fig. 1F and G). Functional annotation of

SNPs revealed gene clusters with low enrichment scores (maxi-

mum of 2.38), potentially reflecting the randomness of genetic

alterations (Supplementary Table S3). MNNGþEMSþ variant

gainedmutations in 7 genes associated with DNA recombination

(enrichment score 0.55) or DNA repair (enrichment score 0.20),

altered pathways that may potentiate response to checkpoint

blockade (8, 9). Specifically, mutations in Brca2, Spidr, and Smg1

were silent mutations. However, Mcm7 and Spidr downstream

and intron variants, respectively, and Mdc1 and Nuggc missense

mutations may have functional consequences. Taken together,

treatment with MNNG or EMS alone or in sequence differentially

increased the number of somatic mutations in tumor cells.

Growth of mutagenized variants in mice

We next assessed the immunogenicity of mutagenized variants

in vivo based on their growth proficiency. All variants were tumor-

igenic in syngeneic mice (Fig. 2A–C) but for 2 of 3 cell lines,

MNNG-mutagenized (and to a lesser degree MNNGþEMSþ)

variants were slower growing than parental controls (mean

tumor growth inhibition 93% in EMT-6/P-MNNGþ and 65% in

B16F1-MNNGþ; Fig. 2A and B; Supplementary Table S4; Sup-

plementary Fig. S3A). These reduced growth characteristics were

Immune Checkpoint Therapy in Mutagenized Mouse Tumors
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Figure 1.

Generation of mutagenized variants of murine tumor cell lines with increased mutational load. A, Protocol by which mouse cancer cell lines were mutagenized

in vitro with single or sequential treatment of methylnitro-nitrosoguanidine (MNNG) or ethylmethane sulfonate (EMS). Surviving cell populations were

implanted into mice for tumor studies. B, Clonogenic survival of control (parental) and mutagenized EMT-6/P and B16F1 cell lines seeded immediately

following mutagen treatment. Each mutagenized variant (right) is shown next to its matched control (left). C,Mutational signature for all detected SNPs produced

by EMS or MNNG treatment as determined by exome sequencing. EMS point mutations were pooled from those acquired by EMSþ variant and by EMS

mutagen treatment of MNNGþ variant, totaling 193 mutations for EMS and 226 for MNNG. D, Proportion of transition versus transversion mutations induced by

EMS or MNNG. MNNG treatment resulted in a significantly higher proportion of transversionmutations than EMS (x2 test statistic¼ 13.17, P < 0.0001). E, Summary of

somatic mutations detected by exome sequencing of EMT-6/P variants harvested from culture. Mutations are those acquired by mutagenesis relative to

parental control cells. F, Total (in brackets) and shared quantity of de novo acquired SNPs and missense genes (G) in EMSþ, MNNGþ, and MNNGþEMSþ

EMT-6/P mutagenized variants.
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likely to be primarily immunologic because EMT-6/P-MNNGþ

and MNNGþEMSþ variants grew progressively in SCID mice

lacking functional T cells (Fig. 2D; although EMT-6/P-

MNNGþEMSþ doubling time was significantly shorter in SCIDs;

t test versus Control P ¼ 0.020 in SCID, P ¼ 0.061 in Balb/c;

Supplementary Table S4). Furthermore, the intrinsic proliferation

rate of EMT-6/P or B16F1 mutagenized variant tumor cells based

on IHC for Ki67 was not significantly changed compared with

their parental controls in syngeneic hosts (P > 0.05; Fig. 2E and F).

EMSþ tumors typically progressed similar to controls (Fig. 2A–C),

but interestingly, B16F1-EMSþEMSþ tumors grew more rapidly

in vivo which corresponded to a significant increase in tumor cell

proliferation (P < 0.05; Fig. 2B, E, and F).

All mutagenized variants of RENCA progressed at least as

rapidly as the parent in vivo (Fig. 2C; Supplementary Table S4).

This was not due to a lack of mutational load increase as con-

firmed by exome sequencing; however, themagnitude of increase

in RENCA-MNNGþEMSþ was 5.6-fold lower than that observed

in the EMT-6/P-MNNGþEMSþ variant relative to their respective

controls (Supplementary Fig. S3B). Thus, in EMT-6/P and B16F1,

but not RENCA cell lines, tumor immunogenicity (growth

proficiency) was concordant with the stronger mutagenic effect

of MNNG over EMS (Fig. 1E). Sequentially mutagenized

MNNGþEMSþ variants were exceptional in that a second expo-

sure with EMS partially restored the growth of MNNGþ variant.

Response of chemically mutagenized variants to PD-(L)1

blockade

Improved clinical outcomes with immune checkpoint inhi-

bitors have been assessed to be associated with a higher

mutational load in multiple tumor settings (4–9); therefore,

we evaluated whether mutagenized tumors showed evidence of

increased anti-PD-L1 (10F.9G2 clone) treatment activity.

Parental controls of B16F1 and RENCA were highly refractory

to PD-L1 blockade while EMT-6/P exhibited antitumor

responses in a subset of mice (Fig. 3A, E and I; Supplementary

Table S4). Akin to clinical observations (4–9), PD-L1 inhibition

was potentiated in some mutagenized tumor variants: potent

tumor regressions occurred in 5 of 5 treated EMT-6/P-

MNNGþEMSþ tumors (vs. 1/5 control tumors) and delayed

growth of B16F1-MNNGþEMSþ tumors (Fig. 3D and G). EMT-

6/P-EMSþ was marginally sensitized to anti-PD-L1 treatment

Figure 2.

Variable in vivo growth patterns of mutagenized variants. A, Growth of orthotopic (intramammary fat pad) EMT-6/P breast tumor variants in

immunocompetent Balb/c mice (n ¼ 5). Average tumor volume is shown. Growth of subdermal B16F1 variants (n ¼ 6–7; B), and subcutaneous RENCA variant

tumors (n ¼ 6–7; C) in C57Bl/6 or Balb/c mice, respectively. D, Growth of orthotopic EMT-6/P mutagenized variants in immunocompromised SCID mice (n ¼ 5)

showing robust growth. Mice in A–D had been treated with 3 intraperitoneal doses of 100 mg IgG2b isotype control once tumors became established

in therapy studies (see Fig. 3). E, IHC staining for mouse Ki67 (brown) in tumors grown in syngeneic mice. Nuclei were counterstained with hematoxylin (blue).

Scale bar ¼ 200 mm. F, Quantification of tumor cell Ki67 showing a statistically significant increase (P ¼ 0.012) in Ki67 signal in B16F1-EMSþEMSþ tumors

relative to B16F1-Control tumors. Data represents the mean value obtained from 4–5 tumors [except EMT-6/P-MNNGþ (n ¼ 2) and B16F1-EMSþ (n ¼ 3) due

to limited viable tumor tissue] normalized to the parental control for EMT-6/P. Error bars, SEM.
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(3/5 tumors regressing; Fig. 3B), whereas comparatively, the

B16F1 model was refractory since two exposures of cells to EMS

(B16F1-EMSþEMSþ) were necessary to achieve growth delay

(Fig. 3H; Supplementary Fig. S4A).

The above data suggested an exposure–response relationship

between in vitro mutagen treatment and immune checkpoint

inhibitor responsiveness; however, there were exclusions and

limitations to this rule. First, neither of the inherently immuno-

genic B16F1-MNNGþ and EMT-6/P-MNNGþ variants (Fig. 2A

and B) were more treatment-responsive (Fig. 3C and F). The

apparent improvement in EMT-6/P-MNNGþ tumors was

obscured by spontaneous regressions during isotype control

treatment (Fig. 3C). Second, all mutagenized RENCA tumor

variants remained resistant to PD-L1 blockade (Fig. 3I and J).

Third, the added benefit from an alternate checkpoint inhibitor,

a PD-1 antibody, was less durable (minor prolongation of

tumor growth control) than that of the PD-L1 antibody

(Fig. 3K–L). Finally, anti-PD-L1 activity was critically dependent

on a low tumor burden. All but one of large (400 mm3)

EMT-6/P-MNNGþEMSþ tumors were unresponsive to anti-PD-

L1 treatment. Among small (130 mm3) tumors, 2 of 8 mice were

ultimately cured and demonstrated immunologicmemory due to

rejection of tumor rechallenge (on day 58; Supplementary Fig.

S4B and S4C). Rapid growthwithin the first days of treatment also

appeared to contribute to the variability in rates of small tumor

regression (Fig. 2). Taken together, a minority of chemically

mutagenized variants was sensitized to immune checkpoint ther-

apy and this was not restricted to the slowest growing and

immunogenic of variants.

Immune cell infiltration in mutagenized tumors

Higher somatic mutational load in cancer patients has been

associated with increased tumor infiltration with cytotoxic T cells

and fewer immunosuppressive cells (36, 37). We evaluated the

immune cell profile of mutagenized and anti-PD-L1–treated

tumors and indeed observed a shift in immune landscapes. An

average 19.1-fold increase in CD4þ helper T cells and 10.8-fold

increase in CD8þ cytotoxic T cells were observed in

Figure 3.

Response of mutagenized tumor variants to PD-L1 and PD-1 immune checkpoint antibody treatment. Mice with established tumors were randomized to

3� 100 mg i.p. anti-PD-L1 rat monoclonal antibody (anti-PD-L1) or isotype IgG2b control (Isotype) treatment for days 0, 3, and 7. Day 0 represents when treatment

was initiated. Plots of individual mouse tumor volumes showing variable responses to anti-PD-L1 treatment are shown for Control, EMSþ, MNNGþ, and

MNNGþEMSþ variants of EMT-6/P (n ¼ 5) (A–D), and Control, MNNGþ, MNNGþEMSþ and EMSþEMSþ variants of B16F1 (n ¼ 6–7; E–H). I and J, Control and

MNNGþEMSþ RENCA tumor variants during anti-PD-L1 treatment (n ¼ 6–7). K and L, Mice with established EMT-6/P-Control (K) or EMT-6/P-MNNGþEMSþ

tumors (L) were randomized to 200 mg i.p. anti-PD-1 rat monoclonal antibody (anti-PD-1) or isotype IgG2a control (isotype) treatment for days 0, 2, 4, 6, 17,

19, 21, and 23. The fraction of anti-PD-1–treated tumor-free mice is indicated.

Kuczynski et al.

Mol Cancer Ther; 17(4) April 2018 Molecular Cancer Therapeutics874

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/m
c
t/a

rtic
le

-p
d
f/1

7
/4

/8
6
9
/1

8
5
7
3
4
8
/8

6
9
.p

d
f b

y
 g

u
e

s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2



EMT-6/P-MNNGþEMSþ tumors, with greater increases in

EMT-6/P-MNNGþ tumors, altogether reinforcing their differen-

tial growth rates in vivo (Fig. 4A, 2A and D). CD8þ T cells also

increased 4.4-fold in B16F1-MNNGþEMSþ and 1.6-fold in

B16F1-EMSþEMSþ isotype-treated tumors, although the results

were not statistically significant (P > 0.05; Fig. 4B). Mutagenesis

did not alter the immune cell profile of RENCA tumors which

consisted almost entirely of tumor-associated macrophages

(TAM) and myeloid-derived suppressor cells (MDSCs; Fig. 4C),

coinciding with their poor immunogenicity and immunotherapy

resistance (Fig. 2C, 3I and J). CD8þ T cells increased relative to

parental or mutagenized tumor isotype controls in most

instances of anti-PD-L1 antibody activity, including EMT-6/

P-MNNGþEMSþ (P < 0.05 vs. isotype-treated parental control

by multiple comparisons, or vs. MNNGþEMSþ isotype control

by t test; Fig. 4A), B16F1-MNNGþEMSþ (P < 0.01 vs. parental;

P < 0.01 vs. MNNGþEMSþ isotype; Fig. 4B), and B16F1-

EMSþEMSþ (P ¼ 0.059 vs. parental; P ¼ 0.33 vs. EMSþEMSþ

isotype). Finally, significant (P < 0.05) reductions in TAMs were

observed in EMT-6/P-MNNGþ, anti-PD-L1 EMSþ and

MNNGþEMSþ tumors corresponding with their lower tumor

burden (Figs.3B–D and 4A).

Histologically, all EMT-6/P variant tumors were infiltratedwith

CD8þ T cells, a phenotype of "preexisting immunity" associated

with sensitivity to checkpoint blockade in patients (ref. 38; Fig.

4D). Densely packed lymphocytes, suggestive of a local immune

response, also comprised the bulk of many regressing MNNGþ

and MNNGþEMSþ tumors (Supplementary Fig. S5A). Parental

RENCAandB16F1were nearly devoidofCD8þT cells (Fig. 4E and

F), an "immunologically ignorant" phenotype linked to therapy

resistance (38). RENCA-MNNGþEMSþ tumors maintained this

phenotype, but slightly enhanced CD8þ T-cell infiltration was

observed in B16F1-MNNGþ andMNNGþEMSþ tumors (Fig. 4E

and F). Immunologic differences couldnot be explainedby in vitro

MHC-I expression (EMT-6/PH2-Kdhigh, B16F1H2-Kblow, RENCA

H2-Kdhigh), which remained unchanged on mutagenized tumor

cells (Supplementary Fig. S5B). Taken together, in vivo growth

rates and anti-PD-L1 treatment responses in mutagenized tumors

tended to correspond with immune cell infiltration patterns,

supporting the concept that a pre-existing immunity and a higher

mutational load are requirements for a favorable response to

checkpoint blockade (38).

PD-1/PD-L1 expression patterns

Having generated tumor sublines with differential genetic and

immune infiltrate characteristics, we correlated these featureswith

PD-1/PD-L1 expression in the tumor microenvironment. EMT-6/

P and B16F1 parental lines expressed low and moderate levels of

PD-L1, respectively, that were induced in vivo (Fig. 4G) and

reverted to baseline in culture (Supplementary Fig. S5C). Induc-

ible PD-L1 may indicate local IFNg-producing T cells (39),

although expression levels were unaltered in mutagen-exposed

tumor cells (Fig. 4G). RENCA constitutively expressed high

PD-L1, potentially contributing to high local immunosuppres-

sion in this model (Figs. 4C and 5A; ref. 39). Changes in expres-

sion of PD-L1 on TAMs and MDSCs and PD-1 on CD8þ T cells

were variable and cell line dependent (Fig. 4H and I; Supplemen-

tary Fig. S5D and E). For example, PD-1 expression on CD8þ T-

cells significantly decreased (P < 0.01 by %PD-1þ cells)

in MNNGþEMSþ versus parental EMT-6/P tumors, but a

similar trend did not occur in other models (Supplementary

Fig. 5E). PD-1/PD-L1 immune checkpoint expression was there-

fore not indicative of anti-PD-L1 treatment response (39) across

mutagenized tumors.

Immunogenic mutagenized tumors and anti-PD-L1 response

The above data suggest that PD-L1 blockade activity corre-

sponded with the degree to which mutagen treatment enhanced

antitumor immunity (summarized in Fig. 5A). Furthermore, these

changes weremost impactful in themore immunogenic EMT-6/P

cell line. We therefore reasoned that highly immunogenic cell

lines are more likely to be therapy sensitized using this method-

ology. We tested this hypothesis on murine colorectal carcinoma

cell lines CT26 and MC38— highly immunogenic, progressive-

ly growing syngeneic tumors with higher mutational loads than

EMT-6, RENCA, and B16 melanoma. In vivo, subcutaneous

MNNGþEMSþ tumor variants of CT26 and MC38 had similar

kinetics as parental controls for the first week (Fig. 5B) after

which tumors slowed or spontaneously regressed, implicating

an immunologic response. Complete spontaneous tumor

regressions occurred in 2 of 16 of CT26-MNNGþEMSþ and

5/14 MC38-MNNGþEMSþ tumors, with additional mice

exhibiting stabilized tumor growth (lasting 7–20 days;

Fig. 5B and C). All tumor-free mice rejected rechallenge with

their respective mutagenized (CT26) or parental (MC38)

variants. Parental CT26 and MC38 were respectively weakly or

moderately responsive to PD-L1 antibody (Fig. 5D and F).

Surprisingly, among progressing tumors randomized to PD-L1

antibody, antitumor activity was not greater (and perhaps

lower in MC38-MNNGþEMSþ) than in parental tumors

(Fig. 5E and G). Thus, mutational load increase in highly

immunogenic tumor variants did not guarantee PD-L1 anti-

body activity.

Chemotherapy-exposed variants and PD-L1 blockade

A side-effect of certain DNA-damaging chemotherapy agents

is their ability to induce mutations in surviving tumor cells,

thereby contributing to tumor progression and drug resistance.

We evaluated the hypothesis that this could also enhance the

efficacy of checkpoint blockade using tumor cells repeatedly

exposed over long periods to cisplatin and cyclophosphamide.

These agents are known to cause crosslinks and adducts in DNA

(11). EMT-6/CDDP and EMT-6/CTX variants were generated by

Teicher and colleagues by transiently treating EMT-6 tumor-

bearingmice with a lethal dose of cisplatin or cyclophosphamide,

then removing the tumors and repeating exposures for 10 pas-

sages in consecutive new hosts (refs. 31, 32; Fig. 6A). Thesemimic

a clinical chemotherapy regimen of multiple treatment cycles –

albeit not using lethal dosing and short term exposures.

By exome sequencing, EMT-6/CDDP cells had striking more

detected somatic mutations (2292 SNPs and 459 Indels)

relative to the parental line, as did EMT-6/CTX cells (1014

SNPs, 403 Indels; Figs. 1C and 6B). A new variant (EMT-6/

CTX2) derived after in vivo treatment of an EMT-6/CTX tumor

with two cycles of MTD cyclophosphamide (Xu and Chow,

unpublished results; Fig. 6A) had a further increase to 1,234

SNPs and 424 Indels (Fig. 6C). The mutational signature of

CTX and CDDP had similarities with that of MNNG, including

a high frequency of transversions (Supplementary Fig. S6).

Similar to MNNGþEMSþ mutagenized tumors (Fig. 3),

EMT-6/CDDP tumors were more responsive to anti-PD-L1

treatment compared with EMT-6/P controls (Fig. 6D and E).

Immune Checkpoint Therapy in Mutagenized Mouse Tumors
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Figure 4.

Immune cell profiles and infiltration patterns of mutagenized tumors. A, The immune cell makeup of dissociated tumors was determined and expressed

as the percent of myeloid and T lymphocyte CD45þ subpopulations out of total viable tumor cells. Immune cell populations in isotype and anti-PD-L1–treated

EMT-6/P, B16F1 (B) and RENCA mutagenized tumor variants (C). CD8þ T cells are defined as CD45þCD3þCD4�CD8þ, CD4þ T cells as CD45þCD3þCD4þCD8�

(CD25þ for regulatory T cells or CD25� for helper T cells), TAMs as CD45þCD3�CD11bþGr1� and MDSCs as CD45þCD11bþGr1þ (Ly6C/Ly6G). Note

anti-PD-L1 B16F1-control tumor samples were unavailable due to mice prematurely reaching tumor ulceration endpoint. D, CD8þ T-cell infiltration of tumors

determinedby IHC for CD8 antigen (brown) in EMT-6/P, B16F1 (E) andRENCA (F) control andmutagenized tumors. Yellow arrows indicate CD8þT cells (magnified in

inset). Sections were counterstained with hematoxylin (blue). G, Parental and mutagenized tumor cell expression of PD-L1 assessed in vitro and in vivo

on CD45� tumor cells. B16F1-MNNGþ PD-L1 P¼ 0.087 in vitro by multiple comparisons and P¼ 0.087 in vivo. EMT-6/P in vivo PD-L1 expression ANOVA P¼ 0.021.

H, PD-L1 expression on MDSCs and TAMs in mutagenized tumor variants expressed as the MFI of %PD-L1þ cells. A significant decrease in TAM PD-L1 expression

in B16F1-MNNGþEMSþ tumors was observed relative to parental controls (P ¼ 0.022). I, PD-1 expression on CD8þ T cells, expressed as the MFI of %PD-1þ

cells, in isotype-treatedmutagenized tumor variants. CD8þT-cell PD-1 significantly decreased inEMT-6/P-MNNGþ tumors (P¼0.0013) and approached significance

for EMT-6/P-MNNGþEMSþ tumors (P ¼ 0.063). � , P < 0.05; �� , P < 0.01; ��� , P < 0.001. Scale bar ¼ 100 mm. Error bars, SEM. TAMs, tumor-associated

macrophages; MDSCs, myeloid-derived suppressor cells; MFI, mean fluorescence intensity.
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A similar result was observed using another variant

chronically exposed in vitro to escalating concentrations of

CDDP (EMT-6/P-2CDDP; Fig. 6F; ref. 32). In contrast, many

EMT-6/CTX tumors were not therapy-responsive (Fig. 6F).

Treatment response patterns were not predicted by

tumor PD-L1 expression, though interestingly, in vivo (but not

in vitro) chemotherapy-exposed EMT-6 variants constitutively

upregulated PD-L1 (P < 0.05; Fig. 6H). A rational therapeutic

strategy might be to combine PD-L1 antibody with

Figure 5.

Heterogeneous effects of mutagenesis on tumor immunogenicity and anti-PD-L1 responses. A, Summary of growth rate, treatment sensitivity, and

immunologic changes in MNNGþEMSþ isotype (Iso) and anti-PD-L1 (PD-L1) mutagenized tumors. The mean change as a proportion of the parental isotype–

treated control for each cell line (set at 100%) is shown according to the legend. †, Relative, qualitative changes relative to the parental control. z, Proportion out of

total viable tumor cells. x, PD-1 or PD-L1 expression by MFI of % positive cells. d, Numerical data on PD-1 expression from anti-PD-L1 tumors not shown. ND, not

determined; n/a, not applicable due to potential detection antibody blockage by therapeutic antibody (both anti-PD-L1 clone 10F.9G2). B, In vivo growth of

subcutaneous CT26 tumors (n ¼ 7) and its MNNGþEMSþ mutagenized variant (n ¼ 10). Mean tumor volumes (left) showing growth delay of MNNGþEMSþ

mutagenized tumors which consisted of progressing tumors ("progressors"; n ¼ 6 isotype treated tumors for therapeutic study) and spontaneously regressing

tumors ("regressors"; n ¼ 4 untreated tumors). Individual tumor volumes are shown at right. C, Growth of MC38 tumors (n ¼ 7) and its MNNGþEMSþ

mutagenized variant (n¼ 9). Mean (left) and individual (right) plots of tumor volumes showingmixture of progressors (n¼ 4) and spontaneous regressors (n¼ 5) in

the MC38-MNNGþEMSþ tumor variant. D, Response of CT26-Control and (progressor) CT26-MNNGþEMSþ variants (E) during isotype control or anti-PD-L1

antibody treatment given 3 � 100 mg i.p. days 0, 3, and 7. Day 0 represents when treatment was initiated. F, Tumor growth of MC38-Control and progressor

MC38-MNNGþEMSþ variants (G) during isotype and PD-L1 antibody treatment. The fraction of tumor-free mice is shown (B–F). MFI, mean fluorescence

intensity; TAMs, tumor-associated macrophages; MDSCs, myeloid-derived suppressor cells.
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chemotherapy; however, the addition of cisplatin was detri-

mental and blocked the efficacy of anti-PD-L1 (Fig. 6I and J).

In summary, in vivo high dose repetitive cisplatin or cyclophos-

phamide chemotherapy exposure induced a high number of

somatic mutations in tumor cells, which for cisplatin influenced

response to PD-L1 blockade. Chemically mutagenized tumor

variants revealed linkages between tumor mutational load,

immunogenicity, and changes in the immune infiltrate, which

on rare occasions corresponded with improved responses to PD-

L1 blockade.

Discussion

Summary

Results obtained using mouse models have historically over-

predicted clinical benefit to cancer therapy especially when treat-

ing primary tumours (40), with a possible exception being

immune checkpoint inhibitors. Current models may be under-

estimating benefit in certain patient subgroups (3, 15, 16). Con-

cerns remain as to the relevance of syngeneic mouse tumors to

human malignancies (20). Chemotherapy-treated or refractory

tumors in patient populations are rarely (if at all) modeled in

mice, yet they comprise a substantial fraction of those patients

treated with checkpoint inhibitors. Here we demonstrated that

poorly immunogenic mouse tumor cell lines can be rendered

more immunogenic by chemical mutagenesis-inducedmutation-

al load increase, and in some cases, this translates to heightened

tumor responsiveness to PD-L1 inhibition. Chronic chemother-

apy exposure of tumor cells with cisplatin or cyclophosphamide

in vivo also induced high numbers of mutations and preliminary

evidence suggests a PD-L1–sensitizing effect by cisplatin exposure.

A minority of mutagenized mouse tumor variants therefore

recapitulate a general clinical trend where tumors with a higher

mutational load tend to respond more favorably to checkpoint

inhibitors (4–9).

Relationship between tumor mutational load and checkpoint

inhibitor response

As far aswe are aware, our data are among thefirst (see reference

25) to directly demonstrate a relationship between mutational

load and checkpoint inhibitor sensitivity in mice. However, a

surprising result was that mutational load increase did not cor-

respond with improved immune checkpoint inhibitor responses

for 3 of 5 of the tumor cell lines tested, and complete tumor

regressions remained rare in responding tumors. An abstract in

press describes UV radiation exposure as another strategy to

increase the mutational load of BRAFV600E-driven mouse mel-

anoma; however, this also failed to incur sensitivity to PD-1

blockade (41). Mutational burden analysis of a wide range of

mouse tumors found no significant correlationwith PD-1, PD-L1,

or CTLA-4 blockade activity (24, 42). A statistically significant

relationshipwas reported onlywith dual CTLA-4/PD-1 inhibition

(24). Thus, our findings with monotherapy PD-L1 antibody

treatment are in line with other reports.

Collectively, these partially negative preclinical data may be

clinically relevant. Outliers have been observed in melanoma

patients treated with anti-CTLA-4 and NSCLC patients treated

with anti-PD-1 antibodies, where the range of mutational or

neoantigen load of pretreatment tumors overlap between

responder and nonresponder groups (4, 6, 7, 43). Mutational

load was predictive of overall survival but was not significantly

associated with tumor response to checkpoint inhibitor therapy

(43). Thus, a high mutational load does not predict response and

a low mutational load does not necessarily predict resistance.

There are several potential genetic explanations for this discor-

dance. First, a high mutational load increases the chances of

generating neoantigens but it does not guarantee it (44). For

example, of 1,290 amino acid changes, only three validated

immunogenic MHC-I–bound neoepitopes existed in MC38 cells

(19). In addition to a minor increase of mutations, a lack of

immunogenic neoepitopes may explain the anti-PD-L1 unre-

sponsiveness of mutagenized RENCA; however, this is unlikely

to explain the unresponsiveness of in highly immunogenic CT26

and MC38 variants. Second, genetic alterations in DNA repair

pathways may be more important for immune checkpoint

responses than overall mutational burden due to the progressive

anddynamic nature of thismutational phenotype andfluctuation

of neoantigens over time (9, 25, 43). This concept has been

supported by a recent elegant study using genome editing

to inactivate MMR gene MutL homolog 1 (MLH1) in mouse

tumor cells (25). Examples of DNA repair pathway mutations

were identified in PD-L1 antibody–responsive EMT-6/P-

MNNGþEMSþ, but none in RENCA-MNNGþEMSþ variant.

Finally, clonal rather than subclonal neoantigens have been

proposed to be critical for generating reactive T cells against all

tumor cells and eliciting treatment responses (45). Subclonal

neoantigens could have played a role in our studies as mutagen-

ized variants consisted of a mixture of clones. Future work will

characterize the T-cell–reactive neoantigens that confer antitumor

immunity in mutagenized tumors.

Nongenetic determinants of anti-PD-L1 treatment responses

We explored various predictive biomarkers of checkpoint

inhibitor therapeutic response using mutagenized and parental

tumor variants (38). Similar to results inmelanoma (46), baseline

levels, and changes in CD8þ T-cell frequency generally correlated

with tumor immunogenicity and anti-PD-L1 activity in EMT-6/P,

B16F1, and RENCA variants. This relationship wasmost apparent

Figure 6.

Mutagenic effects of long-term repeated chemotherapy exposure and impact on PD-L1 blockade activity. A, Generation of several EMT-6 variants by

exposure of tumor-bearing mice or tumor cells to repeated long-term administration of cisplatin (CDDP) or cyclophosphamide (CTX) chemotherapy. †, EMT-6/P,

EMT-6/CDDP, andEMT-6/CTXwere previously derived by repeated tumor passaging in newhosts following transient lethal doses of chemotherapy (31). z, EMT-6/P-

2CDDPwaspreviously derived bygradually increasing concentrations of cisplatin in vitro (32). d, EMT-6/CTX2were rederived fromEMT-6/CTX tumors following two

cycles of in vivo MTD CTX. B, Summary of types of somatic mutations detected by exome sequencing of EMT-6/P chemotherapy-exposed variant cells. Mutations

listed are those acquired relative to parental control cells. C, Total (in brackets) and shared quantity of acquired SNPs in EMT-6/CDDP, EMT-6/CTX and EMT-6/CTX2

variants. D, Volumes of EMT-6/P tumors treated with isotype control or anti-PD-L1 antibody 3 � 100 mg i.p. on days 0, 3, and 7. Treatment of EMT-6/CDDP (E),

EMT-6/P-2CDDP (F), and EMT-6/CTX (G) tumors (n ¼ 7–8). H, EMT-6 chemotherapy-exposed variant expression of PD-L1 with significantly higher in vitro

expression in variants derived in vivo andnodifferences in expression in vivo (onCD45� tumor cells). Iand J,Mean tumor volumesof control, anti-PD-L1,MTDcisplatin

(6 mg/kg i.p. days 1, 3, and 5) and combination therapy (n ¼ 7–8) treated mice. Statistically significant differences in tumor volume on day 13 are shown

relative to Control group. P > 0.05 between cisplatin and cisplatin þ PD-L1 treatment groups. Note that control and anti-PD-L1 treated mice are those shown

in E and F. � , P < 0.05; ��, P < 0.01; ���, P < 0.001. Error bars, SEM.
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in well-infiltrated and therapy-responsive mutagenized EMT-6/P

tumors. On the other extreme, nonimmunogenic mutagenized

RENCA variants appeared "immunologically ignorant" (38) pre-

dominated by immunosuppressive cell types.

Tumor immunogenicity is another factor associated with

immune checkpoint therapy response in patients (15) and in

mouse models (17, 21, 47). Some mutagenized tumor variants

did not apparently become immunogenic which was to be

expected as chemical mutagen treatment causes variable rates of

nontumorigenic (tum-) clones in a cell line–dependent manner

(29). Yet, immunogenicity was not sufficient for increasing anti-

PD-L1 treatment responses as best exemplified by MC38-

MNNGþEMSþ and CT26-MNNGþEMSþ, highly immunogenic

variants. These variants may be useful to investigate mechanisms

of innate resistance to immunotherapy such as neoantigen loss or

MHC-I downregulation (48, 49). Finally, we found no clear

correlation between PD-(L)1 expression and treatment response

inmutagenized tumors (39). The implications of upregulated PD-

L1 on in vivo passaged and chemotherapy-exposed tumor cells are

currently unclear.

Implications of chemotherapy as a mutagenic agent

An important implication of our work is that some chemo-

therapy agents may influence outcomes with immune checkpoint

inhibitors. In accordwith the strong impact onmutations in EMT-

6/CDDP, cisplatin was found to be the most mutagenic of eight

common chemotherapy agents, among them cyclophosphamide

(11). A mutational load increase is also probable of EMT-6/

P-2CDDP variant, which also has downregulated mismatch

repair enzymes MLH1 and PMS2 (32). Exposure to mutagenic

chemotherapy regimens may therefore increase tumor neoanti-

gens and render unresponsive immunologically "cold" tumors

more sensitive to checkpoint blockade (50). There are some

clinical data to support this idea. The PD-L1 antibody atezolizu-

mab demonstrated activity in urothelial carcinoma patients who

had progressed following treatment with platinum-based chemo-

therapy. Mutational load was an independent predictor of

response (51). A similar relationship with mutational burden

was reported in a platinum-resistant ovarian cancer patient who

experienced prolonged treatment benefit from the PD-L1 anti-

body avelumab (52).

Optimal strategies to incorporate chemotherapy with check-

point inhibitors need to be defined. Two methods include

sequencing conventional MTD chemotherapy with a checkpoint

inhibitor or administering the drugs concurrently. We and others

(53) have observed concurrent treatment to be ineffective pre-

clinically. Although chemotherapymay induce neoantigens, such

antigens may be subclonal that are linked with poor checkpoint

inhibitor response (45). Alternatively, low-dose metronomic

chemotherapy with agents such as cyclophosphamide, which can

stimulate CD8þ T-cell effector activity (54, 55), may potentially

provide an ideal partner with immune checkpoint therapy.

Regardless, the above strategies will likely be unsuccessful in

patients with high levels of chemotherapy-induced immunosup-

pression. Finally, another strategy is to use chemotherapy agents

which inactivate/suppress DNA mismatch repair enzymes, e.g.

temozolamide, as recently reported by Germano et al. (25).

Limitations

A key limitation of our study is that our findings were primarily

correlative, and we did not prove that the increased anti-PD-L1

responsiveness of the EMT-6/P mutagenized variants and

impaired growth rates of other lines is a direct cause of an increase

in the mutational or neoantigen load. Nonetheless, we believe

that the differential responsiveness in some (but not all) cell lines

are interesting andpotentially important results, particularly from

the perspective of preclinical experimental studies. This study is a

first step in the characterization of these variants and exploring

how they might be applied as experimental tools. Thus, areas for

future work include evaluating the T-cell responses to induced

neoantigens, uncovering whether responses are CD4þ or CD8þ T-

cell–specific, or evaluating differential responses of another

checkpoint inhibitor. For example, antibodies against CTLA-4

rather than PD-(L)1 would likely yield distinct antitumor

responses due to the involvement of CTLA-4 in downregulating

initiation of adaptive immunity (1). A secondmajor limitation of

our study stems from the pooling of mutagenized clones. On one

hand, this approach mimics the genetic heterogeneity of human

tumors, but on the other, it may dilute the overall impact of

immunogenic clones and confound interpretingmutational data.

Evolving dominance of certain clones in culture may cause

divergence of different passages of cells. Evaluating multiple

clones in vivo would be resource intensive, but potentially valu-

able if growth-proficient immunogenic variants are generated.

Conclusions

Chemical mutagenesis is a known method to enhance the

immunogenicity of cell lines (27, 29) and we propose that this

methodology could also be used to improve the utility of previ-

ously immune therapy refractory models, such as B16melanoma,

for certain immunotherapy studies. The reduced growth rates of

certain mutagenized variants may potentially minimize overload

on the immune system, which is problematic for therapy studies

with rapidly progressing mouse tumor models. Our approach

now enables undertaking experiments that directly compare

paired mutagenized and parental lines, which could also be

undertaken in models of metastatic disease. This experimental

tool could aid in evaluating the impact of therapy combinations

on different inflammatory subsets of the same tumor or identi-

fying mechanisms of immunotherapy resistance. In conclusion,

increasing the mutational load of mouse tumor cell lines by

chemical mutagens and certain chemotherapy agents was asso-

ciated with enhanced PD-L1 blockade sensitivity of only aminor-

ity of poorly immunogenic mouse tumor cell lines. Our data

further highlights the complexity of factors involved in immu-

notherapy responding and resistant tumors.
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