
RESEARCH ARTICLE

Tumor-immune profiling of murine syngeneic
tumormodels as a framework to guide
mechanistic studies and predict therapy
response in distinct tumor
microenvironments

JongW. YuID
1, Sabyasachi Bhattacharya1, Niranjan Yanamandra1, David Kilian1,

Hong Shi1, Sapna Yadavilli1, Yuliya Katlinskaya1, Heather Kaczynski1, Michael Conner1,

William Benson2, Ashleigh Hahn1, Laura Seestaller-Wehr1, Meixia Bi1, Nicholas J. Vitali1,

Lyuben Tsvetkov1, Wendy Halsey2, Ashley Hughes2, Christopher Traini2, Hui Zhou2,

Junping Jing2, Tae Lee2, David J. Figueroa1, Sara Brett1, Christopher B. Hopson1, James

F. Smothers1, Axel Hoos3*, Roopa Srinivasan1*

1 Immuno-Oncology and Combinations Research Unit, GlaxoSmithKline, Collegeville, PA, United States of
America, 2 Target Sciences R&D, GlaxoSmithKline, Collegeville, PA, United States of America, 3 Oncology

R&D, GlaxoSmithKline, Collegeville, PA, United States of America

* axel.x.hoos@gsk.com (AH); roopa.x.srinivasan@gsk.com (RS)

Abstract

Mouse syngeneic tumor models are widely used tools to demonstrate activity of novel anti-

cancer immunotherapies. Despite their widespread use, a comprehensive view of their

tumor-immune compositions and their relevance to human tumors has only begun to

emerge. We propose each model possesses a unique tumor-immune infiltrate profile that

can be probed with immunotherapies to inform on anti-tumor mechanisms and treatment

strategies in human tumors with similar profiles. In support of this endeavor, we character-

ized the tumor microenvironment of four commonly used models and demonstrate they

encompass a range of immunogenicities, from highly immune infiltrated RENCA tumors to

poorly infiltrated B16F10 tumors. Tumor cell lines for each model exhibit different intrinsic

factors in vitro that likely influence immune infiltration upon subcutaneous implantation. Sim-

ilarly, solid tumors in vivo for each model are unique, each enriched in distinct features rang-

ing from pathogen response elements to antigen presentation machinery. As RENCA

tumors progress in size, all major T cell populations diminish while myeloid-derived suppres-

sor cells become more enriched, possibly driving immune suppression and tumor progres-

sion. In CT26 tumors, CD8 T cells paradoxically increase in density yet are restrained as

tumor volume increases. Finally, immunotherapy treatment across these different tumor-

immune landscapes segregate into responders and non-responders based on features par-

tially dependent on pre-existing immune infiltrates. Overall, these studies provide an impor-

tant resource to enhance our translation of syngeneic models to human tumors. Future

mechanistic studies paired with this resource will help identify responsive patient popula-

tions and improve strategies where immunotherapies are predicted to be ineffective.
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Introduction

Therapies directly engaging the immune system have dramatically changed the clinical land-

scape of multiple cancers. In particular, immune checkpoint inhibitors targeting CTLA4 and

PD1/PD-L1 have demonstrated significant clinical efficacy and durable responses in patients

with melanoma, bladder cancer, kidney cancer, lung cancer, head and neck cancer, and Hodg-

kin lymphoma [1–7]. Despite this success, the majority of patients do not respond to therapy

and a fraction of responders become resistant to treatment. Therefore a critical goal has been

centered on understanding how the different immune composition of tumors defines

responders versus non-responders and how these features can be leveraged to improve patient

prognosis [8]. In support of this goal, effort has also been focused on determining whether pre-

clinical syngeneic tumor models can represent diverse tumor-immune environments observed

in humans and whether they can be probed to help stratify patients or identify novel treat-

ments that dramatically increase clinical response [9, 10].

Over the past few decades, a large body of data classifying human tumors based on immune

composition has been generated and a few major themes have emerged. First, significant het-

erogeneity in immune cell content is observed between cancer types and even between tumors

of the same cancer type [8]. Second, despite this heterogeneity, the presence of CD8 T cells

along with Th1 cells within tumors strongly correlate with improved survival for almost all

cancer types observed [8]. Although all other immune cell types can be found in the tumor

microenvironment, their clinical impact is either tumor type specific or the published data is

inconsistent. Third, the presence of T cell attracting chemokines in the tumor microenviron-

ment are also linked to improved immune infiltration and survival in multiple cancer types

[11–15]. Fourth, tumors enriched for chemokines and infiltrated by cytotoxic T cells can be

immunosuppressed by an excess of suppressive myeloid cells [16, 17] or through negative feed-

back mechanisms driven by IFNγ and infiltrating CD8 T cells [18]. Finally, tumors can be

locked in a more severe immunosuppressed state by excluding infiltrating lymphocytes

through mechanisms driven by tumor cells, cancer associated fibroblasts, suppressive myeloid

cells, and the tumor vasculature [19, 20]. This state is observed across multiple cancer types,

but is particularly evident in colorectal, ovarian, and pancreatic cancers [21, 22].

Recently a simple tumor classification framework was devised using T cell infiltration (TIL)

status and PD-L1 expression to help stratify the complex immune environment outlined above

and predict responders to immune checkpoint blockade [23, 24]. In advanced melanoma, the

TIL+PD-L1+ population represents approximately 38% and these patients are proposed to

respond to checkpoint blockade. In contrast, the TIL-PD-L1- population lack immune infil-

trates and are predicted to have very poor prognosis. This population is significant because it

readily identifies a large proportion of patients (~41%) that will be unresponsive to conven-

tional immunotherapy and will require alternate mechanisms to drive immune infiltration.

The last major population, TIL+PD-L1-, represents ~20% of advanced melanoma patients and

their tumors are predicted to be immunosuppressed by mechanisms other than checkpoint

control and hence will also require novel therapies. While this framework oversimplifies the

complex tumor microenvironment, it nevertheless facilitates pairing the appropriate mecha-

nistic question to the appropriate tumor microenvironment. In a broader sense, this simple

framework provides an important first step in considering patient selection criteria and ratio-

nal combination strategies.

In this study, we wanted to pose a similar classification strategy over four murine syngeneic

tumor models commonly used to characterize efficacy and mechanisms of cancer immuno-

therapies. Unlike spontaneously derived tumors, syngeneic tumors are generated by subcuta-

neous implantation of MHCmatched tumor cell lines. Consequently, these models do not
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truly capture organ specific tumor microenvironments; however, within the simple framework

described above each model is likely to have a unique tumor-immune infiltrate profile and col-

lectively these models may reflect a range of tumor-immune profiles seen in humans. There-

fore, baseline characterization of tumor-immune features for each model paired with therapy

based mechanistic studies may inform on patient selection and combination strategies in

humans with similar tumor-immune characteristics. Here, we extensively characterized

immune features contributed by isolated tumor cells in vitro and immune features of the

tumor microenvironment in vivo at baseline and at tumor progression. This effort will provide

a foundation for future therapy based mechanistic studies to probe and predict anti-tumor

responses by a given immunotherapy.

Materials andmethods

Mouse tumor models

Female mice between six and eight weeks of age were obtained from Envigo (BALB/cAnNHsd)

or Charles River Laboratory (C57BL/6NCrl). Mouse tumor cell lines RENCA (CRL-2947),

B16F10 (CRL-6475), CT26 (CRL-2638), and EMT6 (CRL-2755) were obtained from American

Type Culture Collection, tested for mycoplasma and other pathogens at Charles River Re-

search Animal Diagnostics services, and cultured according to their guidelines. Low passage

cells were resuspended at 1x106 cells/ml in PBS for EMT6 and in a 1:1 mixture of PBS and

matrigel (Corning #356231) for RENCA. B16F10 and CT26 cells were resuspended at 5x105

cells/ml in PBS. 100μl of cell stock was injected subcutaneously on the shaved right flank of

BALB/c mice (CT26, EMT6, and RENCA) or C57BL/6 mice (B16F10). Tumor volume growth

was monitored via perpendicular tumor diameter measurements and calculated using the for-

mula (mm3) = 0.52x(length) × (width)2. For drug treatments, mice were dosed intraperitoneal

with mouse anti-mouse isotype control IgG2a (MOPC-21, Absolute AB, #T1634B05) or

mouse anti-mouse OX40 (clone OX86, Absolute Ab, #AB00110-2.0). All studies were con-

ducted in accordance with the GSK Policy on the Care, Welfare and Treatment of Laboratory

Animals and were reviewed and approved by the GSK PA Institutional Animal Care and Use

Committee at GSK under protocol AUP0606. Mice were housed under conditions outlined in

the NIH Guide for Care and Use of Laboratory Animals in compliance with the USDA Labora-

tory Animal Welfare Act, in a fully accredited AAALAC facility. The animals were allowed ad

libitum access to Lab Diet rodent chow and water. Mice were monitored a minimum of three

times per week by the investigator or veterinary staff for clinical abnormalities which may

require euthanasia. These include chronic and/or severe diarrhea leading to moderate to severe

dehydration, evidence of infection that is not readily treatable, hunched posture in conjunc-

tion with other clinical signs if debilitating or prolonged for greater than three days, inability/

unwillingness to ambulate to reach food or water, or other clinical signs judged by experienced

technical staff to be indicative of morbidity or being in a moribund condition. Mice showing a

net body weight loss>20% compared to baseline weight measurement were euthanized. Mice

were euthanized in a plexiglass chamber with slow filling CO2 gas followed by a firm toe pinch

to confirm no reflex response. An approved secondary euthanasia method of cervical disloca-

tion was also applied.

Tumor preparation and flow cytometry

Excised tumors were washed with PBS, dissected into smaller fragments using scalpels, and

further dissociated into single cell suspensions using the Miltenyi Tumor Dissociation Kit

(#130-096-730) and the GentleMACS Octo dissociator (Miltenyi #130-095-937). The digested
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tumors were filtered through 100μM& 30μM pre-separation filters (Miltenyi #130-098-

463,130-098-458), washed with PBS, and then used for flow cytometry or RNA based analysis.

For each sample, 1 x 106 cells were treated with mouse Fc Blocking solution (Miltenyi,

#130-092-575) and then stained with a defined panel containing live/dead stain (Life Technol-

ogies, #L34957) and seven different labeling antibodies. Anti-CD3 (145-2C11), anti-CD4

(RM4-5), anti-CD8 (53–6.7), anti-CD45R (RA3-6B2), anti-CD25 (PC61), anti-CD11b (M1/

70), anti-CD11c (HL3) were purchased from BD Biosciences. Anti-CD14 (Sa2-8), anti-FoxP3

(FJK-16s), and anti-CD45 (30-F11) were purchased from eBioscience. Anti-CD49b (DX5),

anti-GR1 (RB6-8C5), and anti-F4/80 (BM8) were purchased from BioLegend. Perm/Wash

Buffer (BD Biosciences, #554714) was used to permeabilize and facilitate intracellular staining.

All samples were fixed with 2% paraformaldehyde, acquired on a BD FACSCanto II, and ana-

lyzed by FlowJo software (v10.1r7).

NanoString analysis

RNA was purified from 5x106 tumor cells per sample using the Qiagen RNeasy kit (#74106),

QIAshredder spin columns (#79656), and DNase 1 (Qiagen#79254). For NanoString analysis,

100ng total RNA was used for hybridization per reaction using the NanoString Mouse Pan-

Cancer Immune profiling panel. The nCounter XT protocol was used for hybridization and

the data was captured using a Nanostring Sprint instrument. Data analysis was performed

using nSolver 2.6 and the mouse Pan Cancer Immune advanced analysis software.

Statistical analysis

Data was analyzed using Graphpad Prism 5. For multiple group comparisons, an Analysis of

Variance (ANOVA) was performed. For most data, ANOVA was performed on log10 trans-

formed data due to unequal variances in untransformed data. The p-values for ANOVA analy-

sis were adjusted using Tukey’s test. For analysis of survival curves, the log-rank (Mantel-Cox)

test was performed to determine p-values. For Nanostring analysis, differential expression

false discovery rate (FDR) was determined by the Benjamini-Yekutieli method within the

nSolver 2.6 and the mouse Pan Cancer Immune advanced analysis software.

RNA seq analysis of murine cell lines

Cell line RNA was purified using the Qiagen RNeasy kit, QIAshredder spin columns, and

DNase 1. RNA quality was assessed using Agilent Bioanalyzer RNA 6000 Nano kit (#5067–

1511). cDNA libraries were prepared from 1μg RNA using Illumina TruSeq RNA Library Prep

mRNA kit (#RS-122-2201) and quality was confirmed using the Agilent Bioanalyzer

DNA1000 Assay (#5067–1504). The libraries were quantified and normalized by qPCR using

KAPA Library Quantification Kit (ABI Prism #KK4835). Library clustering was performed on

a cBot with Illumina HiSeq PE Cluster kit (#PE-401-4001) and sequenced on an Illumina

HiSeq1500 or HiSeq2500 to ~50 million PE 2 x 101bp reads. Fastq read data was quality

checked using ArrayStudio v9 (Omicsoft). Reads were aligned to the mouse genome (NCBI37.

p3/mm9) using the OSA2 algorithm and a gene model derived from NCBI RefSeq annotation

release 106. Quality filters included a minimum sequencing base quality of Q20 and the exclu-

sion of both non-paired reads and reads which map to multiple locations on the genome. Frag-

ments per kilobase of exon per million fragments mapped (FPKM) were calculated as in [25]

for the estimation of transcript abundance. The RNA-seq data was quality controlled by elimi-

nating low-quality reads, PCR primers, adaptors, duplicates and other contaminants. Omicsoft

arrayserver DNAseq analysis pipeline was employed for read mapping and variant calling.

Since we also sequenced the normal tissue from appropriate mouse strains, the single
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nucleotide polymorphisms (SNP) identified from normal tissues were considered as germline

and subtracted from SNPs identified in the cancer cell lines. We also filtered out all the varia-

tions outside of the coding region. Finally, we focused on non-synonymous point mutations

and counted these mutations as the mutation load.

IHCmethods

Tumors were fixed in 10% neutral buffered formalin for 24 hours and then transferred to 70%

ethanol followed by processing into paraffin blocks. The blocks were then sectioned at 4μm

followed by deparaffinization and antigen retrieval in DIVA (Biocare) at 108˚C for 20 minutes

(except B220). IHC was then performed in the Biocare Intellipath as follows: Peroxide block

for five minutes, protein block (Dako) for 10 minutes, primary antibody incubation for 45

minutes, secondary antibody incubation for 20 minutes (rabbit on rodent HRP polymer (Bio-

care) [CD3 (ThermoFisher, #PA1-37282), CD4 (Sino Biologicals, #50134-R001), FoxP3

(Novus, #NB100-39002), Ki67 (Biocare, #PRM325AA)] or Rat on rodent HRP polymer (Bio-

care) [CD8 (Affymetrix, #14–0808), F4/80 (eBioscience, #14-4081-82), B220 (eBioscience, #14-

0452-85)], and Di-aminobenzidine (H2O2) (DAB) (brown chromagen) for five minutes. The

sections were then counterstained with hematoxylin and scanned on a Nanozoomer (Hama-

matsu) to produce digital images.

Results

Murine tumor cell line immune characteristics in vitro and tumor growth
rates in vivo

Fig 1A outlines the murine cell lines used in this study and the mouse strains and matrices

used for subcutaneous implantation. Before examining palpable tumors in mice, we assessed

Fig 1. Murine tumor cell lines exhibit distinct immune characteristics in vitro and different growth rates post-implantation in vivo. (A)
Murine tumor cell line background, mutational load pre-implantation, and mouse strain inoculation information. (B) RNA-seq analysis of
genes involved in MHC-I presentation and chemokines/cytokines for all cell lines prior to implantation. Heatmaps were generated using log2
transformed data, with the low cutoff set at FPKM = 0.01. (I) indicates MHC-I or related genes. (C) Syngeneic tumor growth rates were
assessed after reaching 100mm3 using 10 to 11 mice per model. Dashed lines indicate tumor collection points for three tumor sizes (100mm3

pretreatment, 500mm3, and 2000mm3). Error bars represent SEM.

https://doi.org/10.1371/journal.pone.0206223.g001
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their pre-implantation mutational load by RNA-seq and found the CT26 cell line in vitro pos-

sessed the highest total non-synonymous mutation count (3,602), followed by EMT6 (2,976),

RENCA (2,786) and B16F10 (1,694).

To determine immune features intrinsic to each cell line in vitro prior to implantation, we

also examined transcript expression of immune related genes by RNA-seq. Because tumor cells

can control their access to the immune system byMHC-I expression and control influx of

immune cells by producing chemokines, we focused our attention to these gene sets. As shown in

Fig 1B, the EMT6 cell line inherently expresses high levels of chemokines, MHC-I, and antigen

presentation components as compared to all other cell lines. Of the chemokines listed, CX3CL1

and CXCL10 recruit T cells while CXCL1, CXCL2, CXCL3 and CXCL5 are involved in recruiting

neutrophils or polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs). These

observations suggest that upon implantation in mice, EMT6 will become tumors more highly

infiltrated with T cells, neutrophils, and PMN-MDSCs when compared to RENCA, CT26, or

B16F10. Our data also suggests that EMT6 tumors will be more susceptible to cytotoxic T cell

responses because of higher intrinsic MHC-I expression compared to RENCA, CT26, or B16F10.

The B16F10 cell line, on the other extreme, expresses very little of each, suggesting that this cell

line will produce poorly immunogenic tumors upon implantation.

Using the in vitro RNA-seq data, we searched for additional immune differences between

cell lines by identifying genes expressed three-fold higher in a given cell line over all others (S1

and S2 Tables). As described above, EMT6 expresses the highest levels of MHC-I and chemo-

kine genes, establishing it as the most immunogenic tumor cell line. Interestingly, PD-L1,

IFNGR1, and elements of B cell function (for example BAFFR and BLNK) are overexpressed

in RENCA relative to the other cell lines. For B16F10, CTNNB1 (β-catenin) was significantly
upregulated while almost all chemokines were suppressed (Fig 1B), indicating a possible link

to melanoma intrinsic β-catenin signaling which suppresses chemokine production from

tumor cells and prevents T cell infiltration [20].

Each cell line was implanted subcutaneously in the appropriate mouse strain to generate in

vivo tumors (Fig 1A); however, RENCA was the only cell line implanted with a growth factor

reduced basement membrane preparation to facilitate consistent tumor engraftment and

growth kinetics. Post implantation, solid EMT6 and RENCA tumors in mice display delayed

growth kinetics as compared with the rapidly growing B16F10 and CT26 tumors (Fig 1C).

Gene expression analysis of pretreatment tumors reveals distinct classes of
immunogenicity for each model

To obtain an extensive view of immune functions within solid tumors at 100mm3
in vivo

(tumor size prior to immunotherapy delivery), we examined RNA expression of over 500

immunologically relevant genes in total tumor samples inclusive of immune infiltrates using

the Nanostring PanCancer Immune profiling panel. This large gene panel can be divided into

specific gene sets relevant to different immune cell functions, such as NK cells, macrophages,

T cells, and complement. As shown in Fig 2, RENCA tumors generally express higher levels of

genes involved in each of these functions while B16F10 tumors express the least. From the

standpoint of NK function and expression of T cell costimulatory and coinhibitory receptors,

RENCA tumors appear to be similar to EMT6 and CT26 tumors. However, RENCA tumors

differentiate from EMT6 and CT26 tumors by retaining an excess of macrophage and comple-

ment activity transcripts. This initial view suggests that each of the four syngeneic tumor mod-

els represent different tiers of tumor-immune classes (at 100mm3) with RENCA tumors being

most infiltrated by macrophage functions and complement components and B16F10 tumors

lacking all immune activities.
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Fig 2. Syngeneic tumors at 100mm3 exhibit different immune cell and complement function profiles based on RNA expression.Heat map views of basal RNA
expression levels from total tumor samples using log2 transformed data. Five tumor samples per model were analyzed. The functions of genes in grey (from the T
cell costimulatory and coinhibitory receptors set) are not well defined. Genes highlighted in blue are referred to in the Results section. Filled blue squares represent
transcripts from RENCA overexpressed relative to EMT6, while open blue squares represent transcripts from EMT6 overexpressed relative to RENCA
(FDR< 0.1). Filled orange circles represent transcripts from RENCA overexpressed relative to CT26, while open orange circles represent transcripts from CT26
overexpressed relative to RENCA (FDR< 0.1). Filled cyan diamonds represent transcripts from EMT6 overexpressed relative to CT26, while open cyan diamonds
represent transcripts from CT26 overexpressed relative to EMT6 (FDR< 0.1). Statiscially significant differences with B16F10 are not shown here.

https://doi.org/10.1371/journal.pone.0206223.g002
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The immune profiling panel can be further divided into gene sets for pathogen response

(and TLRs), TNF and interferon signaling, and antigen processing and presentation (Fig 3).

Within the pathogen response and TLR gene set, RENCA tumors are significantly enriched

for innate immune responses as compared to EMT6 and CT26 tumors. For example, RENCA

tumors highly express TLR4 signaling components (TLR4, CD14, and Ticam1) and TLR5,

both of which are critical for NF-κB activation in response to bacterial products. RENCA

tumors also highly express proteins involved in recognition of viruses and nucleic acids and

the type I IFN anti-viral responses induced by TLR7, TLR8, TMEM173/STING, IRF3,

IFNAR1, and IFNAR2. Given the fact that RENCA tumors are implanted with a basement

membrane preparation, we cannot exclude its role in shaping the immune microenvironment

as shown here. EMT6 and CT26 tumors by contrast, are uniquely enriched in proteins such as

TLR3, IFIT1 and IFITM, all of which respond to or block RNA virus function.

With regard to T cell activity in tumors, MHC-II transcripts were strikingly abundant only

in RENCA tumors, indicating this microenvironment is enriched with antigen presenting cells

poised for T helper engagement (Fig 3). In addition, RENCA tumors are likely to be primed

with T cell activity by high expression of costimulatory ligands GITRL (Fig 3), ICOSL, and

CD80 (B7-1) (Fig 2) as well as elevated expression IFNα/β and IFNγ receptors (Fig 3). MHC-I

expression on the other hand was consistent across all models except for B16F10, indicating

that cytotoxic T cell engagement of tumors is likely to be impaired in B16F10 tumors. RENCA

tumors also highly express TNF superfamily members related to B cells (TACI, APRIL,

BAFFR), which may be attributed to B cell infiltration or tumor- intrinsic in vitro expression

of B cell genes (Fig 3 and S1 Table).

Finally, to identify soluble factors driving the immune traits of each tumor model, we also

examined transcripts for cytokines, chemokines, and their cognate receptors in the tumor

microenvironment (Fig 4). Our RNA analysis revealed similar expression of key chemokines

implicated in T cell attraction (CCL2, CCL3, CCL4, CCL5, CXCL9, CXCL10, and CX3CL1)

[26] across the three immunogenically active models (RENCA, EMT6, and CT26). The only

exceptions were CX3CL1, which is most abundant in EMT6, and CXCL10, which is predomi-

nantly expressed in both CT26 and EMT6. In addition to T cell chemoattractants, we also

investigated expression of soluble factors implicated in MDSC expansion (CSF1/M-CSF,

CSF2/GM-CSF, CSF3/G-CSF, and others), PMN-MDSC recruitment (CXCL1, CXCL5,

CXCL6, CXCL8, and CXCL12), and monocytic MDSC recruitment (CCL2, CCL3, CCL5,

CCL7, and CXCL12) [27, 28]. We found that EMT6 tumors, over all other models, expressed

significantly higher levels of transcripts involved in driving MDSC expansion and PMN-

MDSC infiltration (CSF1/M-CSF, CSF3/G-CSF, CXCL1, and CXCL5). This observation is

consistent with our EMT6 cell line RNA analysis, which also showed significantly higher

expression of CSF1 and PMN-MDSC specific chemoattractants (CXCL1 and CXCL5) when

compared to RENCA, CT26, and B16F10 (Fig 1 and S1 Table). RENCA tumors by contrast

express higher levels of CSF2/GM-CSF over EMT6 and higher levels of CCR2 over all other

models. In this scenario, CSF2/GM-CSF may expand and elicit functional activity of CCR2+

monocytic-MDSCs [29–31] rather than PMN-MDSCs as seen in EMT6. Outside of MDSCs,

RENCA tumors uniquely express high levels of CSF1R, which is found in numerous cell types

(monocytes, DCs, neutrophils, eosinophils [32]) including immunosuppressive tumor associ-

ated macrophages (TAMs). Importantly, inhibition of CSF1R signaling can reprogram immu-

nosuppressive TAM responses and generate anti-tumor responses in multiple mouse tumor

models [33–35], and a similar approach in the RENCA model may yield similar results.

A more comprehensive view of RNA expression differences between 100mm3 tumors

across the different models are outlined in S3–S6 Tables.
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Fig 3. Pretreatment tumor expression profile for genes involved in innate and adaptive immune functions.Heat map views of total tumor (100mm3)
RNA expression using log2 transformed data. Five tumor samples per model were analyzed. Genes highlighted in blue are referred to in the Results section.
Filled blue squares represent transcripts from RENCA overexpressed relative to EMT6, while open blue squares represent transcripts from EMT6
overexpressed relative to RENCA (FDR< 0.1). Filled orange circles represent transcripts from RENCA overexpressed relative to CT26, while open orange
circles represent transcripts from CT26 overexpressed relative to RENCA (FDR< 0.1). Filled cyan diamonds represent transcripts from EMT6 overexpressed
relative to CT26, while open cyan diamonds represent transcripts from CT26 overexpressed relative to EMT6 (FDR< 0.1). Statiscially significant differences
with B16F10 are not shown here.

https://doi.org/10.1371/journal.pone.0206223.g003
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Immune infiltrate content varies across different syngeneic models

To obtain a more discrete view of immune cell content within 100mm3 tumors, we imple-

mented flow cytometry to assess abundance of key populations. For T cell populations exam-

ined (CD3+CD8+, CD3+CD4+Foxp3-(CD4+non-Tregs), and CD3+CD4+Foxp3+Tregs),

RENCA tumors contained the most T cell infiltrates, followed by CT26, EMT6, and B16F10

Fig 4. Pretreatment tumor expression profile of genes for cytokines, chemokines, and their cognate receptors.Heat map views of total tumor
(100mm3) RNA expression using log2 transformed data. Five tumor samples per model were analyzed. Genes highlighted in blue are referred to in the
Results section. Filled blue squares represent transcripts from RENCA overexpressed relative to EMT6, while open blue squares represent transcripts
from EMT6 overexpressed relative to RENCA (FDR< 0.1). Filled orange circles represent transcripts from RENCA overexpressed relative to CT26, while
open orange circles represent transcripts from CT26 overexpressed relative to RENCA (FDR< 0.1). Filled cyan diamonds represent transcripts from
EMT6 overexpressed relative to CT26, while open cyan diamonds represent transcripts from CT26 overexpressed relative to EMT6 (FDR< 0.1).
Statistically significant differences with B16F10 are not shown here.

https://doi.org/10.1371/journal.pone.0206223.g004
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tumors which contained the least (Fig 5A and 5B). This rank order for infiltrate abundance

also holds true for NK (CD3-CD49b+) cells (Fig 5C), and dendritic cells (CD45+CD11c+) (Fig

5D). The immunosuppressive MDSC population (CD45+CD11b+Gr1+) (Fig 5D) is moderately

elevated in RENCA and EMT6, consistent with RNA expression levels of MDSC linked cyto-

kines, chemokines, and associated receptors in the tumor microenvironment (Fig 4). On the

other hand, B cells (CD3-B220+) and macrophages (CD45+CD11b+F4/80+) are present at simi-

lar levels across all four tumor models (Fig 5C and 5D).

Fig 5. Flow cytometry analysis of key immune cell populations in 100mm3 tumors stratifies each syngeneic model by
immune cell content.All flow cytometry data are represented as percent total live cells, which include tumor cells and immune
infiltrates. (A) Pie charts summarizing the median abundance (% total live cells) of eight different immune populations in
100mm3 tumors from each syngeneic model. Percent values in pie charts refer to “other cells,” which includes tumor and other
immune cells not captured in this analysis. Plots showing abundance of (B) T cell populations, (C) NK and B cell populations, and
(D) myeloid cell populations in 100mm3 tumors. Medians of each immune population are indicated as bars and these values were
used in the pie charts shown in (A). Statistical significance between groups: � 0.01< p< 0.05, �� 0.001< p< 0.01, ��� p< 0.001.

https://doi.org/10.1371/journal.pone.0206223.g005
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We also examined our RNA expression data to determine relative abundance of immune

populations in tumors across models. Using the immune profiling analysis software (Nano-

string), we observed a very similar rank order of tumor models containing most infiltrates

(RENCA) to least infiltrates (B16F10) (S1 Fig). The only discrepancy between flow cytometry

and RNA data was seen with macrophage abundance. The flow cytometry data indicated

tumor macrophage levels were similar across all models, while the RNA data indicated macro-

phages were most abundant in RENCA. This inconsistency may be linked to the different

methods of analysis (protein versus RNA) and different genes used to identify macrophages

(FACS: CD45, CD11b, and F4/80. RNA analysis: CD58, CD84, CD163, and CYBB). Despite

this difference, our data reveals a high degree of correlation between the two platforms to

assess infiltration of all other immune cell types. Overall, our data identifies RENCA tumors as

the most immunogenic in terms of gene signatures and immune cell content while the B16F10

tumors are the least immunogenic by every measure.

Immune infiltrate density changes with tumor size increase for each model

The data outlined above captures immune characteristics of all four syngeneic models at the

early stage of tumor progression (prior to drug treatment). In the next set of experiments, we

were interested in determining what changes occur in each model as the tumor increases in

size and evades anti-tumor immunity. We first examined immune population changes within

the tumor by flow cytometry. For all models, we observed a general decrease in immune cell

abundance with tumor size increase. This was particularly evident in the RENCAmodel,

which clearly shows decreases in all lymphocyte populations (CD8 T cells, Tregs, CD4+Foxp3-,

B cells, and NK cells) with tumor progression (Fig 6A and 6B). Similarly the myeloid popula-

tions (DC and macrophages) in RENCA tumors also decrease in abundance with tumor size

increase (Fig 7A and 7B). MDSCs were the only exception to this trend, increasing dramati-

cally with RENCA tumor size increase (Fig 7A and 7B). This observation suggests that despite

very high levels of immune infiltrates at 100mm3, anti-tumor immunity may be blunted by the

expanding MDSC population in the RENCAmodel.

CT26 tumors follow a similar trend to RENCA, with most immune populations decreasing

as a proportion of total cells as tumor size increases (Figs 6C and 7C). These include Tregs, NK

cells, DCs, and macrophages. Unique to CT26, CD8 T cells surprisingly increase in frequency

as the tumor expands and evades the immune system (Fig 6C). For EMT6 tumors, all T cell

populations remain relatively low and unchanged in abundance with tumor size progression

(Fig 6D). EMT6 tumors exhibit a measurable and significant decrease in B and NK cells (Fig

6D) as well as DC and macrophages (Fig 7D). Moreover, EMT6 tumors also exhibit a modest

increase in MDSCs as tumor size increases (Fig 7D). For B16F10 tumors, immune populations

in tumors are inherently low in abundance at 100mm3 and remain low as tumor size increases

(Figs 6E and 7E).

Along with flow cytometry data, we also examined cell abundance changes during tumor

progression using our RNA expression data (S2 Fig) and again observed reasonable correlation

between the two different platforms.

Immune infiltrates are spatially confined to the invasive margin of tumors
during tumor progression

Although flow cytometry and RNA data provide information on relative abundance of

immune infiltrates, these methods do not provide insight on their spatial location within the

tumor. We therefore performed immunohistochemistry on fixed and paraffin embedded

tumor sections from all four models across all tumor progression sizes. We stained for CD3,
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B220, F4/80, and Ki67 and assessed localization outside the tumor (outer edge), the tumor rim

(invasive margin), and the tumor core. Examination of the proliferation marker Ki67 revealed

that tumors from all models and all sizes exhibit robust proliferation at the invasive margin

(Fig 8). The tumor core by contrast is generally nonproliferative in all models across all tumor

Fig 6. Flow cytometry analysis of lymphocyte (T/B/NK) changes within the tumor of each model as size increases. All data are represented as percent total live cells,
which include tumor cells as well as immune infiltrates. (A) Pie charts summarizing the median abundance (% total live cells) of only lymphocyte (T, B, NK) populations
in RENCA tumors at different sizes. Myeloid populations are excluded from this figure. Percent values in pie charts refer to “other cells,” which includes tumor and other
immune cells not captured in this analysis. Plots showing abundance of T, B, and NK populations in (B) RENCA tumors, (C) CT26 tumors, (D) EMT6 tumors, and (E)
B16F10 tumors. The green box highlights CD8 T cell increase with tumor volume increase in the CT26 model. Medians of each immune population are indicated as bars.
Statistical significance between groups: � 0.01< p< 0.05, �� 0.001< p< 0.01, ��� p< 0.001.

https://doi.org/10.1371/journal.pone.0206223.g006
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Fig 7. Flow cytometry analysis of myeloid population changes within the tumor of each model as size increases.
All data are represented as percent total live cells, which include tumor cells as well as immune infiltrates. (A) Pie
charts summarizing the median abundance (% total live cells) of myeloid populations in RENCA tumors at different
sizes. Lymphocyte populations are excluded from this figure. Percent values in pie charts refer to “other cells,” which
includes tumor and other immune cells not captured in this analysis. Plots showing abundance of myeloid populations
in (B) RENCA tumors, (C) CT26 tumors, (D) EMT6 tumors, and (E) B16F10 tumors. The green box highlights MDSC
increase with tumor volume increase in the RENCAmodel. Medians of each immune population are indicated as bars.
Statistical significance between groups: � 0.01< p< 0.05, �� 0.001< p< 0.01, ��� p< 0.001.

https://doi.org/10.1371/journal.pone.0206223.g007
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sizes, with the only exception being RENCA tumors at 100mm3. This is consistent with the

properties of subcutaneous syngeneic models, where tumors rapidly grow at the edges and out-

compete for nutrients needed at the core.

For all tumor models, CD3+ T cells are most prevalent in the invasive margin, with little

present in the outer edge or tumor core (Fig 9). As tumors increase in size, the relative density

of CD3+ T cells in the tumor leading edge qualitatively decreases (particularly in RENCA).

Similar to CD3+ staining, markers for all other cell types (especially with F4/80+ and B220+)

also stain almost exclusively in the invasive margin (S3–S4 Figs). It is important to note in

human tumors, myeloid and all T cell populations are present in the invasive margin and as

Fig 8. Ki67 staining of tumor samples reveals proliferation at the invasive margin. IHC was performed on fixed and paraffin embedded tumor samples across the
different models and across all tumor sizes. Five mice per model at each tumor size were used for this analysis. A representative image for each is shown.

https://doi.org/10.1371/journal.pone.0206223.g008
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well as the core of multiple tumor types [8]. This difference in spatial location of immune cells

points to possible limitations or caveats of mouse syngeneic models which may limit the trans-

latability to human tumors [36]. For example, syngeneic tumors are generated by subcutane-

ous injection of an established tumor cell line which do not have the opportunity to progress

in typical fashion from initiation to fully formed tumors in the appropriate organ site. More-

over, syngeneic tumor growth is also extremely rapid compared to human tumors, therefore

immune system exposure will be rapid and this in turn may skew the spatial distribution of

immune infiltrates that develops over typical tumor progression.

Fig 9. CD3+ cells are confined predominantly to the invasive margin in untreated tumors. IHC was performed on fixed and paraffin embedded tumor samples across
the different models and across all tumor sizes. Five mice per model at each tumor size were used for this analysis. A representative image for each is shown.

https://doi.org/10.1371/journal.pone.0206223.g009
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Tumor-immune function changes occur as tumors progress in size across
models

To obtain a mechanistic view of immune changes occurring with tumor progression, we probed

our tumor RNA data for genes that were significantly up or down regulated (FDR< 0.1) in

2000mm3 versus 100mm3 tumors (S7–S9 Tables). We first focused our attention to a list of 18

genes directly linked to or implicated in immune suppression within the tumor. These genes

can be categorized in five groups, which include: immunosuppressive cytokines (IL10 and

TGFβ), immunosuppressive Tregs and myeloid populations (FOXP3, CCR2, CSF1R, CSF2/

GMCSF, and CXCL12), nutrient depleting and redox enzymes (IDO, ARG1, and NOS2/iNOS),

T cell inhibitory ligands and receptors (CD274/PD-L1, Pdcd1lg2/PD-L2, CTLA4, and

HAVCR2/TIM3), and tumor vasculature and extracellular matrix elements (VEGFA, AXL,

FN1/fibronectin, and Col1a1/collagen). In this analysis, we were not able to capture tumor

intrinsic immune suppression by β-catenin signaling (Fig 1B) because of our limited probeset.

Our analysis revealed that as RENCA tumors progress, they surprisingly down regulate

multiple immunosuppressive elements outlined above, including IL10, FOXP3, CTLA4, and

others. However we also observed increases in NOS2/iNOS and TGFβ2 transcripts, key drivers
of MDSCmediated immune suppression [27] (S7 Table). In this example, the statistical signifi-

cance for NOS2 increase did not meet our stringent cutoff of FDR< 0.1 (p = 0.035,

FDR = 0.354), nevertheless NOS2 was upregulated only in progressing RENCA tumors, not in

CT26 or EMT6 tumors. Along with NOS2 (specifically linked to monocytic MDSC suppressive

activity [37]), we also observed significant upregulation of MIF, a multifunctional protein that

possesses isomerase activity as well as pro-monocytic MDSC activity in humans and mice [38,

39]. These findings are consistent with our observation that MDSC density increases as

RENCA tumors progress in size (Fig 7A and 7B) and supports a role for monocytic MDSCs in

driving tumor progression. In addition to MDSCs, late stage RENCA tumors also generate

excess VEGFA which may impact the tumor vasculature and contribute to tumor immuno-

suppression (S7 Table). High VEGF expression has been linked to decreased T cell infiltration

in ovarian cancers [22] and has been demonstrated to block Th1 and CD8 T cell function [40]

and block dendritic cell maturation [41, 42]. Moreover, anti-VEGF therapy appears to improve

T cell infiltration in some preclinical tumor models [43, 44].

In progressing CT26 tumors, a couple of interesting genes related to the extracellular matrix

(ECM) are upregulated (S8 Table). These include the ECM component fibronectin and AXL, a

receptor tyrosine kinase that transmits signals from the ECM to regulate adhesion, migration,

and survival of cancer cells. One possible mechanism of immunosuppression occurs by physi-

cally blocking T cell transit into the tumor. Fibronectin and collagen can be produced by

tumor cells or cancer associated fibroblasts and a recent study has shown that dense regions of

both can profoundly inhibit T cell migration [45]. In fact, collagen engagement of collagen

receptors on lymphocytes can also block migration and inhibit immune activity [46, 47].

Although our data shows that T cells can still accumulate in progressing CT26 tumors (Fig

6C), fibronectin may still affect the mobility and cytotoxicity of infiltrated T cells. AXL, on the

other hand, is an interesting ECM sensing receptor involved in both tumor cell metastasis and

immune cell function. Current evidence suggests that inhibition of AXL may enhance T cell

infiltration and function with radiation therapy [48]. Moreover, high levels of AXL have been

linked to resistance of anti-PD1 therapy in humans [49].

In EMT6 tumors, we also detected groups of genes that were up and down regulated with

tumor size increase, but we did not observe expression patterns that point towards immune

silencing and tumor progression (S9 Table). As for B16F10 tumors, we were not able to detect

statistically significant expression differences between 2000mm3 tumors and 100mm3 tumors.
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Immunotherapy treatment promotes survival in different syngeneic
models

To support our ongoing clinical trial evaluating an anti-OX40 antibody, we next asked if treat-

ment with this T cell costimulatory receptor agonist (also capable of depleting OX40 enriched

cells through Fc receptor interactions) induces different responses in these four different

tumor microenvironments. Fig 10 shows that six doses of anti-OX40 treatment over three

weeks effectively promotes survival in all tumor models except B16F10. Across the three

responsive tumor models, anti-OX40 treatment was most effective in the RENCAmodel and

moderately effective in the CT26 model. Given our observation that B16F10 are the least

immunogenic tumors, we were not surprised by the ineffectiveness of the anti-OX40 treat-

ment. Overall, this data demonstrates that a given immunotherapy exhibits varying anti-

tumor responses in distinct tumor-immune microenvironments.

Discussion

In this report, we present a detailed characterization of four commonly used mouse syngeneic

tumor models. This endeavor is largely descriptive and is focused primarily on understanding

model differences within the tumor-immune microenvironment and framing these features to

clinically relevant tumor-immune categories. However, there are some factors limiting trans-

latability of these models to human tumors that must be considered when examining our data.

First, syngeneic tumors are not generated spontaneously, but rather by subcutaneous implan-

tation of a given MHCmatched cell line derived from established and fully developed tumors.

Second, tumor cell lines used in syngeneic models originate from a range of tissue types or

organs surrounded by a microenvironment that is distinct from the site of subcutaneous

implantation. Finally, these implanted tumors progress much more rapidly than typical spon-

taneous tumors. These observations highlight the fact that syngeneic tumor models do not

truly reflect typical tumor progression in relevant organ specific environments. In this regard,

genetically engineered mouse (GEM) models of cancer (germline or conditional) are more

physiologically relevant as they recapitulate the appropriate kinetics and stepwise progression

from tumor initiation to tumor establishment at the site of tumor origin [50]. This difference

in tumor initiation and location of tumor growth between subcutaneous syngeneic versus

GEMmodels likely engenders different inherent immune infiltration profiles and in turn dif-

ferent anti-tumor immune responses. For example, spontaneous lung or pancreatic tumors

from GEMmodels elicit weak in tumor T cell responses that diminishes over time, whereas

Fig 10. Immunotherapy treatment enhances survival in models with distinct tumor microenvironments. For each model, mice were dosed with either 1μg α-OX40
antibody or 400μg isotype control antibody every three or four days (six doses in total). Ten mice were used per treatment group. Mice were categorized as dead when the
tumor volume reached 2000mm3. Statistical significance between groups: � 0.01< p< 0.05, �� 0.001< p< 0.01, ��� p< 0.001.

https://doi.org/10.1371/journal.pone.0206223.g010
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subcutaneously implanted tumors derived from cell lines of the same spontaneous tumors

induce significantly greater T cell infiltration and anti-tumor responses [51, 52].

The stark contrast between syngeneic tumor models and GEMmodels highlights the

importance in framing syngeneic tumor model data in the appropriate context. Our focus is

strictly centered on characterizing the tumor-immune infiltrate profile of each syngeneic

model, and collectively using a panel of tumor models with different profiles as a framework to

understand how these immune infiltrate differences translate to anti-tumor responses. Our

larger and long term goal is to enhance our translation of mouse model studies in identifying

immunotherapy responsive patients based on their tumor-immune profile and improving

treatment strategies where immunotherapies are predicted to be ineffective.

Our studies reveal that four routinely used models phenotypically cover a broad range of

tumor-immunogenicities, from immune rich RENCA tumors to immune poor B16F10

tumors. RENCA tumors, when analyzed at our typical pretreatment size (100mm3), are the

most concentrated in immune cells and immune function. Flow cytometry and transcript data

show that RENCA tumors contain the highest density of all immune cell types analyzed, with

few exceptions. RENCA tumors are also highly enriched for complement activity, bacterial

product recognition (via TLR4 and TLR5), as well as viral/nucleic acid recognition (TLR7,

TLR8, TMEM173/STING). Moreover, these tumors are also highly enriched in factors that

recruit or support suppressive monocytic MDSC or tumor associated macrophage populations

(CCR2, CSF1R, and GM-CSF/CSF2). EMT6 tumors, by contrast, are not as immune infiltrated

as RENCA, yet they are uniquely enriched in factors that support PMN-MDSC suppressive

activity.

One question that emerges from these observations is—what determines the level of infil-

trate and immune functions in these tumors? To some degree, tumor cell intrinsic factors may

play a role. Interestingly our in vitro cell line analysis predicted EMT6 would be the most

immunogenic while the B16F10 model would be the least based on their intrinsic MHC-I and

chemokine expression levels. Although our analysis show that EMT6 tumors are immune infil-

trated, RENCA tumors are clearly the most immunogenic as described above, and it is likely

other factors such as oncogenic signaling pathways or stromal components are contributing to

the tumor immune content [20, 53, 54]. From a technical standpoint, we also cannot rule out

the possibility that implantation with a basement membrane preparation may artificially retain

immune cells within solid RENCA tumors. With B16F10 tumors, oncogenic β-catenin signal-

ing in melanoma cells may create an environment devoid of immune infiltrates by suppressing

tumor intrinsic chemokine production [20]. Another tumor intrinsic factor driving immune

infiltration is tumor mutational load, and this feature has been linked to PD-L1 expression in

human tumors [55], immune infiltrates [56, 57], and most importantly clinical response to

checkpoint inhibitors [58–60]. Our mouse models loosely align with this trend, as the models

with detectable immune infiltrates and PD-L1 expression (RENCA, EMT6, and CT26) have

higher non-synonymous mutation counts while the poorly infiltrated B16F10 model has the

least tumor mutations.

Along with tumor cell intrinsic factors, tumor cell extrinsic factors can also determine the

level of immune infiltrate and function in tumors. One parameter of interest is the inherent

immune biases of the inbred mouse strains C57BL/6 (which harbor B16F10 tumors) and

BALB/c (which harbor RENCA, CT26, and EMT6 tumors). In C57BL/6 mice, T cells produce

significant levels of IFNγ and macrophages produce significant levels of TNFα and IL12 upon

activation, while activated T cells and macrophages from BALB/c mice produce much less of

the same respective cytokines [61–63]. Despite the strong Th1 bias of C57BL/6 mice, our data

indicates that B16F10 tumors in the same strain are devoid of immune infiltrates, whereas

tumors implanted in Th2 biased BALB/c mice are immune infiltrated to a much greater extent.
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This observation suggests that in mice, strain specific immune biases that support or suppress

T cell immunity cannot override tumor cell intrinsic or other extrinsic factors that dictate

tumor immune infiltrate levels. Another extrinsic parameter that likely contributes to the

tumor-immune phenotype is the organ specific microenvironment surrounding the tumor.

This compartment consists of multiple components (including organ specific immune cells,

circulating immune cells, endothelial cells, fibroblasts, extracellular matrix proteins, and oth-

ers), and these elements can uniquely shape tumor proliferation, vascularization, metastasis, as

well as tumor-immune infiltration [64]. In support of this view, previous studies have shown

that orthotopic implantation of RENCA or CT26 yield a more immunosuppressed tumor-

immune infiltrate profile that is not as responsive to immunotherapy when compared to

immunotherapy responsive subcutaneously implanted tumors [65]. As described above, spon-

taneous lung or pancreatic tumors from GEMmodels also induce weak intratumoral T cell

responses, whereas subcutaneously implanted tumors derived from cell lines of the same

tumors induce greater T cell infiltration and anti-tumor responses [51, 52].

Another mechanistic question emerging from our study centers on how different tumor

environments evade immunosurveillance as tumors progress. By tracking immune population

and gene expression changes with increasing tumor size, we were able to uncover a number of

mechanisms unique to each model. From a general standpoint, all immune infiltrated models

(RENCA, EMT6, and CT26) exhibit immune population loss with increasing tumor size, sug-

gesting that the tumor can outgrow the infiltrates or prevent further influx of immune cells.

Yet for RENCA, tumor progression also yielded an overall increase in suppressive myeloid cell

(MDSC) density, as well as increased expression of genes that drive monocytic MDSC immu-

nosuppression (NOS2/iNOS, MIF, and TGFβ2) [27, 37–39]. In human cancers, the correlation

between myeloid-inflamed tumors with immunosuppression and poor prognosis has been

noted for some time [17] and recent data further establishes this correlation to head and neck

squamous cell carcinomas and pancreatic ductal adenocarcinomas [16]. As for CT26 tumors,

CD8 T cells paradoxically increase in relative numbers as the tumor volume increases. It is not

clear how the CD8 T cells are turned off, given the fact that obvious suppressive mechanisms

(such as Tregs or suppressive myeloid cells) are not concomitantly upregulated. However, one

possible mechanism, as outlined in the results section, may occur though extracellular matrix

driven dampening of adaptive immunity. Another possible restraining mechanism is T cell

exhaustion, which is driven by prolonged T cell exposure to antigen leading to progressive loss

of function [66]. A hallmark of exhausted CD8 T cells is sustained upregulation of multiple

inhibitory receptors including PD1/PDCD1, 2B4/CD244, KLRA7/Ly49D-GE, KLRA3/Ly49c,

CD160, LAG-3, CTLA4, and others [67]. Although our gene expression analysis of progressing

CT26 tumors revealed an increase in CD8 T cell transcripts, increases in inhibitory receptor

transcripts were not detected. While this observation is not conclusive, this finding and pub-

lished data indicating that anti-PD1 monotherapy is not effective in treating CT26 tumors [68,

69] suggest that T cell dampening in CT26 may extend beyond PD1 driven exhaustion. It is

important to note that the mechanisms proposed here are based on a focused set of genes

known to impact anti-tumor immunity. Additional analysis is needed to assess whether our

larger data set identifies other mechanisms that impact evasion of anti-tumor immunity.

Perhaps the most critical aspect of this work lies in our ability to position these models in a

simple framework to guide patient population selection and combination strategies for a given

immunotherapy. Despite the limitations of syngeneic models, we propose the different tumor-

immune microenvironments observed in each model collectively reflect a range of tumor-

immune infiltrate profiles in humans. We also propose that probing a wide panel of syngeneic

models and their unique tumor microenvironments with a given immunotherapy will yield

insights into features (such as TIL+PD-L1+ for anti-PD1) that define responding versus non-

Tumor-immune profiling of murine syngeneic tumor models

PLOSONE | https://doi.org/10.1371/journal.pone.0206223 November 2, 2018 20 / 27

https://doi.org/10.1371/journal.pone.0206223


responding tumors in humans. Our baseline model characterization reveals that EMT6, CT26,

and RENCA are immune infiltrated with each model possessing unique features. Across all

models, anti-OX40 treatment is most effective in promoting survival in RENCA, moderately

effective in CT26, and ineffective in the poorly immunogenic B16F10. Future studies examin-

ing immune changes in vivo with drug treatment will be instrumental in identifying compo-

nents that drive therapy response and identifying patient selection criteria for a given drug. As

we expand our studies toward therapy based mechanistic changes in these models, we plan to

connect the descriptive data generated here with drug induced immune changes to define a

more robust tumor signature that will identify patients responsive to anti-OX40 therapy as a

monotherapy or in combination with other anticancer drugs.

Supporting information

S1 Table. Murine cell line RNA-seq data (in FPKM) identifying immune genes expressed

three-fold higher in a given cell line (in red) above all other cell lines. This comparison is

focused on a list of 669 mouse immunology genes as defined by Nanostring. Transcripts with

FPKM values<10 across all four models were removed from this analysis. Transcripts that do

not adhere to the criteria of being three-fold higher in a given cell line above all other cell lines

were also removed.

(XLSX)

S2 Table. Murine cell line RNA-seq data (in FPKM) identifying all genes expressed three-

fold higher in a given cell line (in red) above all other cell lines. Comprehensive list covering

all transcripts, including immunology defined genes listed in S1 Table. Transcripts with FPKM

values<10 across all four models were removed from this analysis. Transcripts that do not

adhere to the criteria of being three-fold higher in a given cell line above all other cell lines

were also removed.

(XLSX)

S3 Table. Differentially expressed genes in pretreatment EMT6 tumors versus RENCA

tumors. EMT6 tumor (100mm3) transcripts upregulated or downregulated relative to RENCA

tumors (100mm3) with FDR< 0.1. Differential expression determined within the Nanostring

PanCancer Immune profiling panel.

(XLSX)

S4 Table. Differentially expressed genes in pretreatment CT26 tumors versus RENCA

tumors. CT26 tumor (100mm3) transcripts upregulated or downregulated relative to RENCA

tumors (100mm3) with FDR< 0.1. Differential expression determined within the Nanostring

PanCancer Immune profiling panel.

(XLSX)

S5 Table. Differentially expressed genes in pretreatment B16F10 tumors versus RENCA

tumors. B16F10 tumor (100mm3) transcripts upregulated or downregulated relative to

RENCA tumors (100mm3) with FDR< 0.1. Differential expression determined within the

Nanostring PanCancer Immune profiling panel.

(XLSX)

S6 Table. Differentially expressed genes in pretreatment EMT6 tumors versus CT26

tumors. EMT6 tumor (100mm3) transcripts upregulated or downregulated relative to CT26

tumors (100mm3) with FDR< 0.1. Differential expression determined within the Nanostring

PanCancer Immune profiling panel.

(XLSX)
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S7 Table. Gene expression changes comparing 2000mm3 versus 100mm3 RENCA tumors.

Transcripts differentially expressed with FDR< 0.1 are listed. Differential expression deter-

mined within the Nanostring PanCancer Immune profiling panel.

(XLSX)

S8 Table. Gene expression changes comparing 2000mm3 versus 100mm3 CT26 tumors.

Transcripts differentially expressed with FDR< 0.1 are listed. Differential expression deter-

mined within the Nanostring PanCancer Immune profiling panel.

(XLSX)

S9 Table. Gene expression changes comparing 2000mm3 versus 100mm3 EMT6 tumors.

Transcripts differentially expressed with FDR< 0.1 are listed. Differential expression deter-

mined within the Nanostring PanCancer Immune profiling panel.

(XLSX)

S1 Fig. RNA analysis of key immune cell populations in 100mm3 tumors across different

models. Abundance of immune cell populations was determined by total tumor RNA analysis

using the PanCancer Immune profiling panel. Cell type expression scores are expressed in log

scale and comparative flow cytometry data is identical to Fig 5. (A) T cell populations. (B) NK,

B, and myeloid cell populations. The p-values listed at the top of each graph reflect correlation

and consistency of expression data with the cell specific gene signature. For p-values> 0.05,

we cross compared with FACS data and found correlation between both platforms. Data with

p> 0.05 should be taken as a preliminary guide in the absence of FACS data. For cell types

without p-values, only one gene was used to estimate population abundance. Medians of each

immune population are indicated as bars. Statistical significance between groups: � 0.01< p<

0.05, �� 0.001< p< 0.01, ��� p< 0.001.

(TIF)

S2 Fig. RNA analysis of immune cell population changes within the tumor as size

increases. Abundance of immune cell populations was determined by total tumor RNA analy-

sis using the PanCancer Immune profiling panel. Immune populations changes with tumor

progression in (A) RENCA, (B) CT26, (C) EMT6, and (D) B16F10. The p-values listed at the

top of each graph reflect correlation and consistency of expression data with the cell specific

gene signature. Data with p> 0.05 should be taken as a preliminary guide in the absence of

FACS data. For cell types without p-values, only one gene was used to estimate population

abundance. The green box highlights CD8 T cell increase with tumor volume increase in the

CT26 model, which is consistent with FACS data. Medians of each immune population are

indicated as bars. Statistical significance between groups: � 0.01< p< 0.05, �� 0.001< p<

0.01, ��� p< 0.001.

(TIF)

S3 Fig. F4/80+ cells are confined predominantly to the invasive margin in untreated

tumors. IHC was performed on fixed and paraffin embedded tumor samples across the differ-

ent models and across all tumor sizes. Five mice per model at each tumor size were used for

this analysis. A representative image for each is shown.

(TIF)

S4 Fig. B220+ cells are confined predominantly to the invasive margin in untreated

tumors. IHC was performed on fixed and paraffin embedded tumor samples across the differ-

ent models and across all tumor sizes. Five mice per model at each tumor size were used for
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this analysis. A representative image for each is shown.

(TIF)

Acknowledgments

We thank Ganesh Sathe and George Livi for scientific oversight and technical assistance with

RNA-seq studies. We also thank Amaya Wolf and Mili Mandal for technical assistance.

Author Contributions

Conceptualization: Roopa Srinivasan.

Formal analysis: Jong W. Yu, Sabyasachi Bhattacharya, Hui Zhou, Junping Jing.

Funding acquisition: Axel Hoos.

Investigation: Jong W. Yu, Sabyasachi Bhattacharya, David Kilian, Hong Shi, Sapna Yadavilli,

Yuliya Katlinskaya, Heather Kaczynski, Michael Conner, William Benson, Ashleigh Hahn,

Laura Seestaller-Wehr, Meixia Bi, Nicholas J. Vitali, Lyuben Tsvetkov, Wendy Halsey, Ash-

ley Hughes, Christopher Traini, Hui Zhou, Junping Jing, Tae Lee.

Project administration: Christopher B. Hopson, James F. Smothers, Axel Hoos, Roopa

Srinivasan.

Resources: Niranjan Yanamandra, James F. Smothers, Axel Hoos, Roopa Srinivasan.

Supervision: Axel Hoos, Roopa Srinivasan.

Writing – original draft: Jong W. Yu, Roopa Srinivasan.

Writing – review & editing: Jong W. Yu, Sabyasachi Bhattacharya, Niranjan Yanamandra,

Sapna Yadavilli, David J. Figueroa, Sara Brett, Christopher B. Hopson, James F. Smothers,

Axel Hoos, Roopa Srinivasan.

References
1. Ansell SM, Lesokhin AM, Borrello I, Halwani A, Scott EC, Gutierrez M, et al. PD-1 blockade with nivolu-

mab in relapsed or refractory Hodgkin’s lymphoma. The New England journal of medicine. 2015; 372
(4):311–9. Epub 2014/12/09. https://doi.org/10.1056/NEJMoa1411087 PMID: 25482239; PubMed Cen-
tral PMCID: PMCPmc4348009.

2. CallahanMK, Wolchok JD. At the bedside: CTLA-4- and PD-1-blocking antibodies in cancer immuno-
therapy. Journal of leukocyte biology. 2013; 94(1):41–53. Epub 2013/05/15. https://doi.org/10.1189/jlb.
1212631 PMID: 23667165; PubMed Central PMCID: PMCPmc4051187.

3. Ferris RL, Blumenschein G Jr., Fayette J, Guigay J, Colevas AD, Licitra L, et al. Nivolumab for Recur-
rent Squamous-Cell Carcinoma of the Head and Neck. The New England journal of medicine. 2016;
375(19):1856–67. Epub 2016/10/11. https://doi.org/10.1056/NEJMoa1602252 PMID: 27718784.

4. Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, GordonMS, et al. Predictive correlates of
response to the anti-PD-L1 antibody MPDL3280A in cancer patients. Nature. 2014; 515(7528):563–7.
Epub 2014/11/28. https://doi.org/10.1038/nature14011 PMID: 25428504; PubMed Central PMCID:
PMCPmc4836193.

5. Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al. Improved survival with
ipilimumab in patients with metastatic melanoma. The New England journal of medicine. 2010; 363
(8):711–23. Epub 2010/06/08. https://doi.org/10.1056/NEJMoa1003466 PMID: 20525992; PubMed
Central PMCID: PMCPmc3549297.

6. Powles T, Eder JP, Fine GD, Braiteh FS, Loriot Y, Cruz C, et al. MPDL3280A (anti-PD-L1) treatment
leads to clinical activity in metastatic bladder cancer. Nature. 2014; 515(7528):558–62. Epub 2014/11/
28. https://doi.org/10.1038/nature13904 PMID: 25428503.

7. Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, et al. PD-1 blockade induces
responses by inhibiting adaptive immune resistance. Nature. 2014; 515(7528):568–71. Epub 2014/11/

Tumor-immune profiling of murine syngeneic tumor models

PLOSONE | https://doi.org/10.1371/journal.pone.0206223 November 2, 2018 23 / 27

https://doi.org/10.1056/NEJMoa1411087
http://www.ncbi.nlm.nih.gov/pubmed/25482239
https://doi.org/10.1189/jlb.1212631
https://doi.org/10.1189/jlb.1212631
http://www.ncbi.nlm.nih.gov/pubmed/23667165
https://doi.org/10.1056/NEJMoa1602252
http://www.ncbi.nlm.nih.gov/pubmed/27718784
https://doi.org/10.1038/nature14011
http://www.ncbi.nlm.nih.gov/pubmed/25428504
https://doi.org/10.1056/NEJMoa1003466
http://www.ncbi.nlm.nih.gov/pubmed/20525992
https://doi.org/10.1038/nature13904
http://www.ncbi.nlm.nih.gov/pubmed/25428503
https://doi.org/10.1371/journal.pone.0206223


28. https://doi.org/10.1038/nature13954 PMID: 25428505; PubMed Central PMCID:
PMCPmc4246418.

8. FridmanWH, Pages F, Sautes-Fridman C, Galon J. The immune contexture in human tumours: impact
on clinical outcome. Nature reviews Cancer. 2012; 12(4):298–306. Epub 2012/03/16. https://doi.org/10.
1038/nrc3245 PMID: 22419253.

9. Lechner MG, Karimi SS, Barry-Holson K, Angell TE, Murphy KA, Church CH, et al. Immunogenicity of
murine solid tumor models as a defining feature of in vivo behavior and response to immunotherapy.
Journal of immunotherapy (Hagerstown, Md: 1997). 2013; 36(9):477–89. Epub 2013/10/23. https://doi.
org/10.1097/01.cji.0000436722.46675.4a PMID: 24145359; PubMed Central PMCID:
PMCPmc3910494.

10. Mosely SI, Prime JE, Sainson RC, Koopmann JO,Wang DY, Greenawalt DM, et al. Rational Selection
of Syngeneic Preclinical Tumor Models for Immunotherapeutic Drug Discovery. Cancer immunology
research. 2017; 5(1):29–41. Epub 2016/12/08. https://doi.org/10.1158/2326-6066.CIR-16-0114 PMID:
27923825.

11. Chew V, Chen J, Lee D, Loh E, Lee J, Lim KH, et al. Chemokine-driven lymphocyte infiltration: an early
intratumoural event determining long-term survival in resectable hepatocellular carcinoma. Gut. 2012;
61(3):427–38. Epub 2011/09/21. https://doi.org/10.1136/gutjnl-2011-300509 PMID: 21930732;
PubMed Central PMCID: PMCPmc3273680.

12. Hirano S, Iwashita Y, Sasaki A, Kai S, Ohta M, Kitano S. IncreasedmRNA expression of chemokines in
hepatocellular carcinoma with tumor-infiltrating lymphocytes. Journal of gastroenterology and hepatol-
ogy. 2007; 22(5):690–6. Epub 2007/04/21. https://doi.org/10.1111/j.1440-1746.2006.04551.x PMID:
17444857.

13. Kondo T, Nakazawa H, Ito F, Hashimoto Y, Osaka Y, Futatsuyama K, et al. Favorable prognosis of
renal cell carcinoma with increased expression of chemokines associated with a Th1-type immune
response. Cancer science. 2006; 97(8):780–6. Epub 2006/07/26. https://doi.org/10.1111/j.1349-7006.
2006.00231.x PMID: 16863511.

14. Kunz M, Toksoy A, Goebeler M, Engelhardt E, Brocker E, Gillitzer R. Strong expression of the lym-
phoattractant C-X-C chemokine Mig is associated with heavy infiltration of T cells in humanmalignant
melanoma. The Journal of pathology. 1999; 189(4):552–8. Epub 2000/01/12. https://doi.org/10.1002/
(SICI)1096-9896(199912)189:4<552::AID-PATH469>3.0.CO;2-I PMID: 10629557.

15. Mlecnik B, Tosolini M, Charoentong P, Kirilovsky A, Bindea G, Berger A, et al. Biomolecular network
reconstruction identifies T-cell homing factors associated with survival in colorectal cancer. Gastroen-
terology. 2010; 138(4):1429–40. Epub 2009/11/17. https://doi.org/10.1053/j.gastro.2009.10.057 PMID:
19909745.

16. Tsujikawa T, Kumar S, Borkar RN, Azimi V, Thibault G, Chang YH, et al. Quantitative Multiplex Immu-
nohistochemistry Reveals Myeloid-Inflamed Tumor-Immune Complexity Associated with Poor Progno-
sis. Cell reports. 2017; 19(1):203–17. Epub 2017/04/06. https://doi.org/10.1016/j.celrep.2017.03.037
PMID: 28380359.

17. Gabrilovich DI, Ostrand-Rosenberg S, Bronte V. Coordinated regulation of myeloid cells by tumours.
Nature reviews Immunology. 2012; 12(4):253–68. Epub 2012/03/23. https://doi.org/10.1038/nri3175
PMID: 22437938; PubMed Central PMCID: PMCPmc3587148.

18. Spranger S, Spaapen RM, Zha Y, Williams J, Meng Y, Ha TT, et al. Up-regulation of PD-L1, IDO, and T
(regs) in the melanoma tumor microenvironment is driven by CD8(+) T cells. Science translational medi-
cine. 2013; 5(200):200ra116. Epub 2013/08/30. https://doi.org/10.1126/scitranslmed.3006504 PMID:
23986400; PubMed Central PMCID: PMCPmc4136707.

19. Joyce JA, Fearon DT. T cell exclusion, immune privilege, and the tumor microenvironment. Science
(New York, NY). 2015; 348(6230):74–80. Epub 2015/04/04. https://doi.org/10.1126/science.aaa6204
PMID: 25838376.

20. Spranger S, Bao R, Gajewski TF. Melanoma-intrinsic beta-catenin signalling prevents anti-tumour
immunity. Nature. 2015; 523(7559):231–5. Epub 2015/05/15. https://doi.org/10.1038/nature14404
PMID: 25970248.

21. Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-Pages C, et al. Type, density,
and location of immune cells within human colorectal tumors predict clinical outcome. Science (New
York, NY). 2006; 313(5795):1960–4. Epub 2006/09/30. https://doi.org/10.1126/science.1129139 PMID:
17008531.

22. Zhang L, Conejo-Garcia JR, Katsaros D, Gimotty PA, Massobrio M, Regnani G, et al. Intratumoral T
cells, recurrence, and survival in epithelial ovarian cancer. The New England journal of medicine. 2003;
348(3):203–13. Epub 2003/01/17. https://doi.org/10.1056/NEJMoa020177 PMID: 12529460.

23. Taube JM, Anders RA, Young GD, Xu H, Sharma R, McMiller TL, et al. Colocalization of inflammatory
response with B7-h1 expression in humanmelanocytic lesions supports an adaptive resistance

Tumor-immune profiling of murine syngeneic tumor models

PLOSONE | https://doi.org/10.1371/journal.pone.0206223 November 2, 2018 24 / 27

https://doi.org/10.1038/nature13954
http://www.ncbi.nlm.nih.gov/pubmed/25428505
https://doi.org/10.1038/nrc3245
https://doi.org/10.1038/nrc3245
http://www.ncbi.nlm.nih.gov/pubmed/22419253
https://doi.org/10.1097/01.cji.0000436722.46675.4a
https://doi.org/10.1097/01.cji.0000436722.46675.4a
http://www.ncbi.nlm.nih.gov/pubmed/24145359
https://doi.org/10.1158/2326-6066.CIR-16-0114
http://www.ncbi.nlm.nih.gov/pubmed/27923825
https://doi.org/10.1136/gutjnl-2011-300509
http://www.ncbi.nlm.nih.gov/pubmed/21930732
https://doi.org/10.1111/j.1440-1746.2006.04551.x
http://www.ncbi.nlm.nih.gov/pubmed/17444857
https://doi.org/10.1111/j.1349-7006.2006.00231.x
https://doi.org/10.1111/j.1349-7006.2006.00231.x
http://www.ncbi.nlm.nih.gov/pubmed/16863511
https://doi.org/10.1002/(SICI)1096-9896(199912)189:4<552::AID-PATH469>3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9896(199912)189:4<552::AID-PATH469>3.0.CO;2-I
http://www.ncbi.nlm.nih.gov/pubmed/10629557
https://doi.org/10.1053/j.gastro.2009.10.057
http://www.ncbi.nlm.nih.gov/pubmed/19909745
https://doi.org/10.1016/j.celrep.2017.03.037
http://www.ncbi.nlm.nih.gov/pubmed/28380359
https://doi.org/10.1038/nri3175
http://www.ncbi.nlm.nih.gov/pubmed/22437938
https://doi.org/10.1126/scitranslmed.3006504
http://www.ncbi.nlm.nih.gov/pubmed/23986400
https://doi.org/10.1126/science.aaa6204
http://www.ncbi.nlm.nih.gov/pubmed/25838376
https://doi.org/10.1038/nature14404
http://www.ncbi.nlm.nih.gov/pubmed/25970248
https://doi.org/10.1126/science.1129139
http://www.ncbi.nlm.nih.gov/pubmed/17008531
https://doi.org/10.1056/NEJMoa020177
http://www.ncbi.nlm.nih.gov/pubmed/12529460
https://doi.org/10.1371/journal.pone.0206223


mechanism of immune escape. Science translational medicine. 2012; 4(127):127ra37. Epub 2012/03/
31. https://doi.org/10.1126/scitranslmed.3003689 PMID: 22461641; PubMed Central PMCID:
PMCPmc3568523.

24. Teng MW, Ngiow SF, Ribas A, Smyth MJ. Classifying Cancers Based on T-cell Infiltration and PD-L1.
Cancer research. 2015; 75(11):2139–45. Epub 2015/05/16. https://doi.org/10.1158/0008-5472.CAN-
15-0255 PMID: 25977340; PubMed Central PMCID: PMCPmc4452411.

25. Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and quantifying mammalian tran-
scriptomes by RNA-Seq. Nature methods. 2008; 5(7):621–8. Epub 2008/06/03. https://doi.org/10.1038/
nmeth.1226 PMID: 18516045.

26. Harlin H, Meng Y, Peterson AC, Zha Y, TretiakovaM, Slingluff C, et al. Chemokine expression in mela-
nomametastases associated with CD8+ T-cell recruitment. Cancer research. 2009; 69(7):3077–85.
Epub 2009/03/19. https://doi.org/10.1158/0008-5472.CAN-08-2281 PMID: 19293190; PubMed Central
PMCID: PMCPmc3886718.

27. Kumar V, Patel S, Tcyganov E, Gabrilovich DI. The Nature of Myeloid-Derived Suppressor Cells in the
Tumor Microenvironment. Trends in Immunology. 37(3):208–20. https://doi.org/10.1016/j.it.2016.01.
004 PMID: 26858199

28. Veglia F, PeregoM, Gabrilovich D. Myeloid-derived suppressor cells coming of age. Nature immunol-
ogy. 2018; 19(2):108–19. Epub 2018/01/20. https://doi.org/10.1038/s41590-017-0022-x PMID:
29348500; PubMed Central PMCID: PMCPmc5854158.

29. Lesokhin AM, Hohl TM, Kitano S, Cortez C, Hirschhorn-Cymerman D, Avogadri F, et al. Monocytic
CCR2(+) myeloid-derived suppressor cells promote immune escape by limiting activated CD8 T-cell
infiltration into the tumor microenvironment. Cancer research. 2012; 72(4):876–86. Epub 2011/12/17.
https://doi.org/10.1158/0008-5472.CAN-11-1792 PMID: 22174368; PubMed Central PMCID:
PMCPmc3288305.

30. Bayne LJ, Beatty GL, Jhala N, Clark CE, Rhim AD, Stanger BZ, et al. Tumor-derived granulocyte-mac-
rophage colony-stimulating factor regulates myeloid inflammation and T cell immunity in pancreatic can-
cer. Cancer cell. 2012; 21(6):822–35. Epub 2012/06/16. https://doi.org/10.1016/j.ccr.2012.04.025
PMID: 22698406; PubMed Central PMCID: PMCPmc3575028.

31. Pylayeva-Gupta Y, Lee KE, Hajdu CH, Miller G, Bar-Sagi D. Oncogenic Kras-induced GM-CSF produc-
tion promotes the development of pancreatic neoplasia. Cancer cell. 2012; 21(6):836–47. Epub 2012/
06/16. https://doi.org/10.1016/j.ccr.2012.04.024 PMID: 22698407; PubMed Central PMCID:
PMCPmc3721510.

32. Hawley CA, Rojo R, Raper A, Sauter KA, Lisowski ZM, Grabert K, et al. Csf1r-mApple Transgene
Expression and Ligand Binding In Vivo Reveal Dynamics of CSF1R Expression within the Mononuclear
Phagocyte System. Journal of immunology (Baltimore, Md: 1950). 2018; 200(6):2209–23. Epub 2018/
02/15. https://doi.org/10.4049/jimmunol.1701488 PMID: 29440354; PubMed Central PMCID:
PMCPmc5834790.

33. Strachan DC, Ruffell B, Oei Y, Bissell MJ, Coussens LM, Pryer N, et al. CSF1R inhibition delays cervical
and mammary tumor growth in murine models by attenuating the turnover of tumor-associated macro-
phages and enhancing infiltration by CD8+ T cells. Oncoimmunology. 2013; 2(12):e26968. Epub 2014/
02/06. https://doi.org/10.4161/onci.26968 PMID: 24498562; PubMed Central PMCID:
PMCPmc3902121.

34. Zhu Y, Knolhoff BL, Meyer MA, Nywening TM, West BL, Luo J, et al. CSF1/CSF1R blockade repro-
grams tumor-infiltrating macrophages and improves response to T-cell checkpoint immunotherapy in
pancreatic cancer models. Cancer research. 2014; 74(18):5057–69. Epub 2014/08/02. https://doi.org/
10.1158/0008-5472.CAN-13-3723 PMID: 25082815; PubMed Central PMCID: PMCPmc4182950.

35. DeNardo DG, Brennan DJ, Rexhepaj E, Ruffell B, Shiao SL, Madden SF, et al. Leukocyte complexity
predicts breast cancer survival and functionally regulates response to chemotherapy. Cancer discovery.
2011; 1(1):54–67. Epub 2011/11/01. https://doi.org/10.1158/2159-8274.CD-10-0028 PMID: 22039576;
PubMed Central PMCID: PMCPmc3203524.

36. Gould SE, Junttila MR, de Sauvage FJ. Translational value of mousemodels in oncology drug develop-
ment. Nature medicine. 2015; 21(5):431–9. Epub 2015/05/08. https://doi.org/10.1038/nm.3853 PMID:
25951530.

37. Dietlin TA, Hofman FM, Lund BT, GilmoreW, Stohlman SA, van der Veen RC.Mycobacteria-inducedGr-1
+ subsets from distinct myeloid lineages have opposite effects on T cell expansion. Journal of leukocyte
biology. 2007; 81(5):1205–12. Epub 2007/02/20. https://doi.org/10.1189/jlb.1006640 PMID: 17307863.

38. Simpson KD, Templeton DJ, Cross JV. Macrophage migration inhibitory factor promotes tumor growth
and metastasis by inducing myeloid-derived suppressor cells in the tumor microenvironment. Journal of
immunology (Baltimore, Md: 1950). 2012; 189(12):5533–40. Epub 2012/11/06. https://doi.org/10.4049/
jimmunol.1201161 PMID: 23125418; PubMed Central PMCID: PMCPmc3518629.

Tumor-immune profiling of murine syngeneic tumor models

PLOSONE | https://doi.org/10.1371/journal.pone.0206223 November 2, 2018 25 / 27

https://doi.org/10.1126/scitranslmed.3003689
http://www.ncbi.nlm.nih.gov/pubmed/22461641
https://doi.org/10.1158/0008-5472.CAN-15-0255
https://doi.org/10.1158/0008-5472.CAN-15-0255
http://www.ncbi.nlm.nih.gov/pubmed/25977340
https://doi.org/10.1038/nmeth.1226
https://doi.org/10.1038/nmeth.1226
http://www.ncbi.nlm.nih.gov/pubmed/18516045
https://doi.org/10.1158/0008-5472.CAN-08-2281
http://www.ncbi.nlm.nih.gov/pubmed/19293190
https://doi.org/10.1016/j.it.2016.01.004
https://doi.org/10.1016/j.it.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26858199
https://doi.org/10.1038/s41590-017-0022-x
http://www.ncbi.nlm.nih.gov/pubmed/29348500
https://doi.org/10.1158/0008-5472.CAN-11-1792
http://www.ncbi.nlm.nih.gov/pubmed/22174368
https://doi.org/10.1016/j.ccr.2012.04.025
http://www.ncbi.nlm.nih.gov/pubmed/22698406
https://doi.org/10.1016/j.ccr.2012.04.024
http://www.ncbi.nlm.nih.gov/pubmed/22698407
https://doi.org/10.4049/jimmunol.1701488
http://www.ncbi.nlm.nih.gov/pubmed/29440354
https://doi.org/10.4161/onci.26968
http://www.ncbi.nlm.nih.gov/pubmed/24498562
https://doi.org/10.1158/0008-5472.CAN-13-3723
https://doi.org/10.1158/0008-5472.CAN-13-3723
http://www.ncbi.nlm.nih.gov/pubmed/25082815
https://doi.org/10.1158/2159-8274.CD-10-0028
http://www.ncbi.nlm.nih.gov/pubmed/22039576
https://doi.org/10.1038/nm.3853
http://www.ncbi.nlm.nih.gov/pubmed/25951530
https://doi.org/10.1189/jlb.1006640
http://www.ncbi.nlm.nih.gov/pubmed/17307863
https://doi.org/10.4049/jimmunol.1201161
https://doi.org/10.4049/jimmunol.1201161
http://www.ncbi.nlm.nih.gov/pubmed/23125418
https://doi.org/10.1371/journal.pone.0206223


39. Yaddanapudi K, Rendon BE, Lamont G, Kim EJ, Al Rayyan N, Richie J, et al. MIF Is Necessary for
Late-StageMelanoma Patient MDSC Immune Suppression and Differentiation. Cancer immunology
research. 2016; 4(2):101–12. Epub 2015/11/26. https://doi.org/10.1158/2326-6066.CIR-15-0070-T
PMID: 26603621; PubMed Central PMCID: PMCPmc4740231.

40. CamusM, Tosolini M, Mlecnik B, Pages F, Kirilovsky A, Berger A, et al. Coordination of intratumoral
immune reaction and human colorectal cancer recurrence. Cancer research. 2009; 69(6):2685–93.
Epub 2009/03/05. https://doi.org/10.1158/0008-5472.CAN-08-2654 PMID: 19258510.

41. Gabrilovich DI, Chen HL, Girgis KR, Cunningham HT, Meny GM, Nadaf S, et al. Production of vascular
endothelial growth factor by human tumors inhibits the functional maturation of dendritic cells. Nature
medicine. 1996; 2(10):1096–103. Epub 1996/10/01. PMID: 8837607.

42. Gabrilovich DI, Ishida T, Nadaf S, Ohm JE, Carbone DP. Antibodies to vascular endothelial growth fac-
tor enhance the efficacy of cancer immunotherapy by improving endogenous dendritic cell function.
Clinical cancer research: an official journal of the American Association for Cancer Research. 1999; 5
(10):2963–70. Epub 1999/10/28. PMID: 10537366.

43. Huang Y, Yuan J, Righi E, KamounWS, Ancukiewicz M, Nezivar J, et al. Vascular normalizing doses of
antiangiogenic treatment reprogram the immunosuppressive tumor microenvironment and enhance
immunotherapy. Proceedings of the National Academy of Sciences of the United States of America.
2012; 109(43):17561–6. Epub 2012/10/10. https://doi.org/10.1073/pnas.1215397109 PMID:
23045683; PubMed Central PMCID: PMCPmc3491458.

44. Shrimali RK, Yu Z, Theoret MR, Chinnasamy D, Restifo NP, Rosenberg SA. Antiangiogenic agents can
increase lymphocyte infiltration into tumor and enhance the effectiveness of adoptive immunotherapy of
cancer. Cancer research. 2010; 70(15):6171–80. Epub 2010/07/16. https://doi.org/10.1158/0008-5472.
CAN-10-0153 PMID: 20631075; PubMed Central PMCID: PMCPmc2912959.

45. Salmon H, Franciszkiewicz K, Damotte D, Dieu-Nosjean MC, Validire P, Trautmann A, et al. Matrix
architecture defines the preferential localization and migration of T cells into the stroma of human lung
tumors. The Journal of clinical investigation. 2012; 122(3):899–910. Epub 2012/02/02. https://doi.org/
10.1172/JCI45817 PMID: 22293174; PubMed Central PMCID: PMCPmc3287213.

46. Lebbink RJ, de Ruiter T, Adelmeijer J, Brenkman AB, van Helvoort JM, KochM, et al. Collagens are
functional, high affinity ligands for the inhibitory immune receptor LAIR-1. The Journal of experimental
medicine. 2006; 203(6):1419–25. Epub 2006/06/07. https://doi.org/10.1084/jem.20052554 PMID:
16754721; PubMed Central PMCID: PMCPmc2118306.

47. Arencibia I, Sundqvist KG. Collagen receptor on T lymphocytes and the control of lymphocyte motility.
European journal of immunology. 1989; 19(5):929–34. Epub 1989/05/01. https://doi.org/10.1002/eji.
1830190521 PMID: 2544434.

48. Aguilera TA, Rafat M, Castellini L, Shehade H, Kariolis MS, Hui AB, et al. Reprogramming the immuno-
logical microenvironment through radiation and targeting Axl. Nature communications. 2016; 7:13898.
Epub 2016/12/23. https://doi.org/10.1038/ncomms13898 PMID: 28008921; PubMed Central PMCID:
PMCPmc5196438.

49. HugoW, Zaretsky JM, Sun L, Song C, Moreno BH, Hu-Lieskovan S, et al. Genomic and Transcriptomic
Features of Response to Anti-PD-1 Therapy in Metastatic Melanoma. Cell. 165(1):35–44. https://doi.
org/10.1016/j.cell.2016.02.065 PMID: 26997480

50. DuPageM, Jacks T. Genetically engineered mousemodels of cancer reveal new insights about the anti-
tumor immune response. Current opinion in immunology. 2013; 25(2):192–9. Epub 2013/03/08. https://
doi.org/10.1016/j.coi.2013.02.005 PMID: 23465466; PubMed Central PMCID: PMCPmc3910114.

51. DuPageM, Cheung AF, Mazumdar C, WinslowMM, Bronson R, Schmidt LM, et al. Endogenous T cell
responses to antigens expressed in lung adenocarcinomas delay malignant tumor progression. Cancer
cell. 2011; 19(1):72–85. Epub 2011/01/22. https://doi.org/10.1016/j.ccr.2010.11.011 PMID: 21251614;
PubMed Central PMCID: PMCPmc3069809.

52. Garbe AI, Vermeer B, Gamrekelashvili J, vonWasielewski R, Greten FR, Westendorf AM, et al. Geneti-
cally induced pancreatic adenocarcinoma is highly immunogenic and causes spontaneous tumor-spe-
cific immune responses. Cancer research. 2006; 66(1):508–16. Epub 2006/01/07. https://doi.org/10.
1158/0008-5472.CAN-05-2383 PMID: 16397267.

53. Miller LD, Chou JA, Black MA, Print C, Chifman J, Alistar A, et al. Immunogenic Subtypes of Breast
Cancer Delineated by Gene Classifiers of Immune Responsiveness. Cancer immunology research.
2016; 4(7):600–10. Epub 2016/05/20. https://doi.org/10.1158/2326-6066.CIR-15-0149 PMID:
27197066; PubMed Central PMCID: PMCPmc4930674.

54. Sweis RF, Spranger S, Bao R, Paner GP, Stadler WM, Steinberg G, et al. Molecular Drivers of the Non-
T-cell-Inflamed Tumor Microenvironment in Urothelial Bladder Cancer. Cancer immunology research.
2016; 4(7):563–8. Epub 2016/05/20. https://doi.org/10.1158/2326-6066.CIR-15-0274 PMID:
27197067; PubMed Central PMCID: PMCPmc4943758.

Tumor-immune profiling of murine syngeneic tumor models

PLOSONE | https://doi.org/10.1371/journal.pone.0206223 November 2, 2018 26 / 27

https://doi.org/10.1158/2326-6066.CIR-15-0070-T
http://www.ncbi.nlm.nih.gov/pubmed/26603621
https://doi.org/10.1158/0008-5472.CAN-08-2654
http://www.ncbi.nlm.nih.gov/pubmed/19258510
http://www.ncbi.nlm.nih.gov/pubmed/8837607
http://www.ncbi.nlm.nih.gov/pubmed/10537366
https://doi.org/10.1073/pnas.1215397109
http://www.ncbi.nlm.nih.gov/pubmed/23045683
https://doi.org/10.1158/0008-5472.CAN-10-0153
https://doi.org/10.1158/0008-5472.CAN-10-0153
http://www.ncbi.nlm.nih.gov/pubmed/20631075
https://doi.org/10.1172/JCI45817
https://doi.org/10.1172/JCI45817
http://www.ncbi.nlm.nih.gov/pubmed/22293174
https://doi.org/10.1084/jem.20052554
http://www.ncbi.nlm.nih.gov/pubmed/16754721
https://doi.org/10.1002/eji.1830190521
https://doi.org/10.1002/eji.1830190521
http://www.ncbi.nlm.nih.gov/pubmed/2544434
https://doi.org/10.1038/ncomms13898
http://www.ncbi.nlm.nih.gov/pubmed/28008921
https://doi.org/10.1016/j.cell.2016.02.065
https://doi.org/10.1016/j.cell.2016.02.065
http://www.ncbi.nlm.nih.gov/pubmed/26997480
https://doi.org/10.1016/j.coi.2013.02.005
https://doi.org/10.1016/j.coi.2013.02.005
http://www.ncbi.nlm.nih.gov/pubmed/23465466
https://doi.org/10.1016/j.ccr.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21251614
https://doi.org/10.1158/0008-5472.CAN-05-2383
https://doi.org/10.1158/0008-5472.CAN-05-2383
http://www.ncbi.nlm.nih.gov/pubmed/16397267
https://doi.org/10.1158/2326-6066.CIR-15-0149
http://www.ncbi.nlm.nih.gov/pubmed/27197066
https://doi.org/10.1158/2326-6066.CIR-15-0274
http://www.ncbi.nlm.nih.gov/pubmed/27197067
https://doi.org/10.1371/journal.pone.0206223


55. Chen DS, Irving BA, Hodi FS. Molecular pathways: next-generation immunotherapy—inhibiting pro-
grammed death-ligand 1 and programmed death-1. Clinical cancer research: an official journal of the
American Association for Cancer Research. 2012; 18(24):6580–7. Epub 2012/10/23. https://doi.org/10.
1158/1078-0432.ccr-12-1362 PMID: 23087408.

56. Brown SD,Warren RL, Gibb EA, Martin SD, Spinelli JJ, Nelson BH, et al. Neo-antigens predicted by
tumor genomemeta-analysis correlate with increased patient survival. Genome research. 2014; 24
(5):743–50. Epub 2014/05/02. https://doi.org/10.1101/gr.165985.113 PMID: 24782321; PubMed Cen-
tral PMCID: PMCPmc4009604.

57. Ock CY, Keam B, Kim S, Lee JS, KimM, Kim TM, et al. Pan-Cancer Immunogenomic Perspective on
the Tumor Microenvironment Based on PD-L1 and CD8 T-Cell Infiltration. Clinical cancer research: an
official journal of the American Association for Cancer Research. 2016; 22(9):2261–70. Epub 2016/01/
29. https://doi.org/10.1158/1078-0432.ccr-15-2834 PMID: 26819449.

58. Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM, Desrichard A, et al. Genetic basis for clinical
response to CTLA-4 blockade in melanoma. The New England journal of medicine. 2014; 371
(23):2189–99. Epub 2014/11/20. https://doi.org/10.1056/NEJMoa1406498 PMID: 25409260; PubMed
Central PMCID: PMCPmc4315319.

59. Van Allen EM, Miao D, Schilling B, Shukla SA, Blank C, Zimmer L, et al. Genomic correlates of
response to CTLA-4 blockade in metastatic melanoma. Science (New York, NY). 2015; 350
(6257):207–11. Epub 2015/09/12. https://doi.org/10.1126/science.aad0095 PMID: 26359337; PubMed
Central PMCID: PMCPmc5054517.

60. Rizvi NA, HellmannMD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al. Cancer immunology. Muta-
tional landscape determines sensitivity to PD-1 blockade in non-small cell lung cancer. Science (New
York, NY). 2015; 348(6230):124–8. Epub 2015/03/15. https://doi.org/10.1126/science.aaa1348 PMID:
25765070; PubMed Central PMCID: PMCPmc4993154.

61. Autenrieth IB, Beer M, Bohn E, Kaufmann SH, Heesemann J. Immune responses to Yersinia enterocoli-
tica in susceptible BALB/c and resistant C57BL/6 mice: an essential role for gamma interferon. Infection
and immunity. 1994; 62(6):2590–9. Epub 1994/06/01. PMID: 8188382; PubMed Central PMCID:
PMCPmc186549.

62. Autenrieth IB, Reissbrodt R, Saken E, Berner R, Vogel U, RabschW, et al. Desferrioxamine-promoted
virulence of Yersinia enterocolitica in mice depends on both desferrioxamine type and mouse strain.
The Journal of infectious diseases. 1994; 169(3):562–7. Epub 1994/03/01. PMID: 8158027.

63. Watanabe H, Numata K, Ito T, Takagi K, Matsukawa A. Innate immune response in Th1- and Th2-domi-
nant mouse strains. Shock (Augusta, Ga). 2004; 22(5):460–6. Epub 2004/10/19. PMID: 15489639.

64. Bremnes RM, Donnem T, Al-Saad S, Al-Shibli K, Andersen S, Sirera R, et al. The role of tumor stroma
in cancer progression and prognosis: emphasis on carcinoma-associated fibroblasts and non-small cell
lung cancer. Journal of thoracic oncology: official publication of the International Association for the
Study of Lung Cancer. 2011; 6(1):209–17. Epub 2010/11/26. https://doi.org/10.1097/JTO.
0b013e3181f8a1bd PMID: 21107292.

65. Devaud C,Westwood JA, John LB, Flynn JK, Paquet-Fifield S, Duong CP, et al. Tissues in different
anatomical sites can sculpt and vary the tumor microenvironment to affect responses to therapy. Molec-
ular therapy: the journal of the American Society of Gene Therapy. 2014; 22(1):18–27. Epub 2013/09/
21. https://doi.org/10.1038/mt.2013.219 PMID: 24048441; PubMed Central PMCID:
PMCPmc3978809.

66. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion. Nature reviews Immunol-
ogy. 2015; 15(8):486–99. Epub 2015/07/25. https://doi.org/10.1038/nri3862 PMID: 26205583; PubMed
Central PMCID: PMCPmc4889009.

67. Wherry EJ, Ha SJ, Kaech SM, HainingWN, Sarkar S, Kalia V, et al. Molecular signature of CD8+ T cell
exhaustion during chronic viral infection. Immunity. 2007; 27(4):670–84. Epub 2007/10/24. https://doi.
org/10.1016/j.immuni.2007.09.006 PMID: 17950003.

68. Selby MJ, Engelhardt JJ, Johnston RJ, Lu LS, HanM, Thudium K, et al. Preclinical Development of Ipili-
mumab and Nivolumab Combination Immunotherapy: Mouse Tumor Models, In Vitro Functional Stud-
ies, and Cynomolgus Macaque Toxicology. PloS one. 2016; 11(9):e0161779. Epub 2016/09/10. https://
doi.org/10.1371/journal.pone.0161779 PMID: 27610613; PubMed Central PMCID: PMCPMC5017747
The funder provided support in the form of salaries for all authors (MJS JJE RJJ LL MH KT DYMQ JV
CWBC PMCDB AJK) and was involved in study design, data collection and analysis, decision to pub-
lish, and preparation of the manuscript. The specific roles of these authors are articulated in the Authors’
Contributions section. In addition, the funder provided support in the form of salaries to individuals listed
in the Acknowledgements section (LWMS IC CB).

69. Shindo Y, Yoshimura K, Kuramasu A,Watanabe Y, Ito H, Kondo T, et al. Combination immunotherapy
with 4-1BB activation and PD-1 blockade enhances antitumor efficacy in a mousemodel of subcutane-
ous tumor. Anticancer research. 2015; 35(1):129–36. Epub 2015/01/01. PMID: 25550543.

Tumor-immune profiling of murine syngeneic tumor models

PLOSONE | https://doi.org/10.1371/journal.pone.0206223 November 2, 2018 27 / 27

https://doi.org/10.1158/1078-0432.ccr-12-1362
https://doi.org/10.1158/1078-0432.ccr-12-1362
http://www.ncbi.nlm.nih.gov/pubmed/23087408
https://doi.org/10.1101/gr.165985.113
http://www.ncbi.nlm.nih.gov/pubmed/24782321
https://doi.org/10.1158/1078-0432.ccr-15-2834
http://www.ncbi.nlm.nih.gov/pubmed/26819449
https://doi.org/10.1056/NEJMoa1406498
http://www.ncbi.nlm.nih.gov/pubmed/25409260
https://doi.org/10.1126/science.aad0095
http://www.ncbi.nlm.nih.gov/pubmed/26359337
https://doi.org/10.1126/science.aaa1348
http://www.ncbi.nlm.nih.gov/pubmed/25765070
http://www.ncbi.nlm.nih.gov/pubmed/8188382
http://www.ncbi.nlm.nih.gov/pubmed/8158027
http://www.ncbi.nlm.nih.gov/pubmed/15489639
https://doi.org/10.1097/JTO.0b013e3181f8a1bd
https://doi.org/10.1097/JTO.0b013e3181f8a1bd
http://www.ncbi.nlm.nih.gov/pubmed/21107292
https://doi.org/10.1038/mt.2013.219
http://www.ncbi.nlm.nih.gov/pubmed/24048441
https://doi.org/10.1038/nri3862
http://www.ncbi.nlm.nih.gov/pubmed/26205583
https://doi.org/10.1016/j.immuni.2007.09.006
https://doi.org/10.1016/j.immuni.2007.09.006
http://www.ncbi.nlm.nih.gov/pubmed/17950003
https://doi.org/10.1371/journal.pone.0161779
https://doi.org/10.1371/journal.pone.0161779
http://www.ncbi.nlm.nih.gov/pubmed/27610613
http://www.ncbi.nlm.nih.gov/pubmed/25550543
https://doi.org/10.1371/journal.pone.0206223

