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Abstract
Immune profiling has been widely used to probe mechanisms of immune escape in cancer and
identify novel targets for therapy. Two emerging uses of immune signatures are identification of
likely responders to immunotherapy regimens among individuals with cancer or to understand the
variable responses seen among subjects with cancer in immunotherapy trials. Here the immune
profiles of six murine solid tumor models (CT26, 4T1, MAD109, RENCA, LLC, and B16) were
correlated to tumor regression and survival in response to two immunotherapy regimens.
Comprehensive profiles for each model were generated using quantitative RT-PCR,
immunohistochemistry, and flow cytometry techniques, as well as functional studies of suppressor
cell populations (Treg and MDSC), to analyze intratumoral and draining lymphoid tissues.
Tumors stratified as highly or poorly immunogenic, with highly immunogenic tumors showing
significantly greater presence of T-cell co-stimulatory molecules and immunosuppression in the
tumor microenvironment. An absence of tumor-infiltrating CTL and mature DC was seen across
all models. Delayed tumor growth and increased survival with suppressor cell inhibition and
tumor-targeted chemokine +/− DC vaccine immunotherapy was associated with high tumor
immunogenicity in these models. Tumor MHC class I expression correlated with overall tumor
immunogenicity level and was a singular marker to predict immunotherapy response with these
regimens. By using experimental tumor models as surrogates for human cancers, these studies
demonstrate how select features of an immune profile may be utilized to identify patients most
likely to respond to immunotherapy regimens.
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INTRODUCTION
Tumor-host immune interactions are increasingly recognized as significant influences on
tumor progression and patient prognosis [1–3]. Successful immunotherapy promises
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significant advances over conventional treatment modalities by utilizing the inherent
specificity, systemic trafficking, and memory of the host adaptive immune system [4].
Clinical experiences with immunotherapy to date have highlighted the need for different
paradigms in patient selection, assessing tumor response to therapy, and monitoring for
adverse events [5,6]. Notably, while immunotherapy can produce durable and complete
regressions, the sporadic successes of immunotherapy and the observed toxicities of many
regimens highlight the need for better ways to identify the subset of patients most likely to
respond to treatment [7–12]. Moreover, disease anatomic spread (TNM classification) and
histology traditionally used to determine patient prognosis are of limited use in regards to
immunotherapy [3,13].

Challenges to successful immunotherapy are the complexity of the immune system and the
diversity of strategies used by tumors to escape host immunity [14]. Cancer cells may evade
the immune system by resemblance to self and loss of immunogenicity (e.g. deletion of
tumor-associated antigens and MHC down-regulation) [15,16]. Tumors retaining
immunogenicity may overcome host immune surveillance by the expression of inhibitory
immune ligands [e.g. programmed death ligand (PDL) 1, cytotoxic T-lymphocyte antigen
(CTLA)-4], suppressive cytokines [e.g. interleukin (IL)-10, transforming growth factor
(TGF)β], and the recruitment of suppressor cell populations, including regulatory T cells
(Treg), myeloid-derived suppressor cells (MDSC), and Type II tumor-associated
macrophages (TAM) [4,14]. Previously, we showed that the immune milieu of breast and
colorectal cancer patients varied significantly both between cancer type and tumor stage, and
suggested that this may account for the sporadic results achieved with immunotherapy in
cancer treatment [17]. Immune profiling has identified peritumoral and intratumoral immune
populations as indicators of recurrence and overall survival in a number of cancers [1,18–
20]. However, little is known about how the pre-treatment immune profile of a tumor might
predict the response to immunotherapy regimens. Two emerging uses of immune signatures
are identification of likely responders to immunotherapy regimens among individuals with
cancer or to understand the variable responses seen among subjects with cancer in
immunotherapy trials. This report is the culmination of many years of work to define the
tumor-host immune interactions in six commonly-used murine tumor models, including
comprehensive and comparative studies of their immunogenicity and ability to induce
immune suppression. Furthermore, these data were then correlated with the results of two
immunotherapy treatments as a demonstration of how critical features within the immune
profile can predict response to immunotherapy. In this regard, we believe that this germinal
work will provide investigators with a foundation for understanding the immunologic
behavior of these tumor models and their best use in subsequent immunotherapy
experiments.

MATERIALS AND METHODS
Cell lines and animals

All cell lines were obtained from the American Type Culture Collection [(ATCC), with
authentication by short tandem repeat] and maintained in complete medium as described
previously [21]. Tumors were grown in mice using two different approaches, described in
detail previously [7,17,22,23]. Briefly, “transplantable tumors” were generated by
subcutaneous (CT26, 4T1, MAD109, RENCA, LLC, or B16) or intracerebral (GL261,
ONC26M4) inoculation of tumor cell lines into adult female mice, with tumors developing
over days [22]. These tumors were grown in syngeneic, immunocompetent mouse strains,
specifically CT26, 4T1, MAD109, and RENCA in BALB/c mice, LLC, B16, and GL261 in
C57BL/6 mice, and ONC26M4 in FVBN mice. “Spontaneous tumors” were generated by
intracerebral injection of DNA plasmids encoding three oncogenes and a firefly luciferase
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reporter [pT2/C-Luc//PGK-SB13 (0.07 µg), pT/CAGGS-NRASV12 (0.14 µg), and pT2/
shP53/GFP4/mPDGF (0.14 µg)] into neonatal C57BL/6 or FVBN mice to transform
endogenous brain cells [22,23]. Growth of gliomas was monitored by bioluminescence
imaging, as described previously [22]. Growth of subcutaneous tumors was monitored by
caliper measurements in three dimensions every 2–3 days. For all studies of subcutaneous
transplantable tumor models (CT26, MAD109, 4T1, RENCA, B16, and LLC), except those
studies explicitly comparing early and late tumors, tumor specimens and accompanying
lymphoid tissues were collected from groups of mice when tumors reached 1cm in diameter
(tumor volume 300–600mm3). Institutional Animal Care and Use Committee-approved
protocols were followed.

Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR)
RNA was isolated from fresh-frozen tumor sections or syngeneic naïve mouse subcutaneous
control tissue and amplified for qRTPCR in triplicate as described previously [22] using
primers from the NIH qRT-PCR primer database (mouseqprimerdepot.nih.gov). Gene
expression was calculated as a percent of GAPDH and mean fold change relative to naïve
syngeneic mouse subcutaneous tissue was determined.

Immunohistochemistry
Tumors and tumor-draining lymph nodes (TDLN) collected were formalin-fixed paraffin-
embedded (FFPE) or liquid nitrogen flash-frozen OTC-embedded tissue sections and stained
using standard immunochemistry (IHC) techniques [24]. Tumor infiltrating leukocytes (TIL)
were quantified as the average number of positive cells (Supplemental Figure 1) across 2–3
HPF (400×) for each of 3 tumor sections of each model. Areas of necrosis or hemorrhage,
identified on corresponding H&E-stained sections, were excluded from TIL scoring and two
blinded individuals scored each section. Image acquisition was as previously described [20].

Flow cytometry
Groups of tumor bearing mice were sacrificed at early (tumor volume 40–60mm3) or late
(tumor volume 800–1000mm3) time points. Syngeneic naïve mice were analyzed in parallel.
Single-cell suspensions were generated from fresh spleen, TDLN, and tumor specimens by
mechanical dissociation and passage through a 70µm filter. Cells were stained with
fluorescence-conjugated monoclonal antibodies or isotype controls, as described previously
[21]. Samples were run (≥20,000 events) in duplicate on a BD LSRII flow cytometer using
FACSDiva software (BD) for acquisition and compensation and analyzed using FlowJo
software (FlowJo).

Suppression assays
Treg and MDSC were isolated from tumors, spleens, and TDLN of tumor-bearing mice
using the mouse CD4+ CD25+ Regulatory T Cell and Myeloid-Derived Suppressor Cell
(Gr-1highLy-6G+ and Gr-1dimLy-6G−) isolation kits (Miltenyi Biotec), respectively.
Suppressor cells were cultured at variable ratios (1:1 to 1:20) with CFSE-labeled (3µM)
fresh mononuclear spleen cells from syngeneic naïve mice in the presence of CD3/CD28
beads (Invitrogen). Spleen cell proliferation was analyzed after four days on a BD LSRII
flow cytometer as described above.

Immunotherapy studies
BALB/c or C57BL/6 mice bearing syngeneic tumors were randomized into groups (n=5) for
treatment when tumor volumes reached 40–80mm3. Groups of mice received no treatment
(PBS vehicle only) or one of two immunotherapy regimens previously used in our
laboratory (Figure 5). Regimen 1 contained low-dose chemotherapy and tumor-targeted
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chemokine LEC (LEC/chTNT-3) fusion protein and Regimen 2 contained these components
as well as a dendritic cell vaccine and toll-like receptor agonist. Of the two regimens,
Regimen 2 was considered more immune stimulating and was shown to more frequently
induce autoimmunity. Chemotherapy reagents 5-fluorouracil [(5-FU), 50mg/kg, Sigma] and
cyclophosphamide [(CTX), 50mg/kg, Sigma] were dissolved in sterile PBS and injected
intraperitoneally (i.p.) on treatment day 0. CD11c+ bone marrow-derived dendritic cells
(DC) were generated by 7-day culture in GM-CSF and IL-4 and subsequent positive
magnetic bead isolation (Miltenyi Biotec). For tumor vaccine preparation, these DC were
cultured overnight with irradiated (10,000rads) tumor cells (2:1 ratio), Poly I:C/L:C Hiltonol
(5µg/mL, Oncovir), and GM-CSF and IL-4 (10ng/mL, R&D systems). For vaccination,
1×106 DC were injected i.p. with 30µg Hiltonol in 200µl PBS per mouse, ipsilateral with the
tumor. The LEC/chTNT-3 fusion protein [25,26] was given as an i.p. injection of 30µg/dose
in 100µl of PBS. Mouse tumor volumes were measured every 2–3 days by caliper and mice
were sacrificed when tumor volumes reached 2cm in diameter or when animal morbidity
mandated sacrifice under institutional vivarium protocols.

Statistical Analyses
Differences in mean fold change of immune-related gene expression and TIL counts were
compared among models by ANOVA and between highly and poorly immunogenic models
by Student t tests, with correction for multiple comparisons using the Holm-Sidak method.
Differences in mean splenocyte proliferation in suppression assays were evaluated by
ANOVA then Dunnett's test for pair-wise comparisons. Tumor growth rates were estimated
by linear regression analysis. Differences in tumor volume among untreated and treated
groups were evaluated by ANOVA then Dunnett’s test for pairwise comparisons, while
differences in animal survival were evaluated by log-rank test. All tests were conducted with
Prism 6 software (GraphPad Software, Inc). P<0.05 was considered statistically significant.

RESULTS
Tumor models segregate as strongly versus poorly immunogenic by gene expression

Six commonly-used murine solid tumor models demonstrated diverse tumor-host immune
interactions. Immune-related gene expression in tumor specimens of CT26 colon, 4T1
breast, RENCA renal cell, and MAD109 lung models, syngeneic in BALB/c, and LLC lung
and B16 melanoma models, syngeneic in C57BL/6, was measured by qRT-PCR. Twenty-
seven genes were included in the final immune profile panel, including markers of immune
cell populations, indicators of dendritic cell and T-cell activation, mediators of immune
suppression, and microenvironment and vasculature-related factors, as shown in Figure 1A.
By analysis of RNA from the whole tumor specimen, these studies capture the immune
response and the immune dysfunction generated by the tumor in infiltrating host immune
cells, as well as the immune adaptation expressed by the tumor cells themselves. The most
prominent difference was the extent of immune activation or immunogenicity among tumor
models.

Two distinct patterns of immune alteration were observed: strongly immunogenic tumors
with up-regulation of many immune activation genes (e.g. CT26, RENCA, 4T1) and poorly
immunogenic tumors with generalized down-regulation of immune-related gene expression
(e.g. MAD109, LLC, B16). As shown in Figure 1A, highly immunogenic models had
significantly different expression of numerous immune-related genes compared with poorly
immunogenic models. Strongly immunogenic tumors had significant up-regulation of pan-
leukocyte (CD45), T-cell (CD3, CD4), and myeloid cell (CD11c, CD11b) genes, suggesting
the presence of immune effector cells in the tumor microenvironment. Additionally, these
tumor specimens displayed increased expression of T-cell activation genes (CD25, CD62L)
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and DC activation and co-stimulatory genes (CD80, CD86, OX40L, GITRL, CD40,
CD137L). In contrast, tumor models at the other end of the spectrum showed general down-
regulation of these genes relative to naïve syngeneic controls. This absence of immune
activation in immunocompetent animals suggests that the host immune system is unaware of
or indifferent to tumor cells. In the presence of a significant tumor burden, as in these
experimental animals, such immunologic indifference suggests that the surviving tumor cells
have evolved to evade immune detection, such as by loss of antigenic proteins and
resemblance to normal self tissues. As predicted, tumor models with up-regulation of
immune activation also showed the greatest increase in immune suppression related gene
expression, including enzymes indoleamine 2,3-dioxygenase (IDO), arginase (ARG)-1, and
inducible nitric oxide synthase (iNOS), and suppressive cytokines TGFβ and IL-10, which
are known to mediate T-cell dysfunction [14, 27–29]. Inhibitory ligand CTLA-4 was an
exception to this trend, with greatest expression seen by poorly immunogenic MAD109,
LLC, and B16 tumor models.

These patterns suggest two successful strategies for tumor survival in the immune competent
host: 1) countering of host immune recognition and activation by tumor-mediated immune
suppression or 2) evasion of host immune detection by resemblance to self and loss of
antigenicity. As shown in Figure 1B, immunogenicity levels correlated directly with
positivity of mouse MHC class I molecule H2-D expression on tumor cells in vivo.

Tumor growth rate inversely related with level of immunogenicity
Growth of these six tumor models in immune-competent mice without treatment was
variable (Figure 1C). Interestingly, tumor growth rate correlated indirectly with MHC class I
expression and overall immunogenicity of the tumor model, with fastest growth in B16,
LLC, and MAD109 and slowest growth in CT26, RENCA, and 4T1. All six tumor models
demonstrated similar proliferation rates as determined by Ki-67 staining, suggesting that the
difference in tumor growth observed in vivo was not the result of faster proliferation by
some models (Figure 1D). Staining for caspase-3 in tumor sections revealed a trend toward
increased apoptosis in the slower growing, more immunogenic tumor models but the
difference was not statistically significant (data not shown).

Comparison of spontaneous versus transplanted tumor models
The method of experimental tumor generation in animals, i.e. spontaneous versus
transplanted disease, is an area of controversy amongst immunotherapy researchers [30].
While many researchers, like us, elect to use transplantable tumor models to facilitate faster
immunotherapy studies, spontaneous tumor models could potentially produce different
immune-editing and host tolerance mechanisms. Comparison of murine glioblastoma tumor
models in C57BL/6 and FVBN mice strains by a similar qRT-PCR immune gene expression
panel showed that the mode of tumor generation (i.e. spontaneous versus transplantable) had
a modest influence on tumor-host immune interactions (Figure 2, Murphy et al., [22]). A
statistically significant difference in immune-related gene expression was observed for 1/31
genes (ARG-1) between FVBN models and 4/31 genes (IFNγ, PDL1, VEGF, STAT3)
between C57BL/6 models. Spontaneous glioblastomas in FVBN mice also showed a strong
trend toward greater expression of co-stimulatory molecules compared with the transplanted
tumors. The spontaneous and transplanted models otherwise had very similar intratumoral
immune profiles. Compared with naïve mice, both glioma models in C57BL/6 mice showed
increased immune cell infiltrate (CD11c, CD3, Ly6G, F4/80, and CD49b), down-regulation
of co-stimulatory genes OX40L and CD40L, up-regulation of suppressive ligands and
enzymes (ARG-1, IL-6, IL-10, TGFb, VEGF), and an elevation of STAT3 gene expression. In
the FVBN strain, both spontaneous and transplanted glioblastomas demonstrated up-
regulation of suppressive genes CTLA-4, IL-6, IL-10, and ARG-1, decreased expression of
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DC maturity genes CD80 and CD86, and similar patterns of immune cell transcription
factors. In these experiments, spontaneous tumors were not consistently more or less
immunogenic than their transplanted equivalents.

Marked absence of tumor-infiltrating effector cells seen in all tumor models
The extent of host immune response to tumors was measured by the number of effector cells
in specimens from tumor-bearing mice using immunohistochemistry and flow cytometry
(Figures 2–3, Supplemental Figures 1–2). These studies, in contrast to the above gene
expression studies, were designed to examine only the responding host leukocytes in the
tumor and draining lymphoid tissues, and not proteins expressed directly by the tumor cells.
For immunohistochemistry, FFPE tumor tissue sections were stained with markers of
immune cell populations (CD3, CD8, CD11c, CD11b, F4/80, CD45R/B220, FoxP3), co-
stimulatory ligands (CD40, CD40L, OX40L, CD137L), suppression molecules (CTLA-4,
ARG-1, iNOS), and cytokines (TGFβ, IL-10, IL-6, IL-1β) (Supplemental Figure 1). Tumor
infiltrating active T-cells (CD3+ CD8a+ CD107a+) and DC (CD11c+ CD80+CD86+) were
also measured by flow cytometry in fresh tumor specimens. These studies identified several
features of immune dysfunction that were observed amongst all of these tumor models,
namely an absence of tumor infiltration by cytotoxic T cells and mature dendritic cells. IHC
staining demonstrated rare or absent CD8a+ T-cells and CD11c+ DC in established tumors
in all models, even highly immunogenic CT26 (Figure 3A, Supplemental Figure 2A). Flow
cytometry analysis of activated cytotoxic T cells (CD3+ CD8a+ CD107a+) and mature DC
(CD11c+ CD80+ CD86+) similarly showed these cell populations to be rare or absent in the
tumor, TDLN, and spleen in all models and not increased relative to naïve syngeneic
controls (Figure 4). CD45R+ B cells were rare in all models, but more frequent in highly
immunogenic models (p<0.05), especially CT26 and 4T1 (Figure 3A, Supplemental Figure
2A). There is evidence to suggest that B cells in the tumor setting can help to promote T cell
priming and the generation of memory T cells [31], therefore the absence of these cells may
contribute to poor anti-tumor immunity. Established tumors of all models did contain
significant numbers of granzyme B+ cells (e.g. CTL and natural killer cells), though this
population alone does not appear to be sufficient to produce tumor clearance. Tumor-
infiltrating macrophages (F4/80+) were one of the most prevalent immune cell populations
observed in the tumors, but along with CD3+ T-cells and CD11b+ myeloid cells, encompass
both immune effectors and immune suppressor populations. Further analysis of immune
suppressor ligands and directly of suppressor cell populations in these tumor models
suggests that these populations include a significant suppressor cell component discussed
below.

Co-stimulatory ligand deficits greatest in poorly immunogenic tumor models
Efficient DC priming and activation of cognate T-cells is necessary to generate successful
anti-tumor immune responses [7,32–34]. Expression of common co-stimulatory molecules
in the tumor (Figure 1) and specifically on TIL (Figure 3B, Supplemental Figure 2B) was
measured as an indicator of the extent of co-stimulation in tumor models. As expected, co-
stimulatory markers OX40L, CD137L, CD40, and CD40L were more frequently present on
TIL in more immunogenic tumor models CT26, RENCA, and 4T1, than in poorly
immunogenic ones (p<0.05) (Figure 3B). Immunotherapy regimens providing exogenous
co-stimulation (soluble ligand fusion proteins or agonist antibodies) may yield the most
benefit in poorly immunogenic tumors. In contrast, the host immune system appears capable
of generating significant T-cell co-stimulation endogenously in the most immunogenic
tumor models and thus immunotherapy to reverse immune suppression and improve
trafficking of effectors into the tumor may be of greater benefit for therapy in these tumors.
Intratumoral gene expression and IHC data highlight specific deficits that can be targeted
with immunotherapy. Examples include OX40L in RENCA, MAD109, LLC, and B16;
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GITRL in 4T1, RENCA, LLC, and B16; CD40/CD40L in RENCA, MAD109, LLC, and
B16; and CD137L in LLC, and B16.

Universal presence and activity of immune suppressor cells across all tumor models
The presence and activity of suppressor cells were measured in the tumor and secondary
lymphoid tissues by IHC, FACS, and suppression assays (Figures 3–4, Supplemental Figure
2C). TIL in highly immunogenic tumor models displayed significantly greater levels of
FoxP3 (especially in CT26), CTLA-4, ARG-1, and iNOS (p<0.05 for all) than poorly
immunogenic models. Flow cytometry of CD4+CD25+FoxP3+ Treg and CD11b+Gr-1+

MDSC in tumors, TDLN, and spleens of mice showed modest increases or no changes in the
quantities of these cells compared with naïve syngeneic mice, with Treg accumulation
predominantly in lymphoid tissues and MDSC increased in both tumor and lymphoid tissues
(Figure 4). However, functional analysis of these suppressor cell populations by ex vivo
suppression assays showed that all tumor models induced significant activation of
suppressor cells in the host (Figure 3D). CD4+CD25+FoxP3+ Treg and
CD11b+Gr-1highLy6G+ and CD11b+Gr-1dimLy6G− MDSC isolated from groups of tumor-
bearing mice of every model mediated significant suppression of T effector responses
(p<0.05). While the tumor models demonstrated subtle variability in the strength of
suppressor cells induced as measured by this ex vivo method, these data suggest that the
generation of an anti-tumor immune response in any model will require overcoming the
inhibitory effects of Treg and MDSC.

Tumor-derived immunosuppressive factors ubiquitous in the tumor microenvironment
Immune dysfunction may also be induced by numerous tumor-derived factors [14,27–
29,35]. Expression of ARG-1, iNOS, TGFβ, IDO, and IL-10 genes were up-regulated most in
CT26, RENCA, and 4T1 tumor specimens (Figure 1). Angiogenic and immunosuppressive
genes VEGF and PLGF were present or up-regulated in all models, most significantly in
those with high levels of immunogenicity (Figure 1). IHC studies further showed strong
positivity for IL-6, IL-10, TGFβ, IDO, and VEGF proteins in tumor cells of all models (data
not shown).

Increased tumor-infiltrating effectors, but not suppressor cells, with progressive tumor
growth

While all of the above studies evaluated the tumor-host immune interaction at a given tumor
size (1cm), we also sought to understand how this interaction changed with disease
progression. Four major cell populations [CTL (CD3+CD8a+CD107a+), DC
(CD11c+CD80+CD86+), Treg (CD4+CD25+FoxP3+), and MDSC (CD11b+Gr-1+)] were
measured in the tumor, TDLN, and spleen in groups of tumor bearing mice for each tumor
model at early and late time points by flow cytometry (Supplemental Figures 3–4).
Progression of the tumors in vivo was accompanied by increased tumor infiltration by
effector cells, with the greatest change observed in the most immunogenic models (e.g.
CT26). Interestingly, Treg and MDSC were present in secondary lymphoid tissues early in
disease (5 days after subcutaneous tumor inoculation) and little change in the quantity of
these peripheral populations was observed with progressive disease. These data emphasize
that immune dysfunction, particularly the recruitment of immune suppressor cells, occurs
early in the event of tumor progression. Furthermore, the differences in immune profiles
among tumor models appeared to be inherent features of those tumor models and not a
feature of differing disease stage or growth rate. In other words, more immunogenic tumor
models did not begin to resemble less immunogenic tumor models with increasing tumor
burden, or vice versa.
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Success of two immunotherapy regimens correlated directly with tumor immunogenicity
The above studies demonstrated significant variability in tumor-host immune interactions
among these six transplantable tumor models and highlighted features amenable to
immunotherapy in each. We hypothesized that features of these profiles could be used to
guide immunotherapy selection. The presence of Treg and MDSC and the absence of mature
DC and CTL in all tumor models suggested that respective inhibition and enhancement of
these cells would improve anti-tumor immune responses. We further anticipated that the
tumor model’s pre-treatment immunogenicity level would influence response to
immunotherapy regimens.

Groups of mice received no treatment (PBS vehicle only) or one of two immunotherapy
regimens previously used in our laboratory (Figure 5). The first regimen (Regimen 1)
consisted of tumor-targeted chemokine LEC (CCL16) to promote leukocyte tumor
ingression [25,26] and low-dose chemotherapy (CTX and 5-FU) titrated to induce moderate
tumor necrosis and selectively eliminate Treg and MDSC suppressor cells, respectively [36–
39]. The second regimen (Regimen 2) additionally incorporated a DC tumor vaccine with
toll-like receptor agonist Poly IC:LC Hiltonol [22,40]. These immunotherapy regimens were
based upon previous immunotherapy studies performed in these murine models in our
laboratory [41] showing good responses in some models and were selected because they
incorporated components like DC vaccines, chemokine fusion proteins, and chemotherapy
commonly reported in immunotherapy experiments. Of the two regimens, Regimen 2 was
considered more immune stimulating and more frequently induced autoimmunity in treated
animals (data not shown).

Based upon the diverse immune profiles of these six tumor models and previous
immunotherapy experiments, we anticipated variable tumor response rates across models.
As shown in Figure 5, CT26, RENCA, and 4T1 tumors showed the greatest positive
response to both immunotherapy regimens, including significantly decreased tumor growth,
increased survival, and a cure of disease in 5/10 treated CT26-bearing mice. This was
followed by moderate responses in the MAD109 and LLC tumor models, which showed a
statistically significant decrease in tumor growth with treatment but no difference in
survival. The least immunogenic tumor model, B16 showed a poor response to these
immunotherapy regimens, with only a trend toward decreased tumor growth and no
difference in survival among treated and untreated groups of tumor-bearing mice. These data
demonstrate that the response of established tumors in mice to these standard
immunotherapy regimens correlated most to the immunogenicity of the tumor model. MHC
class I expression was also shown to be an excellent surrogate marker of immunogenicity
and correlated directly with response of tumor models to these immunotherapy regimens.
Regimen 2 produced greater tumor regression and survival in all tumor models compared
with Regimen 1, though these differences were not always statistically significant. These
findings are consistent with the greater immune stimulating effects expected with Regimen 2
provided by the addition of a DC tumor vaccine and TLR agonist. This therapeutic benefit,
however, is tempered by the significantly greater rate of autoimmunity observed in mice
treated with this protocol, as evidenced by the generation of anti-nuclear antibodies (data not
shown). Immune-related adverse events are clinically relevant challenges to immunotherapy
in cancer patients and must be weighed against expected treatment benefits but also may be
required to break tumor-induced immune tolerance. Pre-treatment predictors of patient
response to different immunotherapy regimens, like the expression of MHC class I or
immunogenicity level suggested here, will hopefully facilitate improved patient selection for
cancer immunotherapy.
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DISCUSSION
Experimental tumor models are a critical pre-clinical step for the development and
evaluation of immunotherapy regimens for cancer. In this study, murine tumor models were
used as substitutes for human tumors and their immune escape strategies were determined
and related to immunotherapy responses. Two distinct patterns of immune escape emerged
from comprehensive profiling of these tumor models: 1) highly immunogenic tumors with
robust activation matched by strong tumor-mediated tolerance and 2) poorly immunogenic
tumors with down-regulation of antigens and evasion of host immunity. These categories are
similar to those postulated by Gajewski et al. [42] of non-inflamed and inflamed tumor
phenotypes observed in metastatic melanomas, in which poor effector cell trafficking and
dominant effects of negative regulation, respectively, account for two distinct mechanisms
of resistance to immune-mediated destruction of tumors. The observed tumor
immunogenicity level is likely shaped by immune surveillance during tumor development
[43,44] and further studies are needed to understand what drives a tumor to become poorly
versus highly immunogenic. The background mouse strain (comparable to the genetic
diversity among human patients) appears to impact tumor immunogenicity, with BALB/c
and FVBN tumors generally more immunogenic than those syngeneic in C57BL/6, whereas
the mechanism of tumor generation (i.e. spontaneous versus transplantable) did not
consistently predict immunogenicity level. While further studies may be warranted to
understand better the determinants of tumor immunogenicity, its utility as a clinical
predictor of immunotherapy response is not limited by this knowledge gap. Of note, contrary
to melanoma in patients, B16 melanoma model had low immunogenicity [45]. In applying
pre-clinical immunotherapy results from experimental models to human cancers, translation
from models with similar immune profiles may be more relevant than translation from
histologically identical models.

From our studies, one key finding that emerged is that immunogenicity was the dominant
feature predicting response to immunotherapy. These studies demonstrate how the immune
system can be used to identify likely responders, much like Her2+ status is used to select
likely responders to trastuzumab therapy. Immunotherapy has lagged significantly in the
educated application of tumor bioprofile information for the selection of treatment
approaches in patients that are often assigned to immunotherapy clinical trial groups based
only on disease stage or histology. Sporadic successes in tumor immunotherapy trials
suggest that traditional patient stratifiers are of limited utility in predicting response to this
newer modality [3,7,42]. For translation to patients, use of select immune markers to predict
immunotherapy response is an important feasibility hurdle. These studies found MHC class I
expression on tumor cells to be a singular predictor of the overall tumor immunogenicity
level, and by extension, a predictor of response to two immunotherapy regimens. Previous
reports in mice using other immunotherapy regimens, namely B7 and OX40 agonists, also
correlated high tumor immunogenicity with greater tumor response [46,47]. Examination of
immune profiles in human head and neck cancers performed recently in our laboratory
suggests that MHC class I expression may be a correlate of immunogenicity and immune
escape strategy in some human cancers as well [42]. Similarly, in patients with colorectal
cancer, an inflamed phenotype before treatment more likely corresponded to patient
responses to tumor vaccine strategies, including DC vaccination, MAGE-A3 protein
vaccination, and multi-tumor antigen vaccination with IL-12 [42,48–50]. A systematic
review by Lima et al. [51] identified a significant association between strong tumor MHC
class I expression and improved response to Bacillus Calmette-Guerin (BCG) vaccine
immunotherapy in patients with bladder cancer. In addition to overall MHC class I
expression, it is important to acknowledge that MHC haplotype has also been shown to
correlate with immunotherapy response, particularly in the setting of tumor vaccines. While
not addressed in this study, differences in MHC haplotype influence the strength of anti-
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tumor immune responses and are an important consideration in human trials. Furthermore,
additional biomarkers to predict immunotherapy response should be sought. Lima et al. [51]
also found that a high frequency of tumor-infiltrating CD68+ cells, or tumor-associated
macrophages, was associated with a poor response to BCG immunotherapy in bladder
cancer patients. Wantanabe et al. [52] reported that increased levels of cytokines, including
IL-2, IL-6, IL-8, IL-10, and tumor necrosis factor-α, correlated with a better clinical
response to BCG vaccination in bladder cancer patients. In melanoma patients, clinical
response to immunotherapy by CTLA-4 blockade with monoclonal antibody ipilimumab is
associated with high baseline levels of FoxP3, expressed by immunosuppressive regulatory
T cells, and immunosuppressive enzyme IDO [53]. Tumor vasculature permeability to
immunotherapy reagents and effector cells is another potential predictor for treatment
response, as augmentation of these characteristics has yielded improved immunotherapy
responses [25,26,54]. Serum analytes, such as IFNγ inducible protein 10 and CXCL10, are
another promising set of biomarkers for predicting immunotherapy response and may be
preferable in patients with non-operable cancers [55,56]. Given the multitude of
immunotherapy regimens now available and the risks associated with any immunotherapy
treatment, pretreatment tumor characteristics predicting good clinical response to therapy
will be valuable and additional studies in this area are warranted.

Another consideration in immune profiling cancers by tumor specimen biopsy is that
primary and peripheral tumor sites may display different levels of immunogenicity. In
clinical practice, often only the primary tumor specimen and nearby lymph node metastasis
specimens may be available for immune profiling. For cancers in which tumors are not
routinely resected, it is possible that only limited diagnostic biopsy specimens would be
available for profiling. It remains unclear the extent to which human cancers vary amongst
primary and metastatic or recurrent lesions with regard to expression of these immune
markers, and future studies are needed to adequately address that question. Based upon our
findings in this study, we would recommend that therapy be titrated to the least
immunogenic parts of the tumor if the goal is cure of disease. The known risk with overly
robust immunotherapy treatment is induction of autoimmunity, which in cases like
thyroiditis, may be a tolerable side effect for cancer patients. One goal of assigning a highly
immunogenic or poorly immunogenic label to cancers is to reduce the incidence of
undertreating poorly immunogenic tumors and overtreating highly immunogenic tumors, as
the likely outcomes of these mismatches are unsuccessful treatment and autoimmunity,
respectively. Obtaining comprehensive immune profile information for a cancer in a way
that is readily available in the clinical setting remains a challenge.

We suggest that strong or poor tumor immunogenicity is a predictor of responses to some
forms of immunotherapy and that this or other discrete features of the immune profile can be
used to predict responses to immunotherapy. In addition, as shown in Table I,
comprehensive immune profiling of murine tumor models may therefore be used to identify
specific immune deficits and therapeutic targets. One example is the results obtained by
Murphy et al. [22] who showed that murine glioblastoma tumors that lack OX40L
expression were successfully treated with Fc-muOX40L immunotherapy. The correlation of
immunotherapy response with MHC class I expression suggests that therapies to increase
tumor antigen expression are likely to be efficacious in immune competent hosts by
bolstering endogenous immune activation and cell-mediated tumor killing. This is consistent
with reports of improved anti-tumor T-cell responses and tumor regression when
immunotherapy is directly preceded by radiation therapy or chemotherapy in murine models
[57–59]. For tumors in which tumor antigen presentation appears to be sufficient, the
greatest benefit may result from enhancement of anti-tumor T-cell activity or numbers (e.g.
infusion of engineered T-cells) and inhibition of tumor-mediated suppression (e.g. Treg and
MDSC inhibition). Lastly, the deficit of tumor-infiltrating effector cells seen in all tumor
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models highlights the need for therapies that alter the tumor vasculature and immune cell
trafficking patterns to promote tumor ingression like that seen with targeted LEC therapy
[25,26]. Collectively these data demonstrate the value of selective immune profiling of
tumors as a means not only to understanding immune escape and identifying new
therapeutic targets, but to predict immunotherapy response in patients.

Supplementary Material
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Figure 1. Variable immunogenicity levels observed among murine solid tumor models in vivo
A, Intratumoral immune-related gene as measured by qRT-PCR techniques in fresh frozen
tumor specimens. Gene expression shown as log10 of mean fold change relative to
syngeneic naïve controls with significant differences between highly and poorly
immunogenic models indicated by an asterix. B, IHC showing MHC class I molecule H2-Dd
(BALB/c) or H2-Db (C57BL/6) expression in tumor models (400× orig. mag.). C, Variable
in vivo growth rates of six tumor models in immunocompetent mice (n=5). D, No significant
differences observed in mean (n=3) Ki-67 positivity per 100 tumor cells as determined by
IHC.
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Figure 2. Few differences in intratumoral immune-related gene expression between
transplantable and spontaneous glioblastoma tumor models in C57BL/6 (A) and FVBN (B) mice
Gene expression shown as log10 of fold change relative to expression levels in syngeneic
naïve controls; mean shown with SEM (n≥3). Genes with significantly different expression
between spontaneous and transplantable models are indicated by an asterix with
corresponding p-values.
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Figure 3. Differences in intratumoral B cells, co-stimulatory ligands, and suppressive molecules
with tumor immunogenicity, but consistent absence of CTL or DC and presence of suppressor
cells
Measurement of tumor-infiltrating immune effectors (A) and expression of co-stimulatory
ligands (B) and suppressive molecules (C) on TIL by IHC. Markers showing significantly
different positivity on TIL between highly (CT26, 4T1, RENCA) and poorly (MAD109,
LLC, B16) immunogenic models are indicated by an asterix. D, Ex vivo functional
evaluations of Treg and MDSC suppressor cells isolated from groups (n=3) of tumor-
bearing mice. 1:4 ratio of suppressor cells to responder T cells. All examined suppressor cell
populations in all tumor models produced significant suppression of splenocyte proliferation
p<0.05).
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Figure 4. FACS analysis demonstrating a notable absence of effector cells in the tumor and
draining lymphoid tissues but strong presence of suppressor cells in all models
Shown is the mean percentage of positive leukocytes for CTL, DC, Treg, and MDSC
markers measured in each tissue by flow cytometry techniques (n=4).
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Figure 5. Response to immunotherapy in six murine tumor models correlated with
immunogenicity
Tumor volume and survival were evaluated in groups (n=5) of tumor-bearing mice receiving
no treatment or two immunotherapy regimens. Significant differences in mean tumor
volume at day 17 between treatment group and untreated controls indicated by an asterix.
Groups of CT26, RENCA, and 4T1-bearing mice receiving immunotherapy regimens had
significantly longer survival than controls (p<0.05).
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Table I

Immunotherapy approaches suggested by immune profiles of murine tumor models

Approaches
applicable to many
tumor models

Activation of tumor-targeted CD8+ T-cells (e.g. engineered T-cells, vaccines)

Increased tumor trafficking of antigen presenting and effector cells in tumor
microenvironment (e.g. TLR agonists, dendritic cell vaccines, targeted chemokines)

Inhibition of suppressor cell anti-tumor effects (e.g. regulatory T cell or myeloid-derived suppressor cell inhibition)

CT26 Colon PLGF and VEGF inhibition

Regulatory T cell inhibition or depletion

TGFβ blockade

CTLA-4 inhibition on TIL

iNOS inhibition

RENCA
Renal Cell

CD4+ and CD8+ T-cell tumor ingression

Co-stimulation with GITRL, CD40/CD40L, and OX40L fusion proteins

TGFβ blockade

CTLA-4 inhibition on TIL

PLGF and VEGF inhibition

4T1 Breast Co-stimulation with GITRL and OX40L fusion proteins

Regulatory T cell inhibition or depletion

Myeloid-derived suppressor cell inhibition or depletion

CTLA-4 inhibition on TIL

MAD109 Lung Co-stimulation with CD40 and OX40L fusion proteins

ARG-1 inhibition and myeloid-derived suppressor cell inhibition or depletion

CTLA-4 blockade on tumor cells and on TIL

Increase tumor antigen expression (IFNγ)

LLC Lung Stimulation with co-stimulatory fusion proteins (GITRL, CD40, OX40L, CD137L)

ARG-1 inhibition

CTLA-4 blockade on tumor cells

Increase tumor antigen expression (IFNγ)

B16 Melanoma Stimulation with co-stimulatory fusion proteins (GITRL, CD40, OX40L, CD137L)

CTLA-4 blockade on tumor cells

Increase tumor antigen expression (IFNγ)

ONC26M4
Glioblastoma

CTLA-4 and B7-H4 blockade

Stimulation with co-stimulatory fusion proteins (GITRL, CD40, OX40L, CD137L)

ARG-1 inhibition

IL-6 and IL-10 blockade

STAT3 inhibition

Countering tumor hypoxia and HIF1α signaling

GL261 Glioblasoma CTLA-4, PDL1, and PDL2 blockade

Stimulation with co-stimulatory fusion proteins (GITRL, CD40, OX40L, CD137L)

ARG-1 inhibition

IL-10 blockade

STAT3 inhibition

J Immunother. Author manuscript; available in PMC 2014 November 01.


