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Abstract

Immunotherapy has emerged as one of the most powerful anti-cancer therapy classes but

is stymied by the limits of existing preclinical models with respect to disease latency and
reproducibility. In addition, the influence of differing immune microenvironments within tumors
observed clinically and associated with immunotherapeutic resistance cannot be tuned to facilitate
drug testing workflows without changing model system or laborious genetic approaches. To
address this testing platform gap in the immune oncology drug development pipeline, we
deployed engineered biomaterials as a scaffold to increase tumor formation rate, decrease disease
latency, and diminish variability of immune infiltrates into tumors formed from murine mammary
carcinoma cell lines implanted into syngeneic mice. By altering synthetic gel formulations that
reshaped infiltrating immune cells within the tumor, responsiveness of the same tumor model

to varying classes of cancer immunotherapies, including /n situ vaccination with a molecular
adjuvant and immune checkpoint blockade, diverged. These results demonstrate the significant
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role the local immune microenvironment plays in immunotherapeutic response. These engineered
tumor immune microenvironments therefore improve upon the limitations of current breast tumor
models used for immune oncology drug screening to enable immunotherapeutic testing relevant to
the variability in tumor immune microenvironments underlying immunotherapeutic resistance seen
in human patients.

Graphical Abstract

A system leveraging synthetic material scaffolds that induce reliable tumor formation as well

as programmable immune infiltration based on composition, enabling enhanced consistency and
relevance to human disease was developed. Various immunotherapeutic strategies were tested,
revealing differential efficacy based on local immune milieu, demonstrating the promise for this
system in improving the application of immunotherapy to human cancers.

Matrix-conditioned tumors for immunotherapy testing
Synthetic matrix scaffold  /n vivo tumor formation

* Consistenttumor formation and growth
* Matrix-conditioned immune microenvironments
* Changein response to cancer immunotherapy
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1. Introduction

Breast cancer is the most common cancer among women worldwide, affecting
approximately 2.3 million people annually.[2:2] Triple-negative breast cancer (TNBC), which
lacks hormone receptor and excess HER?2 protein expression, is the most aggressive

type of breast cancer, with higher rates of metastasis and shorter overall survival.l%]
Immunotherapies have emerged as one of the most promising tools in the fight against
breast cancer. However, response rates in the clinic are disappointingly low — only ~16% of
patients respond to immune checkpoint blockade (ICB) therapy,[#] and no vaccine therapies
have been approved for breast cancer, despite successes in melanoma and prostate cancer.
[5.6] These poor outcomes reflect an unmet need in understanding the differences in patient
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responses and tools to develop new and better immunotherapeutic strategies for patients who
are less likely to respond to immunotherapies.

Substantial efforts in the immune oncology field are currently dedicated to unraveling the
determinants of the anti-cancer immune response, given its role in disease progression

and response to immunotherapy. Immunologically “hot” tumors generally have more
immune infiltration, while “cold” tumors harbor fewer immune cells.[”] Additionally, other
stratifications have been identified, with the potential to influence immunotherapy responses
—among immune-infiltrated (hot) tumors, macrophages and CD8 T cells have been shown
to have opposite impacts on patient survival, and in turn on responses to chemotherapy.(8]
Likewise, neutrophils and CD8 T cells form unique signatures that induce differing ICB
responses, with CD8 T cell-infiltrated tumors demonstrating much higher responsiveness
to ICB.[®] Additionally, T cell programmed death-1 (PD1) expression impacts survival
opposite to regulatory T cell infiltration,[19] with implications for ICB responses.[11]

Thus, even within immunologically “hot” tumors, different immune cell signatures have
potential ramifications on patient survival as well as responses to immunotherapy and
chemotherapy. This variability in local immune microenvironment is thought to underlie
immunotherapeutic resistance, including in the context of TNBC, motivating patient
screening approaches to identify therapies with the highest curative potential.[12.13]

Due to their reliance on the coordinated effects of multiple arms of the immune system,
immunotherapies are tested primarily using preclinical animal models.[*4 Current breast
cancer models include patient-derived xenografts, genetically engineered systems, and
tumors formed from cell lines implanted into syngeneic animals that vary substantially in
their breadth of use, cost, disease latency, and immune physiology.[*4] In patient-derived
xenografts, a portion of a patient’s tumor is introduced into an immune deficient or
humanized animal, typically within Matrigel™ (MT), a mouse sarcoma-derived extracellular
matrix extract.[}4] However, only ~40% of xenografts form tumors, even in immune
deficient animals.[!5] Additionally, responses to immunotherapies elicited in humanized
mouse xenograft models are often highly variable and do not predict responses seen

in patients.[16-18] Alternatively, genetically engineered models have oncogenic and other
genetic information inserted in the animal genome,[19] sometimes in tissue specific loci, to
induce tumor formation. An example is the mouse mammary tumor virus-polyoma middle
tumor-antigen (MMTV-PyMT) mouse model in which the polyoma tumor virus is expressed
in the mammary fatpad (MFP) to spontaneously form breast tumors.[20] The spontaneous
nature of these responses more closely mimics the variable latency and progression of
human tumors.[20.21] However, the rate of tumor development is highly variable,[22:23] which
has the potential to result in disparate tumor-localized immune microenvironments, making
testing of immunotherapies exceedingly challenging. Lastly, syngeneic tumor models consist
of immortalized tumor cell lines injected into syngeneic, immunocompetent animals.[14.24]
While this latter model class could be considered perhaps the least sophisticated, it is by

far the most commonly implemented in the immunotherapy field given the ease and rapid
nature in which tumor-bearing animals can be generated in varying animal cohorts by
synchronous implantation of cancerous cells, the wide availability of transgenic rodents to
enable mechanistic testing, and because mice are the lowest phylogenetic species that have
human-mimicking immune systems. However, given the low rate of tumor formation when
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injected cells are suspended in saline alone, syngeneic TNBC models often employ MT to
increase the rate of tumor formation.[24.25] Unfortunately, this approach is plagued by MT’s
batch-to-batch variation in composition[28] and uncharacterized effects on the recipient
animal’s immune response. Furthermore, the above listed model classes are limited in their
capacity to generate different tumor immune microenvironments without varying the biology
of the engrafted tumor cell line, using depleting or modulatory interventions, or use of a
genetic knockout system. This is because disease onset and progression are predicated by
the host-tumor interaction,[¥] which makes the study of the varied microenvironments seen
in the tumors of human patients not easily recapitulated in rodent models without changing
tumor cell line or animal host. Accelerating and better predicting immunotherapeutic
responses in human patient populations are thus severely limited by the gap in the existing
repertoire of preclinical tumor models for immunotherapeutic testing.

In this study, well-defined, degradable synthetic hydrogels used in /n vivotissue engineering
applications[26-30] were implemented as a scaffold to reproducibly form tumors from TNBC
cell lines in syngeneic mice. Achieving a tumor formation rate of 100% with short latency,
formed tumors exhibited low variability in tumor growth profiles and infiltrating immune
cell repertoires, attributes favorable for immunotherapeutic drug screening. Furthermore,
anti-tumor immune responses that mimic various patterns of immune microenvironments
seen in human TNBC tumors were programmed based on hydrogel formulation through the
incorporation of cell adhesive peptides within the synthetic polymer network that direct local
immune response. Strikingly, microenvironments formed from the same polymer scaffold
but directing varying immune microenvironments resulted in disparate responses to ICB
and cancer vaccine immunotherapies. These engineered tumor immune microenvironments
therefore address the limitations of current tumor models used for drug screening in the
immune oncology field to enable immunotherapeutic testing relevant to the variability in
tumor-infiltrating lymphocyte profiles seen in human patients.

2. Results

2.1. Engineered hydrogel scaffolds for consistent, controllable breast tumor formation in
vivo with short latency

Genetically engineered tumor models, including but not limited to the MMTV-PyMT
system,[20] are generally considered the most physiologically relevant systems for the study
of immune remodeling in cancer.[*% However, within MMTV-PyMT tumors analyzed at
various timepoints throughout disease progression, we found wide variability in terms of
the rate of tumor development, with cell numbers ranging by >1 order of magnitude,

and coefficients of variation ranging from 26 to 131% (Figure 1a), which can make
immunotherapeutic testing in synchronous animal cohorts exceedingly difficult. Even when
excised tumors from lesions formed in MMTV-PyMT mice were dispersed and reimplanted
into the MFP of wildtype (non-transgenic, tumor-naive, immunocompetent) C57BI/6 mice,
rates of tumor formation varied considerably with suspension composition (Figure 1b).
When dispersed in saline alone, implanted cells formed tumors in ~ 60% of injected
animals (Figure 1b). The use of MT, a commonly used basement membrane extract product
generated from mouse sarcoma cells,[4] increased tumor formation rate, with 100% and
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~85% of injected animals forming tumors with 107 and 108 cells implanted, respectively
(Figure 1b). However, tumor growth was still highly variable between formed tumors
(Figure 1c). Implantation of Py230 cells, a cell line derived from lesions of MMTV-PyMT
animals and thought to be less differentiated compared to typical immortalized cell lines,
[31] similarly benefited from injection when suspended in MT compared to saline with
respect to tumor formation rate, with 100 and ~90% versus 20% or no tumors forming

at 108 versus 0.25x10°8 cells respectively (Figure 1d). However, for different batches of

MT, the latency of tumor formation from 0.25x108 Py230 cells (Figure 1e) and animal
survival (Figure S1a) varied considerably. Both trends in MT’s benefits with respect to
tumor implantation rate and batch effects on tumor growth rate were also seen in the TNBC
murine mammary carcinoma line EQ771 (Figure 1f-h, Figure S1b—c). Furthermore, the
immune microenvironments of EQ771 tumors formed in immunocompetent C57BI/6 mice
varied substantially both between animals and matrix vehicle types. Among major immune
cell subtypes (total CD45+ cells, macrophages, DCs, and T cells, Figure S2 and S3), the
extent of infiltration at day 2 post implantation was initially similar between MT and saline
vehicle but subsequently varied substantially at day 7 and 28 post implantation (Figure 1i).
Moreover, tumors implanted in saline exhibited vastly varying extents of infiltration amongst
identically treated animals, varying by >2 orders of magnitude between tumors at day 7

post implantation (Figure 1j). Tumors formed at day 7 after cells were injected in MT
resulted in more consistent tumor infiltrating cell levels, varying by less than 0.5 order of
magnitude, with coefficients of variation below 50% (relative to >150% in tumors implanted
in saline) (Figure 1j). However, the number of infiltrating T cells was significantly different
between different MT batches (Figure 1j). Macrophage M2/M1 ratios (defined as CD206+
versus CD86+), ratios of CD206 to CD86 expressing DCs, and the ratio of Treg (CD4+CD8-
FoxP3+CD25+) to total CD3+CD8+CD4- (CD8) T cells also varied substantially amongst
mice implanted with tumors using saline (Figure 1k), an effect ameliorated, except for

the case of DC phenotype, by MT as the tumor matrix vehicle (Figure 1k). Nevertheless,
ratios varied substantially between MT batch (Figure 1k). As a whole, both MT and saline,
when used as vehicles for the implantation of breast tumors into immunocompetent animals,
induce highly variable immune infiltration, limiting their application for immunotherapeutic
testing.

We hypothesized that well-defined synthetic matrices[39:32:33] could overcome the
deficiencies in tumor latency, growth, and immune infiltration intrinsic to existing preclinical
tumor model systems. Specifically, synthetic matrices formed from 4-armed poly(ethylene
glycol) (PEG) maleimide (PEG-4MAL) macromers were used. The PEG-4MAL

platform provides structurally defined hydrogels with stoichiometric incorporation of
biological ligands, improved crosslinking efficiency, and excellent /n vitro and in vivo
cytocompatibility.[3%] The PEG-4MAL synthetic system is also reproducible, with highly
consistent (CV <5%) rheological values across macromer and peptide batches.[28] To
synthesize gels, cysteine-containing RGD adhesive peptide (or its scrambled control peptide
RDG) was conjugated to the PEG-4MAL macromer via reaction with the maleimide

group to produce a functionalized macromer. RGD was chosen for incorporation to
generate a potentially immunomodulatory hydrogel due to this bioadhesive ligand’s
capacity to modulate immune infiltration, tissue ingrowth and vascularization, and dendritic
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cell phenotype via engagement with cell-expressed integrins(34-3¢1. This functionalized
precursor was then crosslinked into a network in the presence of cancer cells by reacting
with a bis-cysteine-flanked crosslinker peptide (VPM) susceptible to cleavage by proteases
including matrix metalloproteinases (Figure 2a). Based on our extensive experience with
this hydrogel platform, we selected 6% w/v PEG-4MAL gels functionalized with 1.0 mM
RGD or RDG and crosslinked with VPM. Rheological testing confirmed previous reports54
of no difference in average storage (G’) and loss moduli (G’) between RGD versus RDG-
presenting hydrogels (Figure S1e—f). Also consistent with previous results demonstrating
the lack of toxicity of the matrix or its degradation components,[37:38] the platform did not
induce toxicity when used as a tumor vehicle, as evidenced by normal animal weight gain
(Figure S1g) and the lack of signs of illness or duress, or toxicity as measured by alanine
transaminase or aspartate transaminase levels (Figure S1h—i) in animals implanted with the
synthetic matrix scaffold.

Both Py230 and EOQ771 cells implanted in these PEG gels induced tumors in 100% of
animals (Figure 2b) at total implanted cell amounts of 0.25x10° and 0.05x10°6 cells,
respectively, where low tumor formation rates were seen for saline and variable for MT

at similar, or higher, cell amounts of 0.25-1x10° or 1-10x108 Py230 or EO771 cells,
respectively (Figure 1f). Likewise, the time to reach 100 mm3 in tumor volume, a size

at which E0771 tumors grow exponentially,[3%] was consistent between batches of PEG
scaffolds (Figure 2¢). This high success of tumor formation was not dependent on adhesive
peptide as the non-adhesive RDG peptide also yielded 100% tumor formation (Figure 2b).
Total leukocyte infiltration was higher into PEG-RGD tumors at day 2 after implantation,
but otherwise, overall infiltration of leukocytes, macrophages, and DCs were equivalent
between hydrogels presenting RGD and RDG over 28 d (Figure 2d). We examined /n vivo
scaffold degradation using near infrared dye-labeled hydrogels and VIS imaging and no
difference in matrix vehicle signal loss was observed with inclusion of tumor cells compared
to the tumor-cell free matrix vehicle, nor between PEG gels presenting RGD and RDG
peptides (Figure 2e). In contrast to that seen in MT, tumor growth rate as well as immune
infiltration into tumors at day 7 post implantation by injection in PEG hydrogels were highly
consistent between polymer batch (Figure 2f, Figure S1d), despite the polymer mixtures
being prepared >1 year apart and high degrees of variability in infiltration levels into tumors
formed in saline or MT at this tumor stage (Figure 1i—K). This engineered hydrogel system
enables the consistent and reproducible growth of tumors formed from TNBC cells that are
immunologically consistent for /n vivo disease modeling.

2.2. Hydrogel adhesive peptide directs immune infiltration into breast tumor
microenvironments

Given the potential for adhesive ligands such as RGD to impact vascularization within
scaffolds,[40.41] we next investigated the vascularization response of tumors formed from
different hydrogel formulations. First, vascular endothelial growth factor (VEGF)-A levels
within EQ771 tumors implanted within PEG gels differed substantially based on adhesive
ligand at early but not later tumor stages (Figure 3a). Tumors formed from EQ771 cells in
RGD-functionalized PEG hydrogel (PEG-RGD) matrices also exhibited higher degrees of
vascularization compared to RDG-functionalized PEG hydrogel (PEG-RDG)-formed tumors
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as measured by microcomputed tomography (UCT) of Microfil-perfused animals at early
(d7) but not later (d28) tumor stages (Figure 3b—c). Nevertheless, tumor growth rate did not
reflect the expected effect of tumor vascularization induced by adhesive ligand incorporation
into the scaffold, as PEG-RDG tumors grew more rapidly than PEG-RGD tumors. In fact,
PEG-RDG tumors exhibited faster tumor growth, decreased time until a tumor volume of
100 mm3 was reached, and shorter animal survival (Figure 3d—f). Histological analysis of
these tumors revealed that PEG matrix vehicles remained largely intact at day 2 post tumor
implantation and by day 7 had more tissue integration (Figure 3g). Qualitatively, PEG-RDG
tumors also contained higher cell densities compared to PEG-RGD tumors (Figure 3g). In
order to delineate the immunological and structural effects of tumor implantation within a
scaffold, we implanted EQ771 tumors within saline, MT, and both engineered hydrogels, into
NOD-SCID-gamma (NSG) mice (Figure 3h—i), which are immune deficient in B cells, T
cells, and natural killer cells.[42] This analysis revealed that differences in tumor latency and
growth rate between scaffold type were lost. This striking result suggests that the immune
competency of the host, and as a result, infiltration by host immune cells into the tumor
cell-laden scaffold, impacts scaffold-dependent effects on tumor formation.

To interrogate the apparent immune association of differences in tumor latency and growth
rate directed by adhesive ligand incorporation into the matrix vehicle injected with E0771
cells, immune phenotyping of formed breast tumors during development and growth was
performed, focusing on cell subsets previously implicated in tumor latency and disease
progression.[9:1043-47] |n particular, DCs within tumors were found to exhibit higher
activation states when PEG-RGD compared to PEG-RDG scaffolds were used at early
times post implantation (d 2), an effect lost at later (d 7 and 28) tumor stages (Figure 4a).
Whereas M2/ML1 ratios were similar at all measured tumor stages (Figure 4b), infiltration
of CD11b+Ly6C+Ly6G+ cells, a cell type that in a cancer context is likely a neutrophil
subset,[948-51] into tumors formed from PEG-RGD was higher to that of tumors formed
with PEG-RDG at day 2 and 7 but not at day 28 post implantation (Figure 4c). Tumors
formed from PEG-RGD scaffolds also exhibited higher ratios of CD8+ to regulatory T cells
compared to tumors formed from PEG-RDG at day 2 post implantation, a difference that,
like DC phenotype, was not seen at day 7 and 28 post implantation (Figure 4d). CD44~,
naive, CD8+ T cells were higher in day 2 tumors in PEG-RGD tumors, and this difference
similarly dissipated in later stage tumors (Figure 4e). Taken together, PEG-RGD tumors
induced higher infiltration of CD8+ T cells and CD86+ DCs, while PDG-RDG tumors
contained more neutrophils (Figure 4f). No differences were noted in immune cell contents
of the spleen and draining lymph node, except for higher numbers of CD11b+Ly6C+Ly6G+
cells in spleens at day 28 post implantation of EQ771 cells within PEG-RDG scaffolds
(Figure S5). Together, these results demonstrate that engineered hydrogels have the potential
to modulate immune infiltration locally throughout tumor development and progression.

Cytokine production within these tumors was also assessed over time. As a whole, higher
levels of cytokines were present within PEG-RGD tumors relative to PEG-RDG tumors at
day 2 and 7 post tumor implantation, with the exception of C-X-C motif chemokine ligand
(CXCL) 9, an effect that dissipated by day 28 (Figure 4g). In particular, concentrations

of interferon (IFN) -y and tumor necrosis factor (TNF) a, cytokines associated with a

Th1 response,2] were enhanced at day 2 in PEG-RGD tumors relative to PEG-RDG
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tumors (Figure 4h), implying changes in local immune cells discussed above (Figure 4f)

as inducing functional cytokine responses within the formed tumors. Similarly, interleukin
(IL) 1a, IL4, 1L10, 1L13, CXCL10, and RANTES were elevated in PEG-RGD tumors at
day 2; and IL6, 1L13, KC, and RANTES were elevated in PEG-RGD tumors at day 7
(Figure 4g, Table S1), indicative of overall increase in inflammatory response. It should

be noted that both immunostimulatory and immunosuppressive cytokines were higher
within PEG-RGD compared to PEG-RDG tumors, suggestive of an overall inflammatory
response engendered by the former matrix vehicle. Notably, type I interferon (IFN-a and
IFN-pB) levels were equivalent in tumors formed with either PEG-RGD or PEG-RDG matrix
scaffolds (Figure S4), suggestive of type | interferons not driving the oberserved differences
in immune microenvironments of tumors formed from synthetic matrix vehicles of differing
compositions. Interestingly, CXCL9, a chemokine which can be attributed to neutrophils,
(53] showed opposite trends compared to all other cytokines assessed here (Figure 4g, h),
however, with higher concentrations in PEG-RDG tumors relative to PEG-RGD tumors

at day 2 and 28 of tumors growth, implicating neutrophil infiltration as being functional.
These cytokine responses correlate with cellular responses above, with PEG-RGD tumors
inducing a CD8+ T cell and CD86+ DC, Th1 type response, while PEG-RDG tumors induce
a neutrophil-driven response. Of note, human TNBC tumors have been shown develop

one of three immune signatures: (1) immune-infiltrated responses driven by neutrophils;

(2) immune-infiltrated tumors driven by M1 macrophages and CD8+ T cells; and (3)
immunologically “cold” tumors, generally devoid of immune cells.[%4%] The two immune-
infiltrated tumor subsets relevant to human TNBC appear recapitulated using the engineered
scaffold system presented here, with PEG-RGD tumors demonstrating a CD8+ T cell-driven
response, and PEG-RDG tumors demonstrating a neutrophil-driven response (Figure 4f).

As both the tumor cells and adhesive ligands tethered to the hydrogel have the potential to
alter the immune status of developing tumors, we compared the infiltrating immune cells

in scaffolds implanted with or without tumor cells. The phenotype of DCs (CD206:CD86
ratio) and type of T cell (by CD8+ T cell:Treg ratio), which defined the cellular phenotype
within PEG-RGD tumors (Figure 4f), were identical within PEG-RGD scaffolds implanted
with or without tumor cells, indicating that presentation of RGD within the scaffold (i.e.,
not the cancer cells) drove this Thl response (Figure 5a—b). However, within PEG-RDG
scaffolds, both DC phenotype and type of T cell were initially (at day 2) higher in tumor
cell-containing scaffolds compared to scaffold vehicles implanted alone before equalizing
at day 7 and day 28 (Figure 5a-b), indicating that the initial Th1 response in PEG-RDG
scaffolds was tumor cell- and not adhesive ligand-driven. For neutrophils, which infiltrated
PEG-RDG scaffolds to greater extents, initial infiltration (at day 2) was not different
between scaffolds implanted with or without tumor cells when implanted with hydrogels
presenting either RGD or RDG (Figure 5c). However, at day 7 and 28, scaffolds implanted
with tumor cells had higher neutrophil infiltration (Figure 5c), indicating a primarily tumor-
driven response. As a whole, the Th1 response in PEG-RGD scaffolds appears associated
with the adhesive ligand engineered within the system. In contrast, the neutrophil response
in PEG-RDG scaffolds was tumor cell-driven. Thus, scaffold-directed host immune response
within the tumor, but not tumor vascularization, correlate with tumor growth rate. Taken
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together, these results show that the engineered delivery scaffold for the tumor cells can
direct the local immune microenvironment within the tumor.

2.3. Matrix scaffold-directed tumor immunophenotype dictates immunotherapeutic

responses

The response of tumors formed from TNBC E0771 cells implanted within different matrix
vehicles to immunotherapy was assessed. Immunotherapies evaluated included an /7 situ
cancer vaccine, in the form of intratumorally (i.t.) injected Toll-like receptor 9 agonist
CpG,4 and ICB in the form of intraperitoneally (i.p.) administered monoclonal antibodies
(mADb) recognizing cytotoxic T lymphocyte antigen (CTLA) 4 and PD1. Responses to
isotype control mAb also administered i.p. were also evaluated. Therapies were administered
to individual animals once tumors reached 100 mm3 in ellipsoidal volume in order to
account for the highly variable differences in tumor formation and growth rate between
matrix vehicle types.

With i.t. CpG treatment, tumors implanted in saline, MT, and PEG-RGD matrices did not
respond to the i.t. vaccine, demonstrating similar growth curves as the untreated animals
(Figure 6a, Figure S6, S7). In contrast, tumors implanted using PEG-RDG scaffold exhibited
significant slowing of tumor growth (Figure 6a) that resulted in prolonged animal survival

as a result of i.t. vaccination (Figure 6b). These results are consistent with a reversal of

the poor Th1 response previously seen in these tumors (Figure 4f). We note, however, that
the physicochemical characteristics of intratumorally administered vaccine could alter the
responsiveness of these tumors. Contrastingly, after ICB treatment, therapeutic responses
were minimal in mice bearing tumors formed from PEG-RDG, saline, and MT matrices,

but robust in animals formed from PEG-RGD matrices (Figure 6c¢, Figure S6, S7). As a
result, the overall survival of PEG-RGD tumor-bearing animals was prolonged relative to all
other groups (Figure 6d). This result suggests that ICB therapy is beneficial in the context

of tumor immune microenvironments that have a heightened local CD8+ T cell and CD86+
DC response. Of note, due to the differential blood vasculature within these tumors (Figure
3b), it is possible that the efficiency of delivery of monoclonal antibodies within the tumor
microenvironment may be altered between these two tumor subsets. However, we previously
showed that the dose of monoclonal antibody administered intraperitoneally used here has
little effect on survival in this mouse model when saline was used as a vehicle of tumor

cell implantation.[] Importantly, no matrix vehicle-specific differences in tumor growth or
survival were observed for animals receiving isotype control mAb (Figure 6e—f), nor were
survival benefits that varied by therapy class associated with tumor growth rates in untreated
animals (Figure S7). These results demonstrate that local immune microenvironments within
the tumor programmed by the engineered scaffold direct the resulting sensitivity versus
resistance to differing classes of immunotherapy.

3. Conclusion

The demand for a modernized immune oncology drug development testing pipeline has
mushroomed with the advent of the cancer immunotherapy era. Such improvements include
radical advancements in Jn vitro bioassays and organoid technologies.[6-591 Yet despite

Adv Mater. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

O’Melia et al.

Page 11

their attractiveness with respect to cost, speed, scale, and mechanistic insights, such
approaches necessarily oversimplify the spatial and temporal complexity of the adaptive
immune response in cancer and are unable to predict therapeutic benefit. Seemingly in
complete opposition to this, there is a push within the /7 vivo disease modelling space
for the use of increasingly complex genetic models with the goal of better recapitulating
human disease.[?1] Despite their advantages in modeling the heterogeneity of human
cancer and adaptive immune response, however, these systems are prohibitively expensive,
highly variable, slow, and as a result poorly scalable. An ideal platform for screening
the therapeutic efficacy of immune oncology drugs would instead be tumor immune
microenvironments that can be generated with deterministic reproducibility at scale that
do not sacrifice the dynamic complexity of an /n vivo adaptive immune response.

Here, we describe a robust and scalable platform for the /n vivo modeling of
immunologically defined tumors inspired by but improving upon existing syngeneic rodent
tumor models. A well-defined synthetic hydrogel scaffold system previously established in a
variety of tissue engineering applications was deployed. In so doing, this system ameliorates
the limitations with patient-derived xenografts, as it is much less expensive and tumors

form 100% of the time across multiple independent experiments; genetically engineered
mouse models, as both the number of tumors and immune responses against those tumors
are consistent and controllable; and current syngeneic models, as the immune response is
consistent between batches and can be modulated to more closely mimic different immune
responses observed in clinical samples.

The concept of immunologically defined tumors that are programmable based on scaffold
composition offers numerous advantages with respect to tumor immunotherapy drug
development. Such an outcome has been demonstrated here with growth trajectories being
shaped by the local immune microenvironment. More provocatively, immunotherapeutic
sensitivity versus resistance vary with therapy class and scaffold composition, without
changing the tumor cell used that would necessarily change the underlying biology. We
hypothesize that RGD is able to modulate immune cell adhesion and differentiation in
response to the local matrix, altering the local immune milieu,[34-3¢] and implicating the
incorporated adhesive ligand as important in inducing the immunological effects seen in
these tumors. As this benefit is afforded by the modular nature of the material system,

other adhesive ligands or immunomodulatory agents could also be tethered to the scaffold
to further direct immune responses against the developing tumor. Additionally, this could

be implemented for other solid tumor types for which current immunotherapeutic strategies
are lacking, in order to better predict immune responses and develop novel, more effective
anti-cancer treatments. Finally, synthetic scaffolds are well-suited to engineering and further
manipulation of the local microenvironment. This would be of particular interest for the
modeling of heterogeneity of human tumors®:60-62] that could be achieved without the need
for co-implantation of multiple differing cell subtypes whose sensitivity to implantation may
vary, by ensuring ensuring consistent cell engraftment using this synthetic matrix vehicle
system. Some limitations in this system, however, are the expanded vasculature within
PEG-RGD tumors, which may not wholly replicate human disease; the speed in which
tumors develop; and the lack of heterogeneity in the current model, each of which could

be ameliorated with further engineering of the system utilized here. The concept of a tissue
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engineered tumor thus resembles strategies that have long been explored in the context of
regenerative engineering and in /n vitro screening and organoid systems, but heretofore have
been underutilized as enabling /n vivo tumor immunotherapy drug development.

4. Experimental Section/Methods

Cell culture:

E0771 breast cancer cells, derived from C57BI/6 mice, were cultured in Dulbecco’s
modified eagle’s medium (Gibco, Thermo Fisher Scientific, Inc., Waltham, MA) with
10% heat-inactivated fetal bovine serum (Gibco, Thermo Fisher Scientific, Inc.) and 1%
penicillin/streptomycin/amphotericin B (Life Technologies, Carlsbad, CA). Py230 murine
mammary tumor cells were cultured in F-12K medium (Corning, VWR International,
Inc.) with 5% heat-inactivated fetal bovine serum (Gibco, Thermo Fisher Scientific Inc.),
1% penicillin/streptomycin/amphotericin B (Life Technologies), and 0.1% MITO+ serum
extender (Corning, VWR International, Inc.). Cells were maintained at 37°C and 5% CO»
and passaged at ~70-80% confluency using 0.05% (E0771) or 0.25% (Py230) Trypsin-
EDTA (Thermo Fisher Scientific, Inc.).

Animal tumor models:

All protocols were approved by Georgia Tech’s Institutional Animal Care and Use
Committee, performed on animal protocol number A100305. C57BI/6 or Nod-Scid-Gamma
(NSG) mice were purchased at 6 wk of age from Jackson Laboratory (Bar Harbor,

ME). MMTV-PyMT mice backcrossed onto C57BI6 background were bred in house.
MMTV-PyMT mice were monitored on a weekly basis throughout tumor development

and progression. For MMTV-PyMT transplant studies, tumors were excised around 200
mm3 in ellipsoid volume. MMTV-PyMT tumors were separated using 18G needles and
incubated with Img/mL collagenase D (Sigma Aldrich) in Dulbecco’s phosphate-buffered
saline (D-PBS) for 60 min at 37°C with 5% CO,. Tumors were then dissociated by pushing
through a 70 um cell strainer (Greiner Bio-One, Monroe, NC) twice and washed with
D-PBS, and counted for implantation. 5-500 x 102 E0771 cells, 0.25-1 x 108 Py230 cells,
or 1-10 x 108 PyMT tumor cells in 30 uL of appropriate scaffold were injected in the
fourth (inguinal) mammary fatpad. Animals were monitored every 1-3 days during tumor
growth. Tumor dimensions were measured with calipers in three dimensions and reported
as ellipsoidal volume. Animals were euthanized if they displayed signs of rodent illness
(weight loss >10%, hunched, ungroomed appearance) or if the tumor reached 15 mm in any
dimension.

Flow cytometry:

Tumor, lymph node, and spleen samples were excised from animals after CO, asphyxiation.
Tumor samples were broken up using 18G needles and incubated with 1 mg/mL collagenase
D (Sigma Aldrich) in D-PBS for 4 h at 37°C. LN samples were incubated with 1 mg/mL
collagenase D (Sigma Aldrich) in D-PBS for 75 min at 37°C. Following collagenase
incubation, samples were pushed through 70 um cell strainers (Greiner Bio-One), washed
with D-PBS, pelleted, and plated at appropriate dilutions in a 96-well U-bottom plate (VWR
International, Inc.). Spleen capsules were disrupted using 18G needles, pushed through 70
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um cell strainers (Greiner Bio-One), washing with D-PBS, pelleted, and resuspended in 1
mL red blood cell lysis buffer (Sigma Aldrich) for 7 min at room temperature. Samples
were quenched with ~35 mL D-PBS, pelleted, and plated at appropriate dilutions. Cells
were blocked with CD16/CD32 antibody (clone 2.4G2, Tonbo Biosciences, San Diego, CA)
for 5 min on ice, washed, and stained with a fixable viability dye Zombie Aqua (1:100
dilution, Biolegend, Inc.) for 30 min at room temperature, before quenching with 0.1%
bovine serum albumin in D-PBS (flow cytometry buffer). Antibodies were obtained from
Biolegend, Inc. unless otherwise specified, and prepared at the following dilutions on the
basis of preliminary titrations: APC-Cy7 anti-mouse CD45 (0.625:100), AF700 anti-mouse
CD11b (1.25:100), BV605 anti-mouse CD64 (2.5:100), BV711 anti-mouse Ly6C (2.5:100),
FITC anti-mouse MerTK (1:100), PerCP anti-mouse Ly6G (eBioscience, Thermo Fisher
Scientific, Inc.; 2.5:100), PE-Cy7 anti-mouse CD11c (1.25:100), BV421 anti-mouse MHC-
Il (1.25:100), PE anti-mouse CD86 (5:100), and BV786 anti-mouse F4/80 (2.5:100) for
APC panel; or PerCP anti-mouse CD45 (0.625:100), BV711 anti-mouse CD3 (1.25:100),
APC-Cy7 anti-mouse CD4 (0.15625:100), FITC anti-mouse CD8 (0.3125:100), BV786
anti-mouse PD1 (1.25:100), AF700 anti-mouse CD25 (1:100), and BV421 anti-mouse
CD44 (5:100) for T cell panel. APC panel samples were then washed and incubated

in I1C fixation buffer (eBioscience, Thermo Fisher Scientific, Inc.) for 60 min at room
temperature in the dark. Cells were then incubated with APC anti-mouse CD206 (2.5:100)
in IC permeabilization buffer (eBioscience, Thermo Fisher Scientific, Inc.) for 60 min

at room temperature in the dark. T cell panel samples were washed and resuspended in
FoxP3/Transcription factor fixation/permeablization solution (eBioscience, Thermo Fisher
Scientific, Inc.) for 60 min on ice in the dark. Cells were then incubated with PE anti-mouse
FoxP3 (5:100) in FoxP3/Transcription factor fixation/permeabilization buffer (eBioscience,
Thermo Fisher Scientific, Inc.) for 75 min on ice in the dark. Both APC and T cell panel
samples were resuspended in flow cytometry buffer and kept at 4°C for a maximum of 48

h before analysis using a customized BD LSRFortessa (BD Biosciences). Compensation
was performed using ArC (for live/dead) or UltraComp (for antibodies) compensation
beads (Thermo Fisher Scientific, Inc.) and data analyzed using FlowJo software version

10 (FlowJo LLC, Ashland, OR).

PEG hydrogels:

PEG-4MAL hydrogels were prepared as described previously [27]. Briefly, PEG-4MAL
macromer (molecular mass of 22,000 Da; Laysan Bio, Inc., Arab, AL) was dissolved in
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acis (HEPES) buffer (10 mM in D-PBS, pH
7.4) at 15% wi/v (2.5x macromer density, for a final 6% w/v PEG-4MAL concentration).
Cell adhesive and crosslinking peptides were custom synthesized by GenScript Biotech
(Piscataway, NJ). Cell adhesive peptide RGD (GRGDSPC) and its scrambled control RDG
(GRDGSPC) were dissolved in HEPES buffer at 5.0 mM (5x ligand density, for a final

1.0 mM ligand concentration and mixed with PEG-4MAL at a 2:1 PEG-4MAL/ligand
ratio to generate functionalized PEG-4MAL precursor. Bis-cysteine crosslinking peptide
(GCRDVPMSMRGGDRCG) was dissolved in HEPES at a density corresponding to 1:1
maleimide to cysteine ratio after accounting for maleimide groups reacted with adhesive
peptide. Cells were resuspended at 5 x final density in sterile saline and kept on ice. A
final density of 50,000 cells were encapsulated in all hydrogels. For all the studies listed,
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the engineered synthetic hydrogel formulation used was 6% w/v PEG-4MAL functionalized
with ImM RGD or RDG and crosslinked with VPM (storage modulus, G” = 300 Pa). The
functionalized PEG-4MAL (PEG-4MAL :adhesive peptide) and cell mixture was combined
with the crosslinker at 2:1:1:1 volume ratio (PEG-4MAL :adhesive peptide:cells:crosslinker)
immediately before injection. Based on previous work,[63:641 >98% of input adhesive ligand
is incorporated into the network.

For in vivo hydrogel degradation experiments, both RGD and RDG were conjugated with
AlexaFluor750 dye through NHS ester reaction kit following manufacturer instructions
(A37575, Molecular Probes by Life Technology).

IVIS imaging:

Animals were anesthetized using isoflurane anesthesia and placed in a PerkinElmer VIS

(/n vivo imaging system) Spectrum CT (Waltham, MA). AF750 signal was collected every
other day until signal was at or below signal from saline-injected animals or animals reached
endpoint due to tumor growth.

Micro-computed tomography imaging:

Animals were perfused with D-PBS at the heart followed by neutral buffered formalin
(Thermo Fisher Scientific, Inc.) for 5 min, then with saline to rinse, and MicroFil contrast
agent (Flow Tech Inc., Carver, MA) catalyzed at a viscosity appropriate for small vessels (5
mL lead-based contrast agent, 2.5 mL diluent, 0.25 mL curing agent). Perfused mice were
carefully stored at 4°C overnight to cure. The following day, tumor samples were excised,
and imaged using a SCANCO Medical pCT50 (Scanco USA, Inc., Wayne, PA). uCT image
slices were constrained using manual selection of the sample outline and processed with

a Gaussian filter at a consistent global threshold via the Scanco Medical UCT Evaluation
Program before 3-dimensional reconstruction.[%%]

Cytokine analysis:

Tumor, LN, and spleen samples were excised from animals, flash frozen using liquid
nitrogen, and stored at —80°C. BioPlex lysis buffer (Bio-Rad) was prepared and 100 pL
added to each sample. Tissues were mashed using P200 pipette tips until a smooth solution
formed. Samples were oscillated at 4°C for 20 min, spun down, and tissue lysate collected
and frozen at —80°C. The following day, total protein content was measured using Pierce
bicinchoninic acid assay (Thermo Fisher Scientific, Inc.). Milliplex MAP 32-plex mouse
cytokine/chemokine magnetic bead panel (Millipore Sigma) was used to assess cytokine and
chemokine content in samples. In brief, samples were added to plate at appropriate dilutions
with premixed magnetic beads (Milliplex) in assay buffer (Milliplex) and incubated on a
plate shaker overnight at 4°C. Samples were then placed in magnetic plates, decanted, and
washed. Detection antibodies (Milliplex) were added to each sample and incubated for 1 h
at 4°C on plate shaker. Streptavidin-phycoerythrin (Milliplex) was added directly to each
well, and incubated for 30 min at 4°C on plate shaker. Samples were then placed in magnetic
plate, decanted, and washed. Samples were resuspended in 100 uL drive fluid and analyzed
using a MagPix system (Luminex, Austin, TX).
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Therapeutic studies:

EO0771 tumor cells (50,000 cells) were implanted into immunocompentent C57/BI6 mice in
saline, MT, PEG-RGD, and PEG-RDG, and tumors measured every 48 h. Animals were
randomized among cages and researchers were blinded to groups. Animals were randomly
pre-assigned to a therapeutic group. Once tumors reached ~100 mm3 in ellipsoidal volume
(treatment day 0 [dQ]), animals received first treatment of CpG, ICB, or isotype mAb based
on pre-assigned therapeutic group. Animals assigned to receive CpG therapy received 3 ug
ODN 1826 (CpG, InvivoGen, Inc., San Diego, CA) in 30 pL sterile saline intratumorally
on dO and d7. Animals assigned to receive ICB therapy were given 100 ug each of aPD1
(BioXCell) and aCTLA-4 (clone 9H10, BioXCell) in 100 pL sterile saline intraperitoneally
on day 0, 3, and 6. Animals assigned to isotype mAb group were given 100 pg each of

rat 1gG2a anti-trinitrophenol (BioXCell) and polyclonal Armenian hamster IgG (BioXCell)
intraperitoneally on day 0, 3, and 6. Tumor volume and animal weight was monitored
every 48 h until animals reached the predetermined endpoint (tumor size of 15 mm in any
dimension or if the animal displayed signs of illness or distress).

Rheological testing:

Hydrogels were cast in a parafilm-covered glass slide. Upon gelation at 37°C, hydrogels
were extracted and swelled in 1X PBS at 4°C overnight. Fully swollen hydrogels were tested
using a rheometer (MCR-302, AntonPaar; CP10-2) at 37°C. Frequency sweep (10 to 0.1
rad/s) was performed at a constant strain of 2%. G’ and G’ were determined by averaging
all data points acquired from 10 to 0.1 rad/s interval.

Statistical analysis:

Data are represented as the mean accompanied by SEM, and statistics were calculated using
GraphPad Prism 6 and 8 software (GraphPad Software, Inc.). Statistical significance was
defined as p<0.05, 0.01, 0.005, and 0.001 based on ANOVA with Tukey’s post-hoc test
unless otherwise specified.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Current preclinical models of breast cancer are insufficient.
(@) Number of total cells in excised MMTV-PyMT tumors at week 8, 12, 16, and 20, and

wild-type animals (week 0). a, each point represents one mouse. Rate of tumor formation (b)
and tumor volume (c) after implantation of varying numbers of cells derived from MMTV-
PyMT tumors into mammary fatpad (MFP) of C57/BI6 mice. b, each point represents one
experiment with n=5 mice. c, each line represents the growth curve of one tumor implanted
in the MFP a mouse, n=5 per group. Rate of tumor formation (d) at two total Py230 cell
doses, and tumor growth curves (e) of 250,000 Py230 cells implanted in the MFP of C57BI6
mice in either saline and Matrigel (MT). d, each point represents one experiment with n=4—
10 animals. e, data represents mean + s.e.m. with n=5 animals implanted with one tumor.

Rate of tumor formation (f) at two total EQ771 cell doses, and tumor growth curves (g)

and time until tumors reached 100 mm3 (h) of 50,000 E0771 cells implanted in the MFP
of C57/BI6 mice in either saline and MT. f, each point represents one experiment with n=4
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animals. g, data represents mean * s.e.m. with n=4 animals implanted with one tumor. h,
each data point represent one tumor implanted animal. (i) Number of total lymphocytes
(CD45+), macrophages (CD11b+F4/80+), and dendritic cells (CD11c+) at various times
post implantation of 50,000 EO771 tumor cells in saline or MT into the MFP of C57BI6
mice. Each data point represents one tumor implanted animal. Number of total lymphocytes
(CD45+), macrophages, dendritic cells, and T cells (j) and phenotype of macrophages, DCs,
and T cells (k) at day 7 after 50,000 EQ771 cells were implanted in the MFP of C57BI6 mice
in saline or two different batches of MT. Each data point represents one tumor implanted
animal. * indicates significance by two-way ANOVA (b) or mixed-effects analysis (d, f, i, j,
k) with Tukey’s post-hoc comparison; # indicates significance by RM ANOVA with Tukey’s
post-hoc comparison; ~ indicates significant difference in variance by Brown-Forsythe’s
test. *, #,  indicate p<0.05, **, ™ indicate p<0.01, *** indicates p<0.005, **** indicates
p<0.001.
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Figure 2: Engineered hydrogelsinduce consistent and controllable tumor immune

microenvironments.

(a) Schematic diagram of hydrogels consisting of PEG-4MAL, with VPM crosslinkers,

and adhesive ligands (stars). Tumor formation (b) and growth (c) rate after implantation

of 50,000 EO771 cells into C57BI6 mice in PEG hydrogel matrix vehicle. b, each point
represents one experiment with n=4 mice. ¢, measured as time to 1000mm3 in tumor volume.
Each data point represents one tumor implanted animal. (d) Number of total lymphocytes
(CD45+), macrophages (CD11b+F4/80+), and DCs (CD11c+) within tumor various times
post implantation of 50,000 EQ771 cells into C57BI6 mice in PEG hydrogel matrix vehicle.
Each point represents one animal. (e) Degradation of AF750-labelled PEG matrix vehicle
implanted into C57BI6 mice relative to dO signal, measured by IVIS imaging, with or
without co-implantation of 50,000 E0771 cells. Data represents mean + s.e.m. with n=6
animals implanted with one tumor. (f) Number of total lymphocytes (CD45+), macrophages,
dendritic cells, and T cells within tumor day 7 post implantation of 50,000 E0771 cells

into C57BI6 mice in two separate PEG hydrogel matrix vehicle batches prepared ~1 year
apart. Each data point represents one tumor implanted animal. For all groups, error bars
indicate mean + s.e.m. * indicates significance by one-way ANOVA with Tukey’s post-hoc
comparison; * indicates p<0.05, n.s. indicates not significant (p>0.05).
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Figure 3: Adhesive ligands alter immune responsesin tumorsformed using engineered hydrogel
matrix vehicles.

(a) VEGF-A concentration within tumors formed from 50,000 EQ771 cells implanted in
C57BI6 mice in PEG hydrogel matrix vehicles at d2, 7, and 28 after implantation. Each
data point represents one tumor implanted animal. Vasculature within tumors formed
from 50,000 EQ771 cells implanted in C57BI6 mice in PEG hydrogel matrix vehicles, as
measured by micro-computed tomography, visualized in (b) and quantified in (c). b, scale
bar indicates 100um. c, each data point represents one tumor implanted animal. Tumor
growth curves (d), days until a tumor volume of 100mm?3 was reached (e) and animal
survival (f) after 50,000 E0771 cells were implanted in C57/BI6 mice in PEG hydrogel
matrix vehicles. d, data represent mean + s.e.m. of n=4 tumors implanted into individual
animals. e, each data point represents one tumor implanted animal. f, n=4. (g) Histological
sections of tumors 2 and 7 days after implantation of 50,000 EQ771 cells into C57/BI6
mice in either PEG hydrogel matrix vehicle formulation. Images are representative of n=4
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animals per group, scale bars represent 100um. Tumor growth curves (h) and days until

a tumor volume of 100mms3 was reached (i) after 50,000 E0771 cells were implanted

into NSG mice in various matrix vehicle types. h, data represent mean + s.e.m. of n=4
tumors implanted into individual animals. i, each data point represents one tumor implanted
animal. * indicates significance by one-way ANOVA (i) or mixed-effects analysis (a, ¢) with
Tukey’s post-hoc comparison, or Mann-Whitney test (e); # indicates significance by RM
ANOVA with Tukey’s post-hoc test; $ indicates significance by Log-Rank test; * indicates
p<0.05, ** indicates p<0.01, $ $ $ indicates p<.005, #### indicates p<0.001, n.s. indicates
not significant (p>0.05).
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Figure 4: Hydrogel adhesive ligands alter immune responsesin tumor s formed within synthetic

hydrogel matrix vehicles.

CD206/CD86 ratio among DCs (a), M2/M1 ratio among macrophages (b), number of
CD11b+Ly6C+Ly6G+ cells (c), CD8/Treg ratio among T cells (d), and number of
CD44+PD1+CD8+ T cells (e) infiltrating tumors at d2, 7, and 28 after implantation of
50,000 EO771 cells into C56BI6 mice in varying PEG hydrogel matrix vehicle formulations.
Each data point represents one tumor implanted animal. (f) Resulting immune infiltration
from RGD (top) and RDG (bottom) ligands. (g-h) Tumor cytokine levels at d2, 7, and 28
after implantation of 50,000 EQ771 cells into C57BI6 mice within PEG hydrogel matrix

Adv Mater. Author manuscript; available in PMC 2023 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

O’Melia et al.

Page 25

vehicles. g, each column represents an individual animal, and levels are scaled from
minimum (blue) to maximum (red) in each row. h, each data point represents one tumor
implanted animal. * indicates significance by one-way ANOVA (a, b, e) or mixed-effects
analysis (c, d, h) with Tukey’s post-hoc comparison; statistics for g in Table S1; * indicates
p<0.05, ** indicates p<0.01, *** indicates p<0.005, ND indicates no data (not enough cells
counted for reliable result).
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Figure5: Immune statusis affected by both tumor- and adhesive ligand-specific responses.
CD206+/CD86+ ratio of CD11c+ cells (a), CD8+ T cell: Treg ratio (b), and (c) number

of CD11b+Ly6C+Ly6G+ cells in PEG-RGD and PEG-RDG scaffolds in C57BI6 mice with
or without co-implantation of 50,000 EQ771 cells. Each data point represents one scaffold

implanted animal. * indicates significance by mixed-effects analysis with Tukey’s post-hoc
comparison; n=4 mice; * indicates p<0.05, ** indicates p<0.01.
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Figure 6: Tumor response to immunotherapy is dependent upon matrix vehicle.
Tumor growth curves (a, ¢, €) and animal survival (b, d, f) of C57BI6 mice implanted with

E0771 cells after CpG vaccine administered i.t. on day 0 and 7 (a-b), combination aPD1

+ aCTLA4 mAb treatment administered i.p. on days 0, 3, and 6 (c-d), and isotype control
mAb administered i.p. on days 0, 3, and 6 (e-f). a, c, e, data represent mean + s.e.m. of
n=5-7 tumors implanted into individual animals. dO signifies the first day of treatment when
tumors reached 100 mm3. Arrows indicate days therapy is given. * indicates significance

by repeated measures ANOVA with Tukey’s post-hoc test, against all other groups if not
specified; $ indicates significance against all other groups by log-rank test. a, b, e, and f

are representative of two independent experiments; *, $ indicate p<0.05, ***, $ $ $ indicate
p<0.005; n.s. indicates not significant (p>0.05).
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