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Biomaterials in regenerative medicine are designed to mimic and modulate tissue environments to
promote repair. Biologic scaffolds (derived from decellularized tissue extracellular matrix)
promote a wound-healing (proregenerative) immune phenotype and are used clinically to treat
tissue loss, including in the context of tumor resection. It is unknown whether a biomaterial
microenvironment that encourages tissue formation may also promote tumor development. We
implanted a urinary bladder matrix (UBM) scaffold, which is used clinically for wound
management, with syngeneic cancer cell lines in mice to study how wound-healing immune
responses affect tumor formation and sensitivity to immune checkpoint blockade. The UBM
scaffold created an immune microenvironment that inhibited B16-F10 melanoma tumor formation
ina CD4" T cell-dependent and macrophage-dependent manner. In-depth immune characterization
revealed an activated type 2-like immune response that was distinct from the classical tumor
microenvironment, including activated type 2 T helper T cells, a unique macrophage phenotype,
eosinophil infiltration, angiogenic factors, and complement. Tumor growth inhibition by PD-1 and
PD-L1 checkpoint blockade was potentiated in the UBM scaffold immune microenvironment.
Engineering the local tumor microenvironment to promote a type 2 wound-healing immune
signature may serve as a therapeutic target to improve immunotherapy efficacy.

INTRODUCTION

Regenerative medicine therapies are designed to repair and replace damaged tissues.
However, a lingering question in the field is whether promoting new tissue development may
also encourage cancer progression (1, 2). Biologic scaffold materials derived from the
complex extracellular matrix (ECM) of tissues have been shown to promote tissue repair in
numerous preclinical models and over decades of clinical practice (3). Composed of the
numerous structural and signaling elements of mammalian ECM, these scaffolds facilitate
wound-healing processes such as cell proliferation, angiogenesis, stem cell recruitment, and
modulation of the innate and adaptive immune system (3-6) to promote nonfibrotic tissue
formation (7). Biologic scaffolds are especially relevant in surgical oncology where tissue-
derived matrices have been implanted to replace and reconstruct tissue voids that are left in
patients after tumor resection. Mastectomy after breast cancer, dura repair after meningioma,
and reepithelialization after esophageal cancer resection are clinical examples of surgical
interventions that have used biologic scaffolds to aid in repair (8—-12). Although these
applications potentially place scaffold materials in close proximity to residual cancer cells at
resection margins, little is known about whether a prohealing environment—specifically, a
biologic scaffold microenvironment—influences tumor formation.

Although favorable to tissue reconstruction, many wound-healing processes play prominent
roles in the progression of solid tumors (13). Fibroblasts, endothelial cells, and immune cells
are necessary for tissue healing but can be co-opted to enable tumor progression (14)
Immune cells in particular can play opposing roles in a tumor: clearance of cancer cells
versus promotion of tumor growth. Pro-inflammatory type 1 immune responses are
traditionally thought to be the most relevant to tumor clearance (15), and many cancer
immunotherapies are designed to augment type 1 immune responses that involve cytotoxic T
cells, type 1 T helper (Tw1) cells, and MI macrophages to eliminate tumors. However, the
biologic scaffold microenvironment is characterized by Ty2-skewed T cells and an intense
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myeloid cell infiltrate that includes M2 macrophage polarization (6, 16). These elements of
type 2 immunity are often associated with a tumor-permissive environment (17). Contrary to
this assumption, ECM materials have not been shown to promote tumor formation in
experimental animal models (18) nor in humans, despite a type 2 immune bias. This
suggests that the biologic scaffold microenvironment may have tumor-suppressive
characteristics. Furthermore, as immune-stimulating cancer immunotherapy such as immune
checkpoint inhibition becomes more prevalent as a neoadjuvant to surgery, it will be
necessary to understand whether amplifying the prohealing ECM immune response is
productive in a cancer environment. A scaffold environment that can both promote healing
after tumor resection and aid in cancer therapy would advance surgical oncology and
reconstruction practices.

Few studies have examined ECM materials in the cancer environment, and it remains
unknown what aspects of the ECM immune microenvironment influence tumor progression.
The present study investigates a U.S. Food and Drug Administration-cleared proregenerative
urinary bladder ECM (UBM) material for its effect on tumor formation, the
immunophenotypic determinants of biologic scaffold cancer response, and potential
interactions with checkpoint blockade immunotherapy.

UBM implantation inhibits tumor formation of syngeneic cancer cell lines

UBM is a biologic scaffold composed of the decellularized basement membrane and tunica
propria layers of porcine urinary bladder with a previously defined structure and proteomic
composition (19, 20). Sheets of UBM can be comminuted into small particles that retain a
lamellar microscale sheet architecture with sizes ranging between 20 and 150 pum in largest
diameter (Fig. 1A). UBM particles are hydrated and suspended in saline solution as an
injectable formulation to fill and repair three-dimensional tissue defects. Biologic scaffolds
have been prepared from numerous mammalian (allogeneic and xenogeneic) sources (6);
however, appropriately processed ECM materials apparently elicit comparable repair
outcomes in many instances (7).

Biologic scaffolds such as UBM support a prohealing microenvironment when implanted in
vivo (21, 22), and we sought to determine how this fundamental biomaterial response
influences tumor formation. Because our objective was to specifically understand tumor
formation within the biologic scaffold microenvironmental niche, we modified a
subcutaneous tumor model to reproducibly interrogate several material and tumor types.
Cancer cell lines were mixed with UBM particles or a saline control and injected
subcutaneously into the flanks of syngeneic mouse strains (Fig. 1A). UBM particles
consistently delayed tumor formation when coimplanted with syngeneic cancer cell lines:
B16-F10 melanoma (Fig. 1B), CT26 colon carcinoma (Fig. 1C), and 4T1 breast cancer (fig.
S1, A and B) were delayed to varying extents, indicating that tumor growth inhibition was
not cell line or mouse strain dependent. This delay resulted in increased survival times by
approximately 6 days in the B16—F10 model (21.2 + 0.5 days for saline versus 28.8 + 1.3
days for UBM), 10 days in the CT26 model (22.2 + 1.0 days for saline versus 32.4 + 2.8
days for UBM), and 4 days in the 4T1 model (16 + 1.4 days for saline versus 20.4 + 1.2 days
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for UBM) (Fig. 1, B and C, and fig. S1A). Bioluminescence imaging of luciferase-
expressing B16—F10 cells conducted before tumors were palpable showed similar cancer
cell engraftment and growth during the initial 5 days after UBM or saline delivery (Fig. 1D).
Inhibition of tumor formation was also observed to varying extents in other ECM materials,
including porcine small intestinal submucosa (23) and human acellular adipose tissue (AAT)
(24) (fig. S1, C and D), suggesting that there are common factors driving tumor inhibition
regardless of species or source tissue of the biologic scaffold. We excluded cytotoxicity as a
direct cause of inhibition because neither B16—-F10 viability nor adhesion was affected by
UBM-coated wells (25) in vitro (fig. S1E), consistent with bioluminescence imaging that
showed live-cell engraftment after 1 day in vivo (Fig. 1D).

We evaluated other tumor models, such as an orthotopic resection model where 4T1 breast
cancer tumors were surgically removed from the mammary fat pad of female BALB/c mice
and replaced with either UBM particles or saline (fig. S2A). UBM implantation did not
promote regrowth at the primary tumor location or lung metastasis (Fig. 2, B to E).
However, regrowth near the primary tumor site occurred within tissues that 4T1 cells had
invaded, such as the dermis and body wall, rather than in direct proximity to the UBM
implant. To further study the immune profile and cancer cell response in a UBM
microenvironment, we focused on the more reproducible UBM coinjection model with the
B16-F10 melanoma cell line for subsequent experiments.

The UBM microenvironment increases lymphocyte recruitment compared to B16-F10

tumors

Histologic analysis of H&E-stained B16—F10 tumors shows extensive differences in immune
cell recruitment and location in the UBM microenvironment compared to saline. Tumors
were analyzed at similar external volumes (200 mm3), which occur at different time points
for saline (day 10) and UBM delivery (16 days) because of differences in growth Kinetics.
Saline-delivered tumors displayed the typical B16—-F10 melanoma morphology: a high
density of melanocytes, tumor necrosis, and large but poorly developed blood vessels (Fig.
1E). In contrast, tumor formation with UBM coinjection was delayed and began as small
tumor nodules (Fig. 1E, arrowheads) among UBM particles (Fig. 1E, dashed line), with a
dense immune cell infiltrate at the tumor-UBM interface. Histology confirmed that the UBM
material was present for at least 2 weeks, indicating that external tumor volume
measurements are an overestimation of tumor size that includes the volume occupied by the
UBM implant itself.

Adaptive immunity is a vital component of cancer immune surveillance and was recently
shown to be required for ECM-facilitated muscle wound healing (6). We found a greater
density of CD3* T cells recruited to the host-UBM interface after 7 days compared to
classical B16—-F10 tumors delivered with saline, which were largely nonimmunogenic (Fig.
1F). B220* B cells were also more numerous in response to UBM than saline-delivered
tumors, although to a lesser extent than T cells. Additional histologic phenotyping (Fig. 1G)
revealed that many of the T cells in the UBM microenvironment were CD4* and constituted
a greater proportion of the T cell compartment in UBM (79.14 + 3.5%) compared to saline
(67.6 £ 1.0%) when quantified by flow cytometry (Fig. 1H). Immunosuppressive regulatory
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T cells (Tregs) are implicated in cancer immune escape and also express CD4; however, we
found a decrease in the proportion of Tyegs With UBM implantation. Tyegs (CD4*FoxP3™)
decreased from 19.22 to 6.33% of intratumoral CD4* T cells with UBM implantation
compared to saline (Fig. 1, | and J) and from 4.54 to 1.64% in the DLN after 7 days (Fig.
1J). Thus, T cells recruited to the UBM microenvironment are primarily CD4* T cells
rather than immunosuppressive Tegs.

CD4* T cells are required for tumor growth inhibition in the UBM microenvironment

Given the increased T cell recruitment to UBM, we sought to determine whether these cells
played a role in delaying tumor growth. Tumor inhibition in the UBM microenvironment
was completely ablated in RagZ~/~ mice (Fig. 1K) that lack mature T cells and B cells, with
identically rapid tumor growth rates regardless of UBM or saline delivery. However,
intravenously transferring CD4* T cells (>99% cell purity; fig. S3) into RagZ~/~ mice before
implantation rescued tumor inhibition in the UBM microenvironment (Fig. 1K) and
corresponded to improved survival from 18.6 + 0.4 days in RagZ~'~ mice to 26 + 2.1 days
with CD4+ T cell transfer. These CD4* T cell repopulation studies in RagZ~~ mice confirm
that retarded tumor growth within the UBM microenvironment is not solely due to direct
impairment of tumor cell viability or engraftment efficiency (because tumor growth is
unaffected by UBM in immunodeficient RagZ~~ mice). Rather, the immune system is
required for the UBM scaffold-induced delay in tumor formation, and T cells are
instrumental in shaping the UBM microenvironment.

UBM-associated T cells have an activated T2 phenotype compared to TILs

Our finding that the UBM microenvironment requires T cells for tumor inhibition led us to
perform a detailed characterization of T cell phenotype using multiplexed gene expression
analysis. T cells were sorted from coimplanted UBM and B16-F10 cells for gene expression
analysis using the NanoString platform (see table S1 for the full dataset of 770 genes). Forty
genes were differentially regulated in UBM-associated T cells compared to classical tumor-
infiltrating lymphocytes (TILs) that developed with saline delivery (Fig. 2A). Many of the
differentially regulated genes showed consistent expression across time points, including
molecules that influence macrophage and dendritic cell function, such as //4, 1/13, Csf1
[encoding macrophage colony-stimulating factor (M-CSF)], and Cd40/g (Fig. 2B). UBM-
associated T cells overexpressed numerous Tn2-related genes (Fig. 2C) relative to TILs,
with the greatest fold increases occurring in the T2 cytokines //4 (45-fold), /15 (24-fold),
and //13(18-fold). These T2 cells were highly activated (Fig. 2C) as shown by increased
expression of Cd69(2.2-fold) and //2ra (2.2-fold). Although //2ra (encoding CD25) also
characterizes Tyegs, FOXp3 expression decreased (fourfold) and Cd4 increased (threefold) in
UBM-associated T cells (fig. S4), which was consistent with our flow cytometry
determination of Ty cell accumulation rather than Tyegs. Furthermore, several genes
associated with cytotoxic responses were up-regulated such as Gzma (Granzyme A; 12-
fold), Kira7 (fivefold), and Ki/rc2 (threefold) (Fig. 2C). Because CD8* cytotoxic T cell
proportions were not increased with UBM delivery, this may indicate increased activity of
existing CD8* T cells or an alternative T cell source for direct cancer cell killing such as
natural Killer T (NKT) cells.
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Intracellular cytokine staining and flow cytometry of UBM-associated T cells showed
increased interleukin-4 (1L-4) expression in UBM-associated CD4* T cells compared to
classical TILs after 14 days, validating the T2 profile determined from gene expression
analysis (Fig. 2D). UBM also recruited increased proportions and densities of natural killer
(NK) cells (192.0 + 48.2 cells/mm3 versus 64.8 + 22.3 cells/mm3) and NKT cells (58.1 +
15.9 cells/mms3 versus 7.6 + 2 cellssmm3) compared to saline tumors (Fig. 2E and fig. S5, A
to C). Most of the CD4* T cells within the tumor were antigen-experienced (CD44%)
regardless of saline or UBM delivery (fig. S5D); however, the proportion of CD44*CD4"*
cells in the DLN increased from 15.5 + 1.6% with saline delivery to 21.7 + 3.1% with UBM.
Most of these CD4™ cells were CD62L~, indicating an effector memory phenotype (fig.
S5E).

IL-4-induced inflammation impairs tumor formation

We then investigated whether the type 2 inflammatory response to UBM mediated by IL-4
could be replicated to inhibit tumor formation. We delivered B16—F10 cells with the
canonical TH2/M2 agonist IL-4 in the form of a half-life stabilized IL-4 complex (IL-4c)
(26). IL-4c alone impaired B16—F10 tumor growth (8-day increase in survival), which was
similar to inhibition found in the UBM microenvironment (11-day increase in survival) (Fig.
2F). The combination of IL-4c and UBM, however, did not produce an additive benefit
compared to either treatment alone, suggesting a redundant mechanism. Both I1L-4 and M-
CSF (encoded by CsfI) induce macrophage proliferation in vivo (26), and many of the
F4/80* macrophages that accumulated in the UBM microenvironment had also entered the
cell cycle (Ki67+) (Fig. 2G). UBM-associated T cells highly express both IL-4 and Csf7,
suggesting that they play a role in modulating the myeloid compartment within the UBM
microenvironment.

UBM alters myeloid cell recruitment during B16—F10 tumor formation in a lymphocyte-
dependent process

Previous studies have shown that tissue remodeling facilitated by biologic scaffolds
(including UBM) is accompanied by robust myeloid cell recruitment (5,27). We found that
subcutaneous injection of an acellular UBM scaffold (without B16—F10 cells) led to rapid
cell infiltration (Fig. 3A), primarily by CD11b* myeloid cells (Fig. 3B). To better
understand the interplay between T cells and the myeloid compartment, we coinjected UBM
and B16-F10 cells in both WT and lymphocyte-deficient RagZ~/~ mice and performed flow
cytometry of the myeloid cell infiltration (see fig. S6 for the full gating and population
definitions). Although myeloid cells (CD45*CD11b*) were the dominant cell type within
the WT UBM microenvironment, this myeloid presence was diminished in RagZ~/~ mice
(391,000 + 191,000 cells versus 112,000 + 66,000 cells; Fig. 3C). In-depth phenotyping by
flow cytometry revealed that the composition of the UBM myeloid compartment strongly
depended on lymphocytes (Fig. 3D). Seven days after injection, 69.0 + 1.5% of CD11b*
cells in the UBM microenvironment in WT mice were eosinophils (Siglec-F*fMHCII),
which corresponds to more than double the proportion found in WT mice with saline-
delivered tumors (Fig. 3, D and E). Eosinophil recruitment to UBM was drastically reduced
t0 6.4 + 1.4% in RagI~~ mice. Few granulocytes (Ly6G*) were present within the WT
UBM microenvironment (3.6 + 0.2% of CD11b* cells), although this proportion increased in
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RagI™"~ mice (11.0 + 0.8%); the monocyte (Ly6C*) population followed a similar trend as
granulocytes (Fig. 3, D and E).

Macrophage (F4/80%) and dendritic cell (CD11c¢*) myeloid subpopulations were analyzed
for M1/M2 polarization using the M2- associated marker CD206 and the M1-associated
marker CD86 in WT and RagZ~'~ mice. F4/80* macrophages (both F4/80*CD11c™ and
F4/80*CD11c™) in the UBM microenvironment increased CD206 expression fivefold
compared to classical tumor-associated macrophages (TAMSs) that occur with saline delivery,
although this increase was greatly attenuated in RagZ~~ mice (Fig. 3, D and F). Instead,
UBM macrophages in RagZ~'~ mice assumed twofold greater CD86 expression compared to
WT. Closer inspection revealed a double-positive population (CD206M"CD86") in the UBM
microenvironment of tumors from both WT and RagZ~/~ mice (fig. S7A) but not saline
control tumors. Dendritic cells (CD11c*F4/807) were generally CD206/°CD86* in saline
tumors, whereas CD86 expression decreased with UBM implantation. Major
histocompatibility complex class Il (MHCII) intensity was greatest in UBM-associated
CD11c* cells (both CD11c*F4/80* and CD11c*F4/807) with no difference between WT and
RagI™"~ mice (fig. S7B). Overall, the greatest difference between UBM-associated
macrophage and TAM surface marker expression was increased CD206 expression (Fig. 3,
D and F, and fig. S7A), and the CD206MCD86~ population in particular was lost in Rag1~/~
mice, suggesting that macrophage phenotype is regulated by lymphocytes.

UBM-associated macrophages are necessary for tumor inhibition

TAMs have been characterized as having an M2-like phenotype and are implicated in
promoting tumor progression. Because we found that UBM-associated macrophages
expressed the canonical M2 marker CD206 to an even greater extent than TAMs, we
characterized the effect of macrophage ablation on tumor growth. Circulating macrophage
progenitors were partially depleted by injecting clodronate liposomes (ClodP?) before and
after B16—F10/UBM coinjection (fig. S8A). Flow cytometry analysis of peripheral blood
confirmed that Ly6CN monocytes decreased by 86% with clodronate liposome injection (fig.
S8B). Control PBS liposomes (PBSLIP%) had no effect on tumor kinetics: Rapid tumor
growth occurred with saline delivery, whereas tumor formation was delayed with UBM
coinjection (Fig. 3G). Clodronate liposome treatment resulted in opposite effects when
administered to saline- or UBM-delivered tumors. Macrophage depletion in saline-delivered
tumors slowed tumor growth, whereas tumor inhibition was lost in the UBM
microenvironment in the absence of macrophages, increasing the rate of tumor formation.
The divergent effects of macrophage depletion suggest a phenotypic difference between
UBM-associated macrophages and classical TAMs that participate in tumor inhibition versus
tumor promotion, respectively.

UBM-associated macrophages have a complex M1/M2 and wound-healing phenotype that
is distinct from TAMs

We further characterized UBM-associated macrophage involvement in tumor inhibition by
performing multiplex gene expression analysis of sorted macrophages using the NanoString
platform. Fourteen days after injection, more than 130 immune-related genes were
differentially regulated in UBM-associated macrophages compared to classical TAMs (Fig.
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4A,; see table S2 for the full expression data). UBM was associated with large and sustained
increases in M2 gene expression (such as ArgZ and Mrcl) and decreases in M1-related
genes (such as Cd86and Cd80) across time points (Fig. 4B). Chemo-kines such as Cc/8
(broad leukocyte recruitment) and Cc/24 (eosinophil recruitment) were also up-regulated in
UBM over time (Fig. 4B). Although these factors support the increase in immune cell
density found within the UBM microenvironment, they have different M1/M2 associations,
arguing against a purely M1 or M2 phenotype.

Macrophage phenotype is a functional state that is typically conceptualized with the M1/M2
polarization paradigm defined from in vitro stimulation. M1 macrophages result from
interferon-y (IFN-y) and lipopolysaccharide exposure, whereas M2 (specifically M2a)
macrophages result from IL-4 exposure. Thus, we defined genes differentially expressed in
UBM as either M1 or M2 markers using a previously published RNA sequencing analysis of
M1 and MZstimulation (28). This analysis revealed a complex signature of M1 and M2
genes in UBM-associated macrophages compared to TAMs (Fig. 4C). Previous studies have
concluded an M2 bias with biologic scaffold implantation (5, 27), and likewise, we found
that many typical M2 genes such as Chil3, Arg1, and Cd163are highly up-regulated in
UBM-associated macrophages. Histologically, UBM-associated macrophages strongly
expressed Fizz1 (an M2 marker) within the cytoplasm, whereas nearly all classical TAMs
were Fizz1™ (Fig. 4D). Several M1 genes were highly up-regulated in the UBM
microenvironment, including Cc/8 (181-fold increase) and Cts/ (37-fold increase), whereas
several M2 genes were strongly down-regulated, such as Cc/17(29-fold decrease) and Cc/22
(7-fold decrease) (Fig. 4C). Overall, UBM-associated macrophages had an M2 bias in up-
regulated genes (19 M2 genes versus 11 M1 genes) and an equal number of down-regulated
M1 and M2 genes (10 genes each).

We also examined genes related to the host response to biomaterials (complement pathway),
wound healing (angiogenesis), and antigen presentation, which were assigned M1/M2
designations as above (see fig. S9 for additional gene sets). UBM-associated macrophages
consistently up-regulated complement and angiogenesis genes regardless of M1/M2
association (Fig. 4E). UBM macrophages down-regulated MHCII genes (M2 associated) but
up-regulated MHCI genes (M1 associated) (Fig. 4E), although our flow cytometry data
showed an increase in MHCII surface protein expression (fig. S7B). Each of these gene sets
was uniformly regulated, suggesting that specific genetic programs were activated
independently of the traditional M1/M2 signaling paradigm.

Synthetic particles impair B16-F10 tumor formation in a lymphocyte-independent manner

We compared UBM to synthetic adjuvant materials to determine whether the tumor-
inhibiting microenvironment was unique to biologic scaffolds or was found in immune-
stimulating particulate materials in general. Aluminum hydroxide (alum) and mesoporous
silica particles are both well-characterized immune adjuvant materials (29-32) that inhibited
tumor formation when coinjected with B16—F10 cells in WT mice compared to saline,
increasing survival to 11 and 5 days, respectively (fig. S10, A and B). In contrast to the lack
of UBM-initiated tumor inhibition in RagZ~~ mice, synthetic materials either did not affect
(silica) or enhance (alum) tumor inhibition in the absence of adaptive immunity (fig. S10, A
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and B). Therefore, T cells are not necessary for tumor inhibition in the synthetic adjuvant
material microenvironment, whereas they are critical to tumor inhibition with biologic
scaffolds.

Myeloid cell recruitment in synthetic adjuvant materials differed substantially compared to
both saline and UBM B16-F10 delivery (fig. S10, C and D). Granulocytes (Ly6G™)
dominated the synthetic adjuvant material microenvironment (fig. S10D), accounting for 33
and 23% of myeloid cells in alum and silica implants, respectively. Monocytes (Ly6C*)
represented the next largest population for these materials. Ly6G is a marker of
immunosuppressive myeloid-derived suppressive cells (MDSCs) in the context of cancer,
but it is also expressed by neutrophils, which are recruited to synthetic materials during the
foreign body reaction (7, 33, 34). There were relatively few viable macrophages or dendritic
cells within synthetic adjuvant materials, and thus, polarization markers were not assessed.
UBM and synthetic material microenvironments differed from saline, and they also differed
substantially from each other; synthetic materials induced a Ly6G* cell-dominant response,
whereas UBM was enriched for eosinophils and macrophages.

The primary features of the UBM and alum microenvironments were generated by the
material alone without B16-F10 cells. UBM, alum, or saline was injected subcutaneously
(without cells) in 4get mice, which have an enhanced green fluorescent protein (EGFP)
reporter for tracking IL-4 expression. Only UBM-associated T cells robustly up-regulated
IL-4 expression (fig. S11A) in both the DLN (10% of T cells EGFP™) and at the implant site
(28% of T cells EGFP*). Compared to alum, the UBM microenvironment recruited more
eosinophils that constitutively expressed IL-4 (>95% EGFP™), indicating that they may also
contribute to driving the type 2 environment. Monocytes, macrophages, and B cells
expressed relatively little IL-4 (<5% EGFP+; fig. S11B).

PD-1/PD-L1 immune checkpoint inhibition synergizes with the tumor inhibitory UBM
microenvironment

CD4* T cell-dependent tumor inhibition in the UBM scaffold microenvironment led us to
investigate potential synergies with immune-activating cancer immunotherapy. We examined
the combination of UBM coinjection with immune checkpoint blockade targeting PD-1
(programmed cell death protein 1), PD-L1 (programmed death- ligand 1), or PD-L2
(programmed death-ligand 2). PD-1 engagement with its ligands (PD-L1 or PD-L2) provides
negative feedback to activated T cells, and blocking these inhibitory molecules could allow
amplification of the UBM-mediated immune response (35). Monoclonal antibodies blocking
either PD-1 or PD-L1 greatly slowed B16-F10 tumor growth when combined with UBM
delivery compared to isotype controls, whereas blocking PD-L2 had no effect (Fig. 5, A and
B). Mean survival increased from 23.8 + 0.5 days with isotype to 34.4 + 2.0 days and 32 +
2.1 days with PD-1 and PD-L1 blockade, respectively, when combined with UBM delivery
(Fig. 5C). In contrast, immune checkpoint blockade did not substantially affect tumor
formation or growth with saline delivery alone. Therefore, the synergistic combination of
PD-1/PD-L1 blockade with the UBM immune microenvironment is responsible for
increased tumor inhibition.
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We next examined checkpoint blockade using iterations of our model that better characterize
clinical scenarios. We first tested delayed UBM implantation in which B16-F10 cells were
allowed to engraft for 1 day before UBM or saline delivery to model residual cancer cell
presence after tumor resection, in contrast to co-delivery where cells and UBM are in the
same location. Although delayed UBM implantation with isotype controls had no effect on
tumor formation, PD-1 blockade impaired tumor growth (Fig. 5D) and improved survival
(Fig. 5E). We then varied the initial cancer cell dose delivered with UBM (1 x 103 to 10°
cells) and anti-PD-1 to model the effect of differing cancer burden after tumor resection. The
highest cell dose (1 x 10° cells) resulted in the most rapid tumor growth with saline delivery
and the greatest inhibition with UBM (Fig. 5F and fig. S12). UBM delayed tumor growth at
midlevel cell doses (1 x 10% to 10°) to a lesser extent. Tumors did not consistently form at
the lowest cell dose of 1 x 103 with saline delivery (60% tumor formation efficiency).

During the course of this study, 13 mice rejected initial cancer cell implantation. Rejection
was an extremely rare occurrence in UBM without checkpoint blockade (less than 1% of
mice); however, rejection frequency increased to more than 10% when combined with anti-
PD-1 (fig. S13). We performed tumor rechallenge experiments to determine whether
rejection was due to immune recognition and establishment of long-lasting immunological
memory within the UBM scaffold microenvironment or was due to nonspecific cytotoxicity.
Mice were injected with the same cell line (10° cells, which has 100% tumor formation
efficiency in naive mice) at least 60 days after the initial inoculation. We found that
protection on rechallenge was established when animals were primed by the combination of
anti-PD-1 and UBM with a sufficient number of cancer cells (10° to 10° cells). Only these
high cell doses (Fig. 5F) provided long-term protection on rechallenge, whereas tumors grew
readily at the lowest 103 cell dose. Anti-PD-1 treatment was necessary for complete
protection in the B16—-F10 model (fig. S13B). Together, these data demonstrate that the
UBM microenvironment is conducive to tumor cell-specific recognition and long-lasting
immunological memory when combined with immunotherapy.

A UBM scaffold immune gene signature associates with improved survival in patients with

melanoma

Our final objective was to determine whether features of the UBM scaffold immune
phenotype also occur in human melanoma tumors, and if so, how this prohealing immune
phenotype and the tumor microenvironment affect outcome. T cells and macrophages were
necessary for UBM-mediated tumor inhibition, and extensive gene expression
characterization revealed that these cells had distinct phenotypes compared to the classical
tumor immune microenvironment. \We therefore examined this UBM gene signature in
patients with melanoma by interrogating The Cancer Genome Atlas (TCGA). Significantly
up-regulated genes in T cells and macrophages from our NanoString analyses constituted a
UBM gene signature (Fig. 6A) and each patient in the TCGA database was assigned an
enrichment score (36) categorized as high, medium, or low similarity to the UBM signature
(Fig. 6B). Differences in enrichment score among patients were driven by about 30 genes
(Fig. 6B). Patients with melanoma having the highest scores (high homology to the UBM
signature) had the greatest overall survival, suggesting that a prohealing immune phenotype
in humans is associated with improved clinical outcomes (Fig. 6C).
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DISCUSSION

Biologic scaffolds composed of the ECM from decellularized tissues are increasingly found
at the crossroads of tissue engineering and surgical oncology. Resection surgery is a standard
first-line therapy for treating solid tumors, and biologic scaffolds are an effective tissue
engineering therapy for reconstructing large-volume tissue voids (21). This strategy places a
prohealing scaffold in proximity to residual neoplastic cells (8-11). We found that the ECM
scaffold microenvironment inhibited tumor formation in multiple syngeneic cell lines across
different mouse strains and when using different biologic scaffold sources. Early reports
found that biologic scaffolds were not tumor promoting (18); here, we determined that a
prohealing biologic scaffold microenvironment inhibits tumor formation through a process
requiring immune cell participation. Consistent with our previous work in the context of
muscle repair (5, 6, 19), UBM implantation induced a type 2 immune response consisting of
IL-4—producing TH2 cells, CD206" macrophages, and eosinophil accumulation. Antitumoral
activity in a type 2 immune environment seemingly contradicts the classical view of tumor
immunology. Traditional thinking holds that Ty1-induced M1 macrophage and cytotoxic T
cell effectors are the most adept at tumor killing, whereas T2/M2-related cells are involved
in immune suppression and tumor progression (15, 28). UBM-associated macrophages,
however, are phenotypically distinct from traditional M2 cells and classical TAMs.

Traditional M1/M2 archetypes are often based on limited staining for select M2 markers
such as CD206 or CD163. Although UBM-associated macrophages greatly up-regulate
traditional M2 markers such as Mrc1 and Argl and down-regulate M1 genes such as Cd86,
we found that this superficial analysis was misleading. Indepth characterization revealed that
about a third of up-regulated genes such as Cc/8are M1 associated and that half of the
down-regulated genes are M2 associated. Thus, a binary M1/M2 model may not suffice for
describing UBM macrophages and predicting antitumoral immunity, and a broader
characterization of activation may be necessary. Similarly, we found that UBM-associated
macrophages expressed prohealing factors such as angiogenic mediators that are typically
thought to enable tumor growth but may be more indicative of macrophage activation status.
Several genes expressed by UBM-associated macrophages correlated with improved survival
in patients with melanoma when we queried TCGA, suggesting that prohealing tumor
phenotypes may have potential value as markers to predict improved clinical outcomes. The
UBM-associated macrophage phenotype and tumor inhibition were lost in the absence of
CD4* T cells, a phenomenon not observed for other adjuvant particulate materials such as
alum or silica.

CD4* Ty cell involvement was necessary for orchestrating antitumoral immunity in the
UBM microenvironment and for polarizing the myeloid compartment. Several populations
were affected by UBM implantation; T2 cells and a T cell population expressing cytotoxic
markers (possibly NK1.1* cells) increased, whereas relative proportions of Tregs decreased
and CD8* cytotoxic T cells remained approximately the same. T2 cells are often associated
with tumor tolerance; however, we found that IL-4 (delivered exogenously as IL-4c¢) was a
promising effector for the UBM response. Several studies have shown that IL-4-secreting
cancer cell vaccines drive inflammation that promotes local cancer rejection by myeloid
cells and antitumor immune memory (37, 38). Likewise, we found evidence for specific
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tumor recognition and vaccine-like behavior in the UBM microenvironment when combined
with anti-PD-1 immunotherapy. Animals that cleared B16-F10 cells with the combination of
UBM and anti-PD-1 conferred long-lasting protection against subsequent rechallenge,
suggesting a memory response. The UBM microenvironment may therefore act as an 1L-4—
stimulating adjuvant to increase immunogenicity of melanoma.

These experiments provide evidence that a prohealing immune phenotype induced by
biologic scaffolds inhibits tumor formation; however, several questions remain. We
previously showed that UBM consists of hundreds of proteins (19), and additional
constituents (such as polysaccharides) have not been characterized, limiting our
understanding of which components may be responsible for immune modulation. Although
we identified CD4* Ty cells and macrophages as necessary contributors, the mechanism of
tumor inhibition is unknown and may involve cancer cytotoxicity or disrupting protumor
activity in support cells. We also did not explore whether Ly6G* granulocytes were MDSCs
or material-associated neutrophils, two cell types that share the same surface markers and
require functional analyses to differentiate (39). In addition, although the coimplantation is
reproducible and isolates material-driven effects, it only interrogates the acute phase of the
local immune response. Further investigation is needed to understand how long-term
biologic scaffold implantation affects tumor progression and whether there are systemic
effects. Last, we extensively characterized a single biologic scaffold material and performed
limited examination of others. Some elements of the UBM microenvironment (such as M2
macrophage marker expression) are representative of several biologic scaffold types (4-6,
16, 27). However, it is unknown whether the complex immune phenotype that we described
for UBM is universal to similar materials and whether the observed variations in tumor
inhibition with these materials can be predicted by differences in immune signatures.

Together, the UBM microenvironment attracts immune cells to the tumor microenvironment
and creates a unique immune signature that synergizes with checkpoint blockade
immunotherapy to further activate responding T cells. The prohealing macrophage immune
signature is distinct from classical TAMs and requires CD4* T cells that have an activated
TH2 profile. When we compared the UBM immune gene signature to patients with
melanoma, we found a positive association with survival, supporting the notion that
prohealing UBM scaffold immune response is compatible with delaying tumor progression.
As the clinical use and administration of checkpoint immunotherapies are evolving,
prohealing biologic scaffolds may provide both a vehicle for tissue reconstruction and a
mechanism to optimize drug efficacy.

MATERIALS AND METHODS
Study design

The primary objective of this study was to determine whether a prohealing biologic scaffold
microenvironment influences tumor formation and response to cancer immunotherapy. To
study tumor growth in the scaffold microenvironment directly, syngeneic cancer cells were
coimplanted with particulate decellularized porcine UBM in mouse models. Animals that
did not form tumors upon implantation with UBM and treatment with checkpoint inhibitors
were rechallenged with the same cell line to evaluate long-term protection. Secondary
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objectives were to characterize the T cell and macrophage populations that we found were
necessary for the UBM response and to determine whether the UBM immune signature in
mice correlated with human melanoma patient survival using data from TCGA (see fig. S14
for the UBM dose optimization). Tumors were harvested from mice for immunophenotyping
via histology (antibodies listed in table S3), flow cytometry (antibodies and panels listed in
table S4; gating strategy in fig. S15), and gene expression analysis. Researchers could not be
blinded to delivery with a biologic scaffold because of the obvious appearance of the
material before and after injection. All experiments were performed using 7 to 8-week-old
female mice (7= 3 to 10 as indicated in figure legends). At small volumes, control tumors
were pooled from 7= 3 to 5 mice to obtain sufficient immune cell events for flow cytometry.

Statistical analysis

All tumor volume, survival, and flow cytometry statistical analyses were conducted using
Prism software (GraphPad Software Inc.) with significance defined as £< 0.05. All survival
data were analyzed with the log-rank test compared to WT saline with the Sidak correction
for multiple comparisons. All tumor volume growth curves were analyzed by two-way
repeated measures ANOVA with post hoc Tukey test at each time point before sacrifice.
Flow cytometry data were analyzed with Student’s #test comparing saline to UBM or using
one-way ANOVA for comparing the effect of UBM in WT and RagZ~'~ genetic backgrounds
as indicated in figure legends. To obtain sufficient events from small saline control tumors in
RagI™'~ mice, cells from five mice were pooled. The variance for pooled measurements was
estimated as equivalent to the measurement value. NanoString differential expression was
analyzed using nSolver software (version 3.0, NanoString). Only genes with a minimum of
20 counts (equivalent to three SDs over average background) in greater than 50% of samples
were analyzed. False discovery rate-adjusted P values were determined for each gene using
the Benjamini-Yekutieli method. Primary data are reported in table S5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Tissue-derived UBM particles inhibit tumor formation in a CD4+ T cell-dependent
manner.

(A) Scanning electron microscopy (SEM; top view and side view) of decellularized bladder
(UBM) particles. UBM particles were hydrated and injected with cancer cell lines into mice
to monitor the effect the UBM microenvironment on tumor formation. Tumor volume and
survival in (B) B16-F10 melanoma (C57BL/6 mice; 7= 5) and (C) CT26 colon carcinoma
(BALB/c mice; n=5). (D) Bioluminescence imaging of luciferase-expressing B16-F10
melanoma cells 1 to 5 days after implantation with saline or UBM in mice. (E) Histologic
and macroscopic appearance of B16—F10 tumors at a similar external size (200 mm3) with
saline or UBM implantation [hematoxylin and eosin (H&E) stain; 50x mosaic images left;
200x bottom right]. Tumors are denoted by arrowheads (50x mosaics) and the “Tu” label
(200x images). UBM particles are enclosed by a dashed line and the “UBM” label. (F)
Immunofluorescence staining for CD3+ T cells (red) and B220* B cells (green) with 4”,6-
diamidino-2-phenylindole (DAPI) counterstain (blue) after 7 days. (n7= 3 animals; 200x).
(G) CD4 (green) and CD3 (red) T cell costaining within the UBM microenvironment after 7
days (200x). (H) Flow cytometry quantifying the proportions of CD4* and CD8* T cells
after 7 days (n7=5, means + SE). (1) Flow cytometry of FoxP3 expression in tumor CD4* T
cells [and UBM fluorescence minus one (FMO)/isotype control], quantified (J) in tumors
and tumor draining lymph nodes (DLNSs) 7 days after injection (n7=5, means + SE). (K)

Sci Transl Med. Author manuscript; available in PMC 2020 May 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wolf et al.

Page 18

B16-F10 tumor growth and survival in wild-type (WT), RagZ~/~, and CD4* T cell
repopulated RagZ~'~ mice with UBM or saline delivery (7= 5, means + SE). Flow
cytometry: *P< 0.05, ***P< 0.001, ****P < 0.0001, Student’s ¢test (saline versus UBM).
Tumor volume: *P< 0.05 (WT saline versus WT UBM), 1P < 0.05 (RagZ™'~ UBM versus
Rag1'~* CD4 UBM), two-way repeated measures analysis of variance (ANOVA) with post
hoc Tukey test at each time point before sacrifice. Survival: *P< 0.05, log-rank test of each
group compared to WT saline with the Sidak correction (significance indicators in legend).
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Fig. 2. T cells isolated from the UBM B16-F10 tumor microenvironment have an activated T 2
and myeloid-regulating phenotype.

T cells were sorted from UBM or saline-delivered B16—-F10 tumors for multiplex gene
expression analysis using the NanoString platform. (A) Volcano plot of genes differentially
regulated in UBM- associated T cells compared to saline 14 days after injection.
Significantly different regulation was determined from false discovery rate-adjusted P
values. (B) Normalized counts of Ty2-associated (//4and //13) and myeloid-regulating
(Csf1and Cd40/g) gene transcripts between 7 and 21 days after injection (7= 3 to 4 except
7-day saline pooled from three animals, means + SD). (C) Differential expression of T2-
related, T cell activation, and cytotoxic gene sets in UBM relative to saline 14 days after
injection. (D) Intracellular cytokine staining of 1L-4 and IFN-y in CD4* T cells from saline
and UBM B16-F10 tumors 14 days after injection compared to FMO controls (7= 5, means
+ SE). (E) T cell (CD3*NK1.17), NKT cell (CD3*NK1.1*), and NK cell (CD3"NK1.1%)
density in tumors and implants (cells/mm3) 14 days after injection (7= 5, means + SE). (F)
Effect of exogenous IL-4c codelivery with saline or UBM on B16-F10 tumor formation and
survival (10 mg of IL-4c per injection; 7= 5, means = SE). (G) Immunofluorescence
histology of F4/80* macrophages (green) and the nuclear proliferation marker Ki67 (red) in
the UBM microenvironment after 7 days with DAPI counterstain (200x; dashed line
indicates UBM implant border). Flow cytometry and gene transcript counts: *P< 0.05, **P

<0.01, ***P<0.001, ****P< 0.0001, Student’s ttest (saline versus UBM). Tumor volume:

+P < 0.05 (saline versus UBM, saline + IL-4c, and UBM + IL-4c), two-way repeated
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measures ANOVA with post hoc Tukey test at each time point before sacrifice. Survival: *P
< 0.05, **P < 0.01, log-rank test compared to WT saline with the Sidak correction
(significance indicators in legend).
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Fig. 3. Myeloid cell recruitment and macrophage polarization in the UBM B16-F10 tumor
microenvironment is lymphocyte dependent.

Myeloid cell infiltration was characterized 7 days after B16—F10 and UBM implantation in
WT and RagZ~~ C57BL/6 mice. (A) SEM of cell infiltration in and around acellular UBM

after implantation in WT mice. (B) Flow cytometry of CD11b* myeloid cells in the UBM
microenvironment and (C) the number of myeloid cells recruited to UBM in WT and
Rag1™'~ mice 7 days after injection (7= 5, means + SE). (D) Flow cytometry plots of saline
and UBM B16-F10 microenvironments in WT and RagZ~~ mice. (E) Myeloid cell
quantification of eosinophil (Siglec-F*MHCII™), granulocyte (Ly6G™), and monocyte (Ly6C
*Y infiltration in WT and RagZ~'~ mice [saline tumors pooled from five animals; 7= 5 for
UBM-delivered cells (means £ SE)]. (F) Mean fluorescence intensity (MFI) of the
macrophage polarization markers CD86 (M1) and CD206 (M2) in F4/80* and CD11c*
macrophage subpopulations [saline-delivered tumors in RagZ~'~ mice were pooled from five
animals; n= 4 for saline delivered in WT and n=5 for UBM-delivered cells (means + SE)].
(G) B16-F10 tumor growth after macrophage ablation with clodronate liposomes (ClodLiPo)
or control phosphate-buffered saline liposomes (PBSLiP?). Liposomes were delivered before
B16-F10 injection and maintained during tumor growth, and tumor volume and survival
were monitored [77= 5 for PBSLP° groups and 7= 3 for Clod“iP° groups (means + SE)].
Flow cytometry: *P< 0.05, **P< 0.01, ***P < 0.001, ****P< 0.0001, one-way ANOVA
with post hoc Tukey test. The variance for saline tumors in RagZ~/~ mice was estimated as

equivalent to the measurement value. Tumor volume: Two-way repeated measures ANOVA
with post hoc Tukey test at each time point before sacrifice. #2 < 0.05 for saline + PBSLiP
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versus UBM + PBSLIPO saline + PBSLPO versus saline + ClodLiP°, and UBM + PBSLiPO
versus UBM + ClodLiPo,
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Fig. 4. Macrophages isolated from the UBM B16-F10 microenvironment have a complex
polarization phenotype.

Macrophages were sorted from UBM or saline- delivered B16—F10 tumors for gene
expression analysis using the NanoString platform. (A) Volcano plot of genes differentially
regulated in UBM-associated macrophages compared to saline B16-F10 tumors 14 days
after injection. Significantly different regulation was determined from false discovery rate-
adjusted Pvalues. (B) Normalized counts of selected M2-associated (ArgZ and MrcI), M1-
associated (Cd86 and Cd80), and chemokine (Cc/8and Ccl24) gene transcripts between 7
and 21 days after injection [7= 3 to 4 except 7-day saline pooled from three animals, mean
+ SD). (C) Differential expression of M1- and M2-associated genes in UBM-associated
macrophages 14 days after injection compared to saline delivery. (D) Immunofluorescence
histology of the macrophage surface marker F4/80 (green) and the intracellular M2 marker
Fizz1 (red) with DAPI counterstain. Examples of cells coexpressing F4/80 and Fizz1 are
denoted with arrowheads (/7= 2; 200x). (E) Differential expression of complement,
angiogenesis, and cell regulation genes in UBM relative to saline B16—F10 tumor
macrophages 14 days after injection (1= 4, means = SE). Gene transcript counts: *~< 0.05,
**p<0.01, ****P<0.0001, Student’s ftest.
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Fig. 5. Synergistic tumor inhibition with UBM and immune checkpoint blockade
immunotherapy.

B16-F10 delivery with saline or UBM was followed by treatment with monoclonal
antibodies blocking PD-1, PD-L1, PD-L2, or isotype controls. (A) Individual tumor growth
curves comparing the effect of anti-PD-1 treatment in the UBM microenvironment
compared to saline (shaded region indicates the time range of terminal tumor growth in the
UBM and isotype group). (B) Average tumor volume and (C) survival for treatments noted
in (A) (n=8to 10, means * SE). Arrowheads indicate treatment frequency. (D) Tumor
volume when UBM or saline was delivered 1 day after B16-F10 cells, followed by anti-
PD-1 treatment or isotype controls 4 days later. (E) Survival for delayed UBM implantation
with anti-PD-1 treatment as noted in (D) (7= 5). (F) B16-F10 cell titration in the UBM
microenvironment with anti-PD-1 treatment compared to saline (7= 5, means + SE). Initial
B16-F10 cell doses range between 1 x 103 and 1 x 10° cells per injection. Tumor volume:
§p< 0.05 (UBM + isotype versus UBM + PD-1 or PD-L1), ****p < 0.0001 (all UBM
treatments versus saline + isotype). For cell titration, ****p < 0.01 (UBM versus saline).
Two-way repeated measures ANOVA with post hoc Tukey test at each time point before
sacrifice. Survival: *P< 0.05, **£< 0.01, log-rank test with the Sidak correction.
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Fig. 6. The UBM scaffold immune signature is associated with increased overall survival in

patients with melanoma.
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(A) A UBM immune gene signature was defined by genes that were up-regulated in T cells

and macrophages from UBM-delivered B16-F10 tumors compared to saline in mice.

Patients with melanoma in TCGA were assigned an enrichment score on the basis of their
homology to the UBM immune signature and binned into discrete categories on the basis of
their relative scoring ranks: top, middle, and bottom thirds. (B) Heat map of UBM scaffold
immune signature gene expression in patients with melanoma. Genes with the greatest
contribution to enrichment score are listed. (C) Melanoma patient survival when grouped by
patient enrichment score. **P< 0.01, log-rank test with the Sidak correction (significance

indicators in legend).
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