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Abstract

Immune-cell infiltration is associated with improved survival in melanoma. Human melanoma metastases may be grouped
into immunotypes representing patterns of immune-cell infiltration: A (sparse), B (perivascular cuffing), and C (diffuse).
Immunotypes have not been defined for murine melanomas, but may provide opportunities to understand mechanism-driving
immunotype differences. We performed immunohistochemistry with immune-cell enumeration, immunotyping, and vascular
density scoring in genetically engineered (Braf/Pten and Braf/Pten/p-catenin) and transplantable (B16-F1, B16-OVA, and
B16-AAD) murine melanomas. The transplantable tumors were grown in subcutaneous (s.c.) or intraperitoneal (i.p.) loca-
tions. Braf/Pten and Braf/Pten/p-catenin tumors had low immune-cell densities, defining them as Immunotype A, as did
B16-F1 tumors. B16-OVA (s.c. and i.p.) and B16-AAD s.c. tumors were Immunotype B, while B16-AAD i.p. tumors were
primarily Immunotype C. Interestingly, the i.p. location was characterized by higher immune-cell counts in B16-OVA tumors,
with counts that trended higher for B16-F1 and B16-AAD. The i.p. location was also characterized by higher vascularity in
B16-F1 and B16-AAD tumors. These findings demonstrate that spontaneously mutated neoantigens in B16 melanomas were
insufficient to induce robust intratumoral immune-cell infiltrates, but instead were Immunotype A tumors. The addition of
model neoantigens (OVA or AAD) to B16 enhanced infiltration, but this most often resulted in Immunotype B. We find that
tumor location may be an important element in enabling Immunotype C tumors. In aggregate, these data suggest important
roles both for the antigen type and for the tumor location in defining immunotypes.

Keywords B16 melanoma - Immunotype - Vascular density - Immune-cell density

Abbreviations Introduction

AR  Antigen retrieval buffer

DAB 3,30-Diaminobenzidine Immune-cell infiltration into the tumor microenvironment is
Hpf  High-power field associated with improved survival and clinical response to
TLS  Tertiary lymphoid structure immune therapies in melanoma; thus, a goal of combination

immunotherapy is to enhance immune-cell infiltration [1-8].

We previously showed that infiltration into human melanoma
Précis High mutational load alone is insufficient to drive high P Yy i K L. K
immune-cell density and diffuse T-cell distribution in murine metastases can be categorized into three distinct immuno-

melanomas; however, strong antigen can induce a robust immune types that are associated with patient survival. Immunotype
response, which is enhanced by intraperitoneal tumor location.
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A is sparsely infiltrated with immune cells, Immunotype B
is characterized by immune-cell cuffing around intratumoral
vessels, and Immunotype C is characterized by diffuse intra-
tumoral immune-cell infiltrates [1]. Murine models facilitate
preclinical studies leading to mechanistic understanding of
factors that underlie each immunotype, yet murine models
of each immunotype have not been defined. Thus, it is useful
to identify murine models that reflect each of the immuno-
types of human melanoma and to understand how features
of those models influence the patterns and extent of immune
infiltration.

Established murine models for melanoma include both
genetically engineered and spontaneous tumors. Braf/Pten
and Braf/Pten/p-catenin (mutated Braf, Pten knockout, and
stabilization of p-catenin [9]) mice are genetically engi-
neered to enable the induction and outgrowth of melano-
mas under the influence of genetic alterations that reflect
the molecular and oncogenic signature pathways that drive
tumor formation in human melanoma [9, 10]. However, they
have a low density of immune infiltrates [11-13], thought
to reflect their low mutational burden and consequent lower
immunogenicity [14, 15]. Patterns of immune-cell distri-
bution in the Braf/Pten models have not been previously
described. We hypothesized that, despite the presence of
genetic driver mutations of melanoma in the Braf/Pten mod-
els, their low number of spontaneous mutations will result
in sparse immune-cell infiltration (Immunotype A). On the
other hand, the transplantable B16 murine melanoma cell
line has a high mutational burden comparable to that seen
in human melanomas [14-16], though the oncogenic driv-
ers underlying its formation have not been established. One
might expect that those mutations would support immune-
cell infiltrates, but the previous work from our group has
demonstrated a low density of immune infiltrates in B16-F1
melanoma [11]. Immune-cell infiltrates are enhanced when
B16-F1 cells are transfected with ovalbumin (B16-OVA)
[11]. However, the spatial distribution of immune cells in
B16-OVA tumors has not been defined. In addition, differ-
ences in homing receptor ligands in s.c. compared to i.p.
compartments directly impact immune infiltration and lead
to increased infiltration in peritoneal tumor implants [17].
However, the impact of tumor site on immune infiltration
is not well-studied. We hypothesized that B16 melanomas
transfected with xenogeneic antigens would induce immune-
cell infiltrates consistent with either Immunotypes B and C
and that the immunotypes may be impacted by the nature of
the antigen and the tissue site.

The goals of the present study were to define patterns of
immune-cell infiltrates in Braf/Pten and B16 murine models
and to determine whether these are similar to immunotypes
observed in human melanoma metastases, and also to pro-
vide mechanistic insights into factors that influence immuno-
types in these murine models. We included B16 melanomas
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transfected to express either the model antigen ovalbumin
(B16-OVA) or the chimeric class | MHC molecule AAD
(B16-AAD) to test whether addition of a strong “neoanti-
gen” enhances immune infiltration and thereby alters the
immunotype. We test whether immunotype is intrinsic to
the malignant cell type or whether it may be modulated by
the site of tumor outgrowth, as this may have implications
for intra-patient heterogeneity in humans. Since immune-
cell infiltration also depends on extravasation from tumor
vasculature [17, 18], we also assessed tumor vascularity
among different melanomas in two anatomical sites. These
studies contribute to understanding the role of antigen and
tumor site in defining immunotype and density of immune
infiltrates in murine tumors.

Materials and methods
Cell lines

B16-F1 parental cell lines were transfected with OVA [19]
and AAD [20] constructs as previously described. AAD is
a chimeric class | MHC molecule comprised of the al + a2
domains of human HLA-A*0201 and the a3 domain of
murine H-2DY [21]. Transfectants were cultured in RPMI-
1640 containing 5% FBS supplemented with SerXtend
(Irvine Scientific, Santa Ana, CA) and 300 pg/ml G418 (Life
Technologies, Grand Island, NY), and screened regularly
by flow cytometric analysis for AAD expression using the
HLA-A2-binding antibodies CR11-351 or BB7.2. To estab-
lish tumors, 4 x 10° tumor cells were injected s.c. in the nape
of the neck, or i.p., to establish solid tumors in the subcuta-
neous space or i.p. cavity, respectively. Tumors were allowed
to establish 10—14 days for i.p. and s.c. before harvest.

Animals

C57BL/6 mice (NCI-Frederick Animal Production Program)
were maintained in pathogen-free facilities at the University
of Virginia. Protocols were approved by the University of
Virginia Institutional Animal Care and Use Committee.

Braf/Pten tumors

Tumors were induced in 3-week-old Tyr-CreER/Pten'**/Bra
Y and Tyr-CreER/Pten'/Braf*/Ctnnb 1'% transgenic
mice using methods previously described [9, 10], and har-
vested when they reached 1 cm? in volume (approximately
6—8 weeks later). Formalin-fixed paraffin-embedded blocks
were prepared from these tumors.
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Human tumors

Immunohistochemistry was performed on human melano-
mas on tissue microarrays, which were prepared as previ-
ously described [1].

Immunohistochemistry and tumor cross-sectional
area measurements

Tissue sections from human and murine tumors were depar-
affinized and hydrated with xylene and graded alcohol series.
Antigen retrieval wasperformed with target retrieval solution
(Dako North America, S2367), pH 9, at 100 °C for 20 min.
Sections were stained with a triple combination of antibod-
ies specific for S100 (Human and Mouse: Cat# Z0311, Dako
North America, Carpinteria, CA), CD45 (Human: Clone #
PD7/26/16+2B11, Dako North America; Mouse: Clone #
30-F11, BD Biosciences San Jose, CA), and CD31 (Human:
Clone # JC70A, Dako North America; Mouse: Clone #
SZ31, Dianova GmbH, Hamburg, Germany). Detection was
made using ImmPRESS HRP kits Anti-rabbit Ig MP-7401,
Anti-mouse Ig MP-7402, and Anti-rat I[g MP-7044, and
ImmPACT HRP Substrates 3,30-diaminobenzidine (DAB),
SG Peroxidase (Blue/Gray), and VIP Peroxidase (Purple)
(all from Vector). Sections were cover-slipped with mount-
ing medium (Vector) after they were rinsed with water. Neg-
ative control slides were prepared by omitting the primary
antibodies. ImageJ was used to manually draw a region of
interest around each tumor, and tumor cross-sectional area
was calculated in mm? using the measure function in ImagelJ
and was converted to high-power fields (hpfs).

Quantification of TIL, immunotyping,
and vascularity scoring

Enumeration of CD45" cells was performed by a trained
pathologist (J Pinczewski) on representative sections triple
stained with S100, CD45, and CD31 in 10 independent hpfs
for each tumor. Cells within blood vessels or necrotic tumor
areas were excluded. Immunotype was assigned (J Pinczewski)
using criteria previously defined in our laboratory [1]. If there
were less than 15 CD45™ cells per hpf (~ 50 per mm?) based
on the average of 10 hpfs, the tumor was classified as Immu-
notype A, regardless of distribution. A CD45" cell density of
15 per hpf or greater was classified as Immunotype B or C,
depending on cell distribution. The entire tumor section was
evaluated for overall pattern of distribution. Immunotype B
was classified by a predominant perivascular distribution of
CD457 cells, and Immunotype C was classified by a predomi-
nant diffuse intratumoral immune infiltration irrespective of
perivascular cuffing. Vascularity scoring was performed by
a certified pathologist (J Pinczewski) who was blinded to the
origin of the samples based upon CD31" staining vessels. A

scant number of vessels were represented by a score of 1, a
moderate number of vessels by a score of 2, and a large num-
ber of vessels by a score of 3. Images were obtained using an
Olympus (Center Valley, PA) BX51 microscope coupled to
an Olympus BP70 digital camera and analyzed using Image
ProPlus 4.5 for the Windows software.

Multispectral Imaging and immune-cell subset
enumeration

4-pm-thick sections were cut from formalin-fixed paraffin-
embedded murine tumor specimens, and murine spleen
was used as a positive control. Multispectral staining was
performed according to the manufacturer’s protocol using
the OPAL Multiplex Manual IHC kit and antigen retrieval
buffer (AR) 9 (PerkinElmer, Waltham, Massachusetts,
USA). Staining sequence, antibodies, and antigen retrieval
buffers were as follows: AR9, CD4 (dilution 1:100; Abcam,
Cambridge, Massachusetts, cat#ab183685) Opal520; ARY,
CD8 (1:200, Abcam, cat#ab237723) Opal540; AR9, CD34
(1:400, Abcam, cat#81289) Opal620; AR9, CD19 (1:50;
Cell-Signaling Technology, Danvers, Massachusetts,
cat#90176S); and spectral DAPI (PerkinElmer, Waltham,
Massachusetts, USA). Slides were mounted using prolong
diamond antifade (Life Technologies, Carlsbad, California,
USA) and scanned at 10 X magnification using the Perki-
nElmer Vectra 3.0 system and Vectra software (PerkinElmer,
Waltham, Massachusetts, USA). Regions of interest were
then identified in the Phenochart software, and 20 X magni-
fication images were acquired with the Vectra 3.0 system.
These images were spectrally unmixed using single-stain
positive controls and analyzed using the InForm software
(PerkinElmer, Waltham, Massachusetts, USA). Enumeration
of immune-cell subsets was performed using an algorithm
generated with the InForm software and validated manually
(KM Leick).

Statistical analysis

Analyses were performed with the GraphPad Prism 7 soft-
ware. Student’s 7 test was used to compare two groups. One-
way ANOVA with Tukey’s post-test was used to compare
more than two groups and two-way ANOVA with Bonfer-
roni correction was used to compare data grouped by two
variables. A P value of less than 0.05 was considered to be
significant.

Results
In prior work, we assessed the localization and density of

CD45* immune cells relative to intratumoral vasculature in
human melanoma metastases to define Immunotypes using
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single-stain IHC in three consecutively cut sections. To
improve our assessments, we developed an approach to tri-
ple-stain single sections of human and murine tumors using
antibodies to CD45 (immune cells), CD31 (vasculature), and
S100 (melanoma cells). Examples of this approach applied
to human melanoma metastases are shown in Fig. 1. This
serves as a better method for immunotyping by allowing
the pathologist to more reliably distinguish cellular spatial
relationships within a single-tissue section instead of mak-
ing comparisons across several individually stained tissue
sections.

We used this approach to analyze 9—11-week-old der-
mal melanomas induced at 3 weeks of age in Braf/Pten and
Braf/Pten/p-catenin transgenic mice (n=3 each). For all six
tumors, there were only rare immune cells (< 15/hpf, Fig. 2).
Others have shown that the activation of the f-catenin path-
way is associated with immune-cell exclusion from tumors
[22]. However, there was no significant difference in immune
infiltration between Braf/Pten and Braf/Pten/p-catenin given
the number of evaluable tumors. The CD45* cell counts for
Braf/Pten tumors ranged from 0.2 to 8.9 per hpf and from 0
to 2.7 per hpf for Braf/Pten/B-catenin tumors (Fig. 2c). Thus,
we classified those tumors as Immunotype A.

On the other hand, in B16 models, we found examples of
Immunotypes A (Fig. 3a, d), B (Fig. 3b, e), and C (Fig. 3c,
f) that were strikingly similar to the immunotypes defined in
human melanoma. We then asked whether the more densely
infiltrated Immunotype C and B tumors have decreased
tumor outgrowth compared to the more sparsely infiltrated
Immunotype A tumors, similar to that shown in humans [1].
Measurement of tumor cross-sectional areas demonstrated
significantly reduced tumor burden in Immunotype B and C
tumors compared to Immunotype A tumors (Fig. 4a). This

suggests that immunotypes in murine tumors have functional
implications in tumor outgrowth that are reflected in human
melanomas.

We then assessed B16 melanoma models based on tumor
type and tissue site. Despite the expression of a large num-
ber of mutated neoantigens in parental B16-F1 melanomas
[16], 11 of 12 B16-F1 tumors were exclusively Immunotype
A, independent of tumor location (Fig. 4b). Mean CD45*
counts for B16-F1 were 0.1 +£0.1 (SD) and 7.6 + 12 cells/
hpf for s.c. and i.p tumors, respectively, without signifi-
cant differences between tumor sites (Fig. 4b). B16-OVA
tumors express one strong neoantigen for T cells, presented
by H-2 K®, and are more extensively infiltrated by T cells
compared to B16-F1 [11]. In keeping with this, and in con-
trast to B16-F1, 9/10 B16-OVA tumors were Immunotype
B, independent of tumor location (Fig. 4b). Interestingly,
however, the CD45" counts in B16-OVA tumors were signif-
icantly and dramatically higher in i.p. sites (321 £206 cells/
hpf) than in s.c. sites (27 + 15 cells/hpf, P <0.0001, Fig. 4b).
B16-AAD tumors are generated through transfection of a
gene encoding the human/murine chimeric HLA molecule
AAD, resulting in expression of a xenogeneic MHC-I mol-
ecule that can present multiple endogenous peptides [21]
and may also serve as a xenoantigen for antibody recog-
nition; however, the influence of this antigen on immune
infiltration is not known. As with B16-OVA, s.c. B16-AAD
tumors were also predominantly (4/5) Immunotype B. In
contrast, most (3/5) i.p. B16-AAD tumors were Immuno-
type C (Fig. 4b). In B16-AAD, the CD45™ counts trended
higher in i.p tumors (77 50 cells/hpf, Fig. 4b) compared
to s.c. tumors (19 + 7 cells/hpf, Fig. 4b). Thus, introduction
of either strong antigen (OVA or AAD) in B16 melanoma
results in a greater density of immune cells compared to

Fig. 1 Immunotype A, B, and C human melanoma metastases, respectively. Tissue sections were triple stained with antibodies to CD31
(vascular endothelium, purple), CD45 (immune cells, blue), and S100 (melanoma cells, brown)
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Fig.2 Immunotype and
immune-cell density of spon-
taneous murine melanomas.
Representative examples of
Braf/Pten (a) and Braf/Pten/p-
catenin (b) dermal melano-
mas were triple stained with
antibodies to CD31 (vascular
endothelium, purple), CD45
(immune cells, blue), and
S100 (melanoma cells, brown).
Quantification of CD45 counts
per 10 hpf of Braf/Pten (n=3)
and Braf/Pten/p-catenin (n=3)
murine melanoma (c¢) with
dashed line at 15 to indicate
cutoff for Immunotype A and
white arrows to indicate CD45"
immune cells

C 30-

104

CD45" Cell Counts per HPF

o ————

T
BRAF/Pten

parental B16-F1. While expression of either strong anti-
gen induced Immunotype B tumors in s.c. locations, AAD
expression was unique in inducing Immunotype C tumors
selectively in i.p. locations.

In patients with melanoma, Immunotype C tumors have
higher immune-cell density than Immunotype B [1]. There-
fore, we hypothesized that Immunotype C murine tumors
would be more robustly infiltrated than Immunotype B
tumors. The CD45* counts for Immunotype B and C tumors
were higher than for Immunotype A tumors (P =0.006
and P=0.052, respectively; Fig. 4c). Interestingly, there
was wide variation among those counts in Immunotype B
tumors. Thus, we assessed whether cell count variation could
be explained by antigen (OVA vs AAD) and/or tumor site.
Among B16-AAD tumors, CD457 cell density did not differ
between s.c. and i.p. sites. However, in B16-OVA tumors,

T
BRAF/Pten/Bcatenin

CD45% density was greater in the i.p. site, with wide vari-
ation among these counts (Fig. 4b, ¢). CD45" densities for
B16-OVA i.p. were higher than B16-AAD i.p. (P=0.009,
Fig. 4b), despite the fact that the pattern of infiltrate was
more diffuse (mostly Immunotype C) for B16-AAD i.p.
(Figure 4b). This suggests that the pattern of infiltrate is not
simply a surrogate for immune-cell density and that both
tumor location and the nature of the tumor antigens may
independently impact immune-cell density and immunotype.

To determine whether there was a predominance of a par-
ticular immune-cell subset related to immunotype, tumor
type, or location, we evaluated the B16 tumors with mul-
tiparameter immunofluorescence staining for CD8* and
CD4™ T cells, CD19" B cells, and CD34™" vasculature, with
examples of Immunotypes A (Fig. 5a), B (Fig. 5b, d, e),
and C (Fig. Se). Immunotype C and Immunotype B tumors
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Fig.3 Representative images of B16 tumors demonstrate Immu-
notypes A, B, and C. All tumors were triple stained with antibodies
to CD31, CD45, and S100. A representative image of a s.c. B16-F1
tumor classified as Immunotype A with low- (a) and high (d)-power
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Fig.4 Associations of B16 tumor cell type and tumor location
with tumor cross-sectional area, immune infiltrate, and vascular-
ity. B16-F1 melanomas, or those transfected with OVA or AAD, were
grown in s.c. or i.p. locations and evaluated for tumor cross-sectional
area in mm? using ImageJ (a) and overall CD45" cell counts with
dashed line at 15 to indicate cutoff for Immunotype A (b) and vascu-
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views. (b) Low-power and high-power (e) views of a s.c. BI6-AAD
tumor categorized as Immunotype B. (¢) A low and high (f) power
view of i.p. B16-AAD tumor of melanoma classified as Immunotype
C
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larity (d). (c) CD45" cell counts were quantified across 10 high-pow-
ered fields in Immunotype A (n=13), Immunotype B (n=17), and
Immunotype C (n=3). This included s.c. and i.p. tumors from each
B16 model. Differences were assessed by one-way ANOVA, with
significance noted by asterisks: * < 0.05, ** < 0.01, *** < 0.001,
waEE <0.0001
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were more robustly infiltrated with CD8% and CD4* T cells
than Immunotype A tumors (Fig. 5f), while there was a
trend towards higher B-cell counts in Immunotypes B and
C (P=0.1, Fig. 5f). This is consistent with higher overall
CD45* cell counts in Immunotypes B and C in these tumors
(Fig. 4c). Characterization of the immune-cell subsets based
on tumor type and location demonstrated significantly higher
density of CD8™ T cells in B16-AAD i.p. tumors than B16-
OVA and B16-F1 tumors, but not significantly higher than
B16-AAD s.c. tumors (Fig. 6a). This suggests that the AAD
antigen may induce a strong CD8" T-cell response. B16-
AAD i.p. tumors also had significantly higher densities of
CD47" T cells than all other tumors except for B16-OVA i.p
(Fig. 6b), indicating an important role for CD4™ T cells in
both B16-OVA and B16-AAD, and specifically in the i.p.
location. Interestingly, the highest B-cell densities were in
B16-OVA i.p. and B16-AAD i.p. tumors (Fig. 6¢). B16-
F1 and OVA s.c. tumors had low numbers of immune-cell

subsets overall. We also considered the lymphocyte subset
composition in terms of percentages, finding that propor-
tions of CD8™" T cells trended higher in s.c. sites, whereas B
cells trended higher in i.p. sites among all three B16 tumors
(Fig. 6d, f). CD4* T cells proportionately trended higher
in i.p. sites for B16-F1 and B16-AAD, but trended higher
in s.c. sites for B16-OVA (Fig. 6e). The low proportion of
CD4* cells among B16-OVA 1i.p. is explained by the find-
ing that B cells were most prevalent among B16-OVA i.p.
(44 +16%, Fig. 6f).

Immune infiltration has been linked to intratumoral vas-
cular abnormalities in human cancers [23]. We wished to
determine whether the distributions of immune cells in
Immunotypes B and C were related to differences in vascu-
lar density. One hypothesis is that the more diffuse pattern
of infiltrates seen related to Immunotype C in B16-AAD
i.p. tumors compared to their s.c. counterparts is related
to greater vascular density, which allows immune cells to
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Fig. 5 Immune-cell subset characterization based on immunotype
and vascularity in B16 melanomas. All tumors were stained with
antibodies to CD34 (orange), CD8 (green), CD4 (magenta), CD19
(yellow), and DAPI (blue) and immune-cell subsets were enumerated.
(a) A representative image of a s.c. B16-F1 tumor classified as Immu-
notype A. (b) An i.p. B16-OVA tumor categorized as Immunotype
B with a tertiary lymphoid structure (TLS). (¢) An i.p. B16-AAD
tumor of melanoma classified as Immunotype C. (d) A B16-OVA
s.c. tumor classified as Immunotype B with perivascular cuffing and
without TLS. (e) A B16-AAD i.p. tumor classified as Immunotype B

Vascularity Score

Vasc. Score1 Vasc. Score2 Vasc. Score 3

with perivascular cuffing independent of a TLS on high-power view,
as well as a TLS in the inset. A low-power inset is provided in the
right upper corner of each image. CD8* T cells, CD4™ T cells, and
CD19" B cells were quantified for Immunotype A, Immunotype B,
and Immunotype C tumors (f). B16 melanomas were evaluated for
associations of vascularity with CD45* cell counts (g), and CD8" and
CD4" T-cell counts, and CD19" B-cell counts (h). Differences were
assessed by one-way ANOVA, with significance noted by asterisks:
* < 0.05, ¥* < 0.01, ¥** < 0.001, **** < 0.0001. vasc vascularity
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Flg. 6 Characterization of CD8 +, CD4+, and CD19+ immune-cell subsets in B16
melanomas. B16_F{ melanomas, or those transfected with OVA or AAD,
in s.c. or i.p. locations were evaluated for CD8" T-cell counts (a),
CD4" T-cell counts (b), and CD19* B-cell counts (¢). The percent-
age of CD8" T cells comprising the sum of CD8, CD4, and CD19

infiltrate at more distributed points within the tumor mass
and results in a diffuse distribution within the tumor. An
alternative hypothesis is that increased vascular density
provides greater opportunities for perivascular immune-cell
clustering, thus leading to Immunotype B. Vascular density
was significantly greater in B16-AAD i.p. tumors compared
to their B16-AAD s.c. tumors, consistent with an associa-
tion between increased density and Immunotype C (Fig. 4d).
However, vascular density was also significantly higher in
B16-F1 i.p. tumors compared to B16-F1 s.c., and trended
higher for B16-OVA 1i.p. compared to B16-OVA s.c. tumors
(Fig. 4d). Thus, differences in vascularity are inherent within
s.c. versus i.p. compartments of all B16 tumor models. In
addition, there were trends towards higher vascularity in
association with higher CD45%, CD8*, CD4%, and CD19*
immune-cell density; however, this was only significant for
CD4* T-cell infiltration (Fig. 5g, h). While the results do
not rule out a possible role for increased vascular density
in supporting the development of Immunotype C, any such
role appears to be subservient to factors such as the overall
strength of the immune response.

We also have considered whether variations in immune-
cell subsets related to immunotype could be explained by the
formation of tertiary lymphoid structures (TLS) in selected
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Tumor - Site

Tumor - Site

cell counts in each tumor type at both s.c. and i.p. locations (d), and
the percentage of CD4* T cells (e) and CD19* B cells (f) of the total
cell counts. Differences were assessed by one-way ANOVA, with
significance noted by asterisks: * < 0.05, ** < 0.01, *** < 0.001,
*EEE < 0.0001

immunotypes. TLS contain high endothelial venule-like
vasculature, which can enable naive T cells to enter tumor
tissue [24], and TLS have been associated in some studies
with CD8" T-cell infiltrates [24, 25]; however, direct asso-
ciations with immunotype remain to be explored. Thus, it
is tempting to imagine that formation of tertiary lymphoid
structures could be contributory to immunotypes. However,
B-cell clusters are a key component of TLS, but B-cell
densities are highest for B16-OVA i.p. Prominent B/T-cell
clusters were observed in all B16-OVA i.p. tumors, exam-
ples of which are shown in Fig. 5b, e (inset). TLS were
also observed in some B16-AAD i.p. tumors, but were less
prominent (data not shown). This finding of TLS and B-cell
dominance in B16-OVA 1i.p., all of which are Immunotype
B, could suggest that the perivascular immune-cell-cuffing
characteristic of Immunotype B can be explained simply by
high prevalence of TLS in those tumors. However, a large
proportion of the perivascular infiltrates in Immunotype B
tumors consist mostly of CD4* and CD8" T cells, without
any B-cell clusters [Fig. 5d, e (high-power image)]. In addi-
tion, as previously reported [24], TLS are not seen in s.c.
sites (Fig. 5d), but only in i.p. (Fig. 5b, e). Nonetheless,
Immunotype B tumors are found in both locations. Thus,
these findings suggest that TLS alone do not determine
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immunotype. Immunotype B histology reflects infiltrates
of T cells primarily limited to perivascular locations, plus
some TLS in those locations. On the other hand, among
Immunotype C tumors, we found that the immune-cell com-
position among tumor cells (distant from vasculature) was
almost completely comprised of T cells (CD4* and CD8%)
(Fig. 5¢c, and data not shown), suggesting that Immunotype
C histology in B16-AAD i.p. tumors is primarily a T-cell
phenomenon.

Discussion

In the present study, we identified characteristic immu-
notypes in murine B16 and Braf/Pten models that match
immunotypes observed in human melanoma metastases
[1]. In particular, we found that Immunotype A (a “cold” or
non-inflamed tumor) can be modeled by B16-F1 implantable
tumors or the spontaneous Braf/Pten or Braf/Pten/p-catenin
tumors. On the other hand, Immunotype B (inflamed but
with immune cells only cuffing intratumoral vasculature)
can be modeled by B16-OVA tumors (i.p. or s.c.) or by B16-
AAD tumors (s.c. only). Diffuse infiltrates (Immunotype C)
were identified only in B16-AAD melanomas growing intra-
peritoneally. Our work identifies both antigen expression and
tumor location as critical determinants of immunotype in
murine models.

Findings from this study demonstrate the central role that
immune responses to strong antigens play in distinguish-
ing Immunotypes B and C from Immunotype A. Thus, we
have established that Braf/Pten tumors, which are rapidly
induced by activation of oncogenic driver genes with little
time for accumulation of genomic mutations, are Immuno-
type A, while B16 tumors expressing either OVA or AAD
are Immunotype B or C. Strong immunodominant peptides
are generated from the OVA protein, and presented either by
MHC-I or MHC-II molecules [26, 27] to CD8" and CD4" T
cells, respectively. AAD is a xenogeneic cell-surface MHC
molecule and thus may be recognized by the TCR as for-
eign MHC. One can expect that it will present thousands of
peptide antigens derived from the B16 proteins, all of which
could be considered neoantigens since the host is otherwise
naive to AAD-presented peptides. In addition, AAD may
itself be processed intracellularly and presented to T cells,
and because it is a surface protein, it may be recognized
by murine B cells and antibodies. Thus, AAD may be par-
ticularly effective at inducing diffuse infiltrates related to its
broad antigenicity.

On the other hand, it is surprising that B16-F1 tumors
are Immunotype A: over five hundred somatic mutations
have been identified in B16 melanomas, 76% of which have
been predicted to be presented by murine MHC molecules
[16]. In murine models using a series of melanoma cell lines

with defined genetic driver mutations and a low number of
somatic mutations (YUMM), immune infiltration is low
[28]; however, increasing the number of somatic mutations
in the YUMM tumors (YUMMER) leads to more robust
immune infiltrates [29]. In addition, increased mutational
load has been reported to lead to more inflamed tumors in
humans [30, 31]. However, it is notable that several studies
suggest that the vast majority of neoantigens are immuno-
logically silent [32, 33], or induce responses that cross-react
with normal host proteins, and thus may be subject to self-
tolerance [16]. Our results suggest that a high mutational
load does not necessarily translate to strong neoantigens that
are sufficient to induce an inflamed tumor microenviron-
ment, a finding that is consistent with human data from The
Cancer Genome Atlas [34, 35].

The fact that high neoantigen load in B16-F1 is insuf-
ficient to induce meaningful inflammation also raises the
possibility that B16-F1 tumors may have intrinsic features
that limit T-cell infiltration. On one hand, low-level expres-
sion of critical homing receptor ligands on the endothelium
may fail to recruit immune cells from circulation. Interest-
ingly, expression of homing receptor ligands by intratumoral
endothelium [17, 18], and of critical chemokines such as
CXCL10, is enhanced by IFNy or other cytokines [17,
36-38], suggesting a feedback loop that enhances immune
infiltration and immune signatures once a certain threshold
of activation occurs. This could explain why the dramatic
change in antigenicity of B16-AAD can lead to Immunotype
C tumors. On the other hand, different subsets of human
melanomas are characterized by one or more of the fol-
lowing possible mechanisms of T-cell exclusion: enhanced
WNT/B-catenin signaling, expression of endothelin recep-
tor B, or overexpression of mechanical barrier molecules
[39-41], which may be impenetrable by immune cells
or require a specific threshold of antigen activation to be
breached.

There is notable enhancement in immune-cell infiltration
and/or immunotype for i.p. tumors compared to s.c. tumors
generally (Fig. 4b). The fact that Immunotype C is common
only in i.p, but not in s.c. sites for B16-AAD tumors sug-
gests that some aspect of i.p. locationdrives formation of
Immunotype C. Interestingly, there were substantial differ-
ences in the dominant immune-cell types in immune infil-
trates as a function of tumor antigen as well as tissue site
(Fig. 6). The impact of tissue site on immune infiltration
and immunotype has not been well-explored and may be
crucial to addressing the heterogeneity of immune response
efficacy to different tumors in the same patient. Prior work
has shown that the homing receptor ligands required for
T-cell infiltration differ for metastases in different sites [17,
18] and that vaccines administered in different sites (s.c. vs
i.v.) mediate T-cell accumulation in different visceral or soft
tissues [42]. The proximity of i.p. tumors to the gut raises
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interesting questions of whether the gut microbiome may
contribute to the observed findings, and this deserves further
investigation. Regardless, the findings of the present work
further highlight the critical influence of tumor location on
immune-cell infiltration and immunotype, which may have
greater implications for enhancing immune therapy than has
previously been appreciated. Overall, our data highlight the
role of antigen in immune-cell infiltration and immunotype
but point out a previously unrecognized role for tissue site
that is independent of the tumor antigenicity.

The route by which immune cells infiltrate peripheral
tissues involves the intratumoral vasculature, and a com-
ponent of the definition of Immunotype B tumors is that
the infiltrates are limited to perivascular sites. Thus, one
may hypothesize that vascular density or other measures
may have an impact on immunotype. Intratumoral vascular
density has also been identified as a positive prognostic indi-
cator in melanoma [43, 44]. We found higher intratumoral
vascular density in i.p. tumors vs. s.c. tumors, which is worth
further study to understand how vascular density may be
site-dependent and how that may contribute to increased
immune infiltrates in i.p. tumors, and also to study the
association of CD4" T cells with increased vascular den-
sity. However, the vascularity scores were very compara-
ble for B16-F1, B16-OVA, and B16-AAD. The association
of vascular density with tumor site is strikingly consistent
across the different tumor types, but does not explain overall
changes in immune infiltrates or immunotypes, suggesting
that functional changes in the vasculature may be more cru-
cial than the vessel density itself, and that Immunotype C
may be more dependent on these functional changes as the
driving force compared to Immunotypes A or B.

In summary, the present work provides documentation
of features of immune-cell infiltration into commonly used
murine models, along with definition of their immuno-
types. This information provides a basis for employing
these models for preclinical studies of combination immu-
notherapies to understand how they may enhance infil-
tration or tumor control. Our data also highlight the fact
that a large number of spontaneous neoantigens may be
insufficient to drive high immune infiltrates and inflamed
tumors, but that even a single strong antigen may be suf-
ficient, and that the impact may be strongly influenced by
tumor location. We find it very provocative that B-cell
density and TLS formation are both identified in the B16-
OVA i.p. tumors, which are all Immunotype B, rather than
in B16-AAD i.p. tumors, which are mostly Immunotype C.
Considering that the AAD molecule (not OVA) is a cell-
surface protein, we would expect a strong antibody/B-cell
response to AAD. Thus, the higher prevalence of B cells in
OVA tumors than in AAD tumors is a surprising finding,
and will prompt future studies on the nature of immune
infiltrate as a function of antigen. As we have previously
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reported [24], we have found that TLS are present only
in i.p. tumors, but not in s.c. tumors; thus, the impact of
antigen on B-cell accumulation and TLS formation can-
not be considered independent of tumor site. The find-
ings of this work also reveal that immunotype patterns
do not simply reflect TLS formation, but are likely driven
by multiple factors. Many questions remain, including the
impact of antigenicity and location on the type and func-
tion of infiltrating immune cells, and what mechanisms
are at play in B16 melanoma and in the spontaneous Braf/
Pten tumors that may actively exclude immune-cell infil-
tration. Furthermore, the findings raise provocative and
critical questions about the roles of antigen type, breadth
of immune response, tumor location, and vascularity in
immune-cell infiltration patterns (immunotype) and den-
sity. We hope that these findings will lead to new work
to define mechanisms explaining these findings, and to
define which human tumors can be rendered responsive to
immunotherapy by modulation of the same processes that
have impact in these murine models.
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