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paclitaxel efficacy by reprogramming
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T cells.
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SUMMARY

Complement is a critical component of humoral immunity implicated in cancer development; however, its
biological contributions to tumorigenesis remain poorly understood. Using the K14-HPV16 transgenic mouse
model of squamous carcinogenesis, we report that urokinase (UPA)* macrophages regulate C3-independent
release of C5a during premalignant progression, which in turn regulates protumorigenic properties of C5aR1*
mast cells and macrophages, including suppression of CD8* T cell cytotoxicity. Therapeutic inhibition of
C5aR1 via the peptide antagonist PMX-53 improved efficacy of paclitaxel chemotherapy associated
with increased presence and cytotoxic properties of CXCR3* effector memory CD8" T cells in carcinomas,
dependent on both macrophage transcriptional programming and IFNy. Together, these data identify
C5aR1-dependent signaling as an important immunomodulatory program in neoplastic tissue tractable for

combinatorial cancer immunotherapy.

INTRODUCTION

As the co-dominant central mediator of humoral immunity, com-
plement cascades are critical for recognition and elimination of
pathogens and damaged cells, opsonization of pathogenic sub-
stances, and induction of anaphylactoid reactions (Schmidt
et al., 2016). Acute generation of anaphylatoxins C3a, C4a,
and Cba induces migration of phagocytes, degranulation of
mast cells and granulocytes, and relaxation of smooth muscle
cells in damaged tissues, whereas sustained complement acti-

vation instead fosters exacerbation of inflammatory pathologies
(Ricklin et al., 2016). Because many of these characteristic fea-
tures of tissue “damage” are also associated with chronic
inflammation accompanying solid tumor development (Hanahan
and Coussens, 2012; Hanahan and Weinberg, 2011; Mantovani
et al., 2008), we hypothesized that complement components
also functionally regulate aspects of de novo neoplastic
progression.

The classical, lectin, and alternative pathways of com-
plement activation represent primary mechanisms by which

Significance

dependent antitumor immune responses.

Anaphylatoxins and the downstream pathways they regulate are emerging tractable targets for anticancer immunotherapy.
Results presented herein identify uPA-expressing macrophages as critical regulators of C3-independent C5a generation in
squamous cell carcinomas (SCCs) that sustain immunosuppressive tumor immune microenvironments (TiMEs). Therapeu-
tic inhibition of C5aR1 in combination with chemotherapy fostered TiME reprogramming, resulting in CD8* T cell-dependent
antitumor immune responses correlating with decreased local and peripheral T cell receptor (TCR)B diversity. Intratumoral
TCRB clonotypes were hyperexpanded and increasingly detected in matched peripherally expanded T cell populations,
thereby implicating antigen-dependent peripheral priming in response to C5aR1 inhibition. These results reveal C5aR1-
dependent signaling as a critical regulator of immunosuppressive TiMEs in SCCs that can be leveraged for CD8" T cell-

Cancer Cell 34, 561-578, October 8, 2018 © 2018 Elsevier Inc. 561


mailto:coussenl@ohsu.edu
https://doi.org/10.1016/j.ccell.2018.09.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccell.2018.09.003&domain=pdf

Cell’ress

A
®
Xo]
O
x
© T vy, 7 “
L 5 5
O 3 o ;
100 um 100 um - 100 um
NT C3** C3”"
HPV16 (4 months)
*%
. 2500 L
IS
£ 2000 ° -
@ 1500
= O
+ 1000
e
© 500 ° o
8 7 antee
O T T T
NT C3"  C37"
HPV16 (4 months)
c CD45 CD117 F4/80

10 gm

MastCeIIs

Leukocytes Macrophages
D E
& 7009 = C5aR1*
£ 600{ = C5aR1* —~
= -
g 500 %
= 400 Fkkk \%
S 300 L
O]
5 200 i
£ 100 >
5
= 0 T T T T 1
30 40 50 60 70
Days post-injection
G

&>700q -e- C5aR1*-
£ 6004 * C5aR1”
5500 - rC5aR1+;dC5aR1*
[} rC5aR1";dC5aR1"
£ 400 ok [
)
© 300 Ins
— 200
£ 100
=}
= o

T T T 1
40 50 60 70

Days post-injection

30

B
©
0
(&}
x
(]
Yo
o ‘ ey 2 o 2l
100 um 100 im T Tee . oy 100
NT 1 month 4 months 6 months
HPV16
*kk
K%k
9000 *kk
E 7500 =
E 6000 = ¢
[}
24500 = °
& 3000 J.ﬁ
© ° vy vl
CRSIE X T
NT 1 4 6 SCC
HPV16 (months)
CD11c

C5aR1* C5aR1*

s~700
€ 600
< 500
£ 400
=)

3 300
< 200
£ 100
=

F o

10 um
Vasculature

10 um

T cells Fibroblasts

F

CD31* vessels/FOV

0
C5aR1* CbaR1*

-e- C5aR1*
-= C5aR1™*
- rC5aR1*;,dC5aR1*-

rC5aR1*;dC5aR 1"

*%

*% |an
*
ns

(e —

4 50 60
Days post-injection

il
30

Figure 1. C5aR1* Leukocytes Infiltrate Neoplastic Skin in HPV16 Mice
(A) Immunofluorescence (IF) detection of C5a (green, DAPI [blue]; top row), immunohistochemistry (IHC) of C5aR1 (brown; middle row), and quantification
(bottom) of ear skin from nontransgenic (NT), and 4-month-old C3*/* versus C3~/~ HPV16 mice. Representative images are shown.
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complement-induced inflammation is initiated, although
extrinsic proteases associated with coagulation and fibrinolytic
pathways also directly activate anaphylatoxins irrespective of
their individual convertases (Amara et al., 2008; Huber-Lang
et al., 2006). The classical pathway involves complement pro-
teins complexed with immunoglobulin (Ig)G or IgM antibodies
that bind antigens, typically on microbial surfaces in the context
of infection, where a proteolytic cascade promotes generation of
anaphylatoxins C3a, and ultimately the terminal complement
mediator C5a. The alternative pathway instead involves sponta-
neous hydrolysis of C3, also typically on microbial surfaces,
which initiates alternative proteolytic cascades resulting in
production of the C3 convertase C3bBb. While each of these
pathways involves unique modes of initiation, they funnel to
complement component C3 and generate similar effector mole-
cules that initiate potent inflammatory responses in tissues.

We previously reported that B cells, humoral immunity, and
immune complexes (ICs) containing complement components
activate 1gG receptor (FcyR) signaling pathways in infiltrating
myeloid cells that foster neoplastic progression of squamous
cell carcinomas (SCCs) and pancreatic adenocarcinomas
(PDAs) (Affara et al., 2014; Andreu et al., 2010; de Visser et al.,
2005; Gunderson et al., 2016; Schioppa et al., 2011). Since
chronic activation of inflammatory pathways drives neoplastic
progression of SCCs and PDAs, we hypothesized that generation
of complement might also exert tumor-regulatory roles. While we
previously reported that squamous carcinogenesis was indepen-
dent of complement C3 (de Visser et al., 2004), herein we queried
whether complement components downstream of C3 exerted
tumor-regulatory roles and identified C5a and its receptor as
functionally significant mediators of SCC progression.

RESULTS

Infiltration of C5aR1* Leukocytes during Neoplastic

Progression in Human Papilloma Virus Type 16 Mice

The K14-HPV16 (human papilloma virus type 16 [HPV16))
transgenic mouse model of squamous carcinogenesis is a
well-characterized model of multi-stage epithelial carcinogen-
esis where mice express the HPV16 early region genes,
expressed under control of a keratin 14 (K14) promoter/enhancer
(Arbeit et al., 1994). Transgenic mice are born phenotypically
normal; on the FVB/n background, by 1 month of age, 100% of
mice develop cutaneous epidermal hyperplasia and progress
to mild dysplasia by 4 months of age. By 6 months of age,
mice develop high-grade dysplasias that can undergo malignant

conversion to invasive SCCs in ~50% of transgenic mice and
metastasize to regional lymph nodes in ~30% of tumor-bearing
animals (Coussens et al., 1996). Subjacent to benign hyperpla-
sias of HPV16 mice, deposition of immunoglobulin G (IgG),
C1q, and C3-containing ICs is observed that subsequently
induces local recruitment of FcyR* leukocytes that foster
ongoing multi-stage carcinogenesis (Andreu et al., 2010; de
Visser et al., 2005). Despite accumulation of ICs in premalignant
dermal stroma, neoplastic progression is independent of C3 and
the classical and alternative complement pathways (de Visser
et al., 2004). Because fibrinolytic and coagulation cascade pro-
teases can also generate C5a by C5 convertase-independent
mechanisms (Amara et al., 2008; Huber-Lang et al., 2006), we
reasoned that neoplastic tissues from both C3-proficient and
C3-deficient HPV16 mice would be characterized by Cb5a
accumulation. Indeed, HPV16/C3™™1CTmICT (Hp\y16/C3~/7)
mice exhibited abundant deposition of C5a, associated with
increased presence of high-affinity C5a receptor (C5aR1)" cells
in stromal regions adjacent to premalignant dysplasias, similar
to their C3-proficient littermates (Figure 1A). Deposition of C5a
was a prominent feature of benign hyperplasias, as well as early
and late dysplasias in HPV16 mice (1-, 4-, and 6-month-old mice,
respectively), indicating C5a deposition is an early feature of
squamous carcinogenesis (Figures 1B and S1A).

To exert biological functionality, C5a binds and activates
C5aR1 or its alternative receptor C5L2. Immunostaining for
C5aR1 revealed increased presence of C5aR1* cells in dermal
regions of neoplastic skin with highest concordance to C5a
deposition in focal regions of high-grade dysplasia and main-
tained in well-differentiated SCCs (WDSCs) and poorly differen-
tiated SCCs (PDSCs), respectively; (Figure 1B), while presence
of C5L2* cells was only modestly increased in a subset of
high-grade dysplasias (Figure S1B). Co-immunofluorescent
staining identified C5aR1* cells as CD45" leukocytes, including
CD117* mast cells, F4/80" macrophages, CD11c¢"* dendritic cells
(DCs), and Gr1* granulocytes (Figure 1C). C5aR1 was not
detected on CD31* vasculature, platelet-derived growth factor
receptor (PDGFR)a." cells (presumably dermal fibroblasts), or
on CD3* T cells (Figure 1C), consistent with results from flow cy-
tometry (Figures S1C and S1D), which also identified C5aR1*-yd
T cells and natural killer cells (Figure S1E).

C5aR1* Leukocytes Mediate Squamous Cell
Carcinogenesis

Because C5aR1* leukocytes infiltrate premalignant skin of
HPV16 mice, we evaluated whether its expression was

(B) IF detection of C5a (green, DAPI [blue]; top row), IHC of C5aR1 (brown middle row and side), and quantitation (bottom) from NT mice and canonical time points

from HPV16 mice. Representative images are shown.

(C) Co-IF of C5aR1 (green) with indicated lineage markers in dysplastic ear skin from HPV16 mice. Representative images for each cell type are shown. Boxed

areas on top are shown at higher magnification on bottom.

D) PDSC5 tumor growth kinetics in C5aR1*/~ and C5aR1~/~ mice (n > 8 mice/group).

E) Quantitation of VEGF protein in lysates by ELISA from SCCs in (D).

G and H) Growth kinetics of PDSC5 cells admixed with C5aR1*'~ or C5aR1~/~ BMMCs (G) or BMMd®s (H) from donor (d) mice, implanted into syngeneic recipient
r) mice of indicated genotypes. Mice from two independent experiments depicted (BMMCs, n = 9-16; BMM®s n = 11-15 mice/group).

Data are represented as mean + SEM. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001. Significance determined by one-way (A and B) or two-way (D, G, and H)
ANOVA with Bonferroni post test for multiple comparisons or by unpaired Student’s t test with Welch’s correction (E and F); ns = not significant. Each data point
reflects an individual mouse. In (A)—(C), epidermal (e) and dermal (d) regions are indicated, with dotted lines reflecting epidermal-dermal interface. In (F), FOV =
field of view. See also Figures S1 and S2.
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(F) Manual IHC analysis of CD31* vessels from SCCs in (D).
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Figure 2. C5aR1 Expression Regulates Squamous Carcinogenesis in HPV16 Mice

(A-F) Automated (A) or manual (B-F) quantification of CD45* cells (A), toluidine blue-stained mast cells (B), Ly6G* granulocytes (C), F4/80" macrophages (D),
CD31* vessels (E), and percentage of BrdU™* keratinocytes (F) in ear skin from HPV16/C5aR1*/~ and HPV16/C5aR1~/~ mice at 1, 4, and 6 months of age. Data
points in graphs reflect independent mice, and micrographs on right are representative images from 6-month-old mice showing epidermal (e) and dermal (d)
regions, and interface (dotted line).

(G) Percentage of ear skin area from indicated genotypes of HPV16 mice exhibiting hyperplasia (hyp; n = 8-11), dysplasia (dys; n = 8-9), and lifetime whole-body
SCC incidence (HPV16/C5aR1*'~ n =39 and HPV16/C5aR1~/~ n = 48), with significance determined by Chi-squared test, and hazard ratio determined by Kaplan-
Meyer analysis.

Significance determined by two-way ANOVA with Bonferroni post test for multiple comparisons unless otherwise indicated. Data represented as means + SEM.
*p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001. See also Figure S2.
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functionally significant with regards to orthotopic SCC growth.
We assessed growth of two HPV16 SCC-derived cell lines,
PDSC5 and WDSC1, derived from PDSCs and WDSCCs,
respectively (Affara et al., 2014) following intradermal transplan-
tation into C5ar1™™¢9¢/* (C5aR1*/~) versus C5aR1~’~ syngeneic
hosts. Growth of both PDSC5 and WDSC1 tumors was signifi-
cantly growth restricted in C5aR1-deficient recipients (Figures
1D and S2A). End-stage SCCs in C5aR1~/~ mice exhibited
significantly reduced levels of vascular endothelial growth factor
(VEGF) (Figure 1E) and diminished density of CD31* vasculature
(Figure 1F).

Given that mast cells, macrophages, and granulocytes ex-
pressed the highest levels of C5aR1 (Figures 1C and S1C) and
our previous findings that cKIT* mast cells and macrophages,
but not granulocytes, regulate inflammation and angiogenesis
in neoplastic tissue of HPV16 mice (Affara et al., 2014; Andreu
et al.,, 2010; Coussens et al., 1999, 2000; de Visser et al,,
2005), we asked whether these cell types were responsible for
restricted tumor growth in C5aR1~/~ mice. We co-injected
C5aR1*/~ versus C5aR1~'~ bone marrow-derived mast cells
(BMMCs) or marrow-derived macrophages (BMM®s) 1:1 with
PDSC5 cells into syngeneic recipient C5aR1~’~ versus
C5aR1*'~ mice to assess C5aR1-dependent regulation. Implan-
tation of either C5aR1*'~ BMMCs or BMM@®s into C5aR1~/~ re-
cipients restored tumor growth kinetics (Figures 1G and 1H) and
characteristic CD31* vascular density similar to C5aR1*'~ recip-
ients (Figures S2B and S2C), whereas neither C5aR1~~ BMMCs
nor BMM®s reinstated these characteristics. Admixed tumors
grown in C5aR1*/~ recipients exhibited characteristic growth ki-
netics and vascular density (Figures S2D-S2G). Together, these
data indicate that C5aR1-mediated effector programs in mast
cells and macrophages are critical protumoral regulators of
squamous carcinogenesis.

We next evaluated characteristic features of de novo premalig-
nant and malignant progression to determine if C5aR1-
dependent programs were similarly critical. We generated
transgenic HPV16/C5aR1~'~ mice and quantitatively evaluated
presence of CD45" cells at canonical stages of neoplastic pro-
gression. This analysis revealed reduced leukocyte infiltration,
including mast cells, Ly6G™ granulocytes, and F4/80" macro-
phages, in premalignant skin of HPV16/C5aR1~~ versus age-
matched HPV16/C5aR1*/~ controls (Figures 2A-2D). Despite
reduced presence of these cell types, overall leukocyte
complexity remained unchanged (Figure S2H). Correlating with
reduced leukocyte infiltration, density of CD31* vasculature (Fig-

ure 2E), keratinocyte proliferation (Figure 2F), and development of
focal dysplasia and SCC incidence (Figure 2G) were significantly
reduced in HPV16/C5aR1~/~ mice compared with age-matched
littermate controls. Together, these data indicate that C5a activa-
tion of C5aR1-expressing leukocytes is a co-dominant protu-
morigenic regulator of de novo squamous carcinogenesis.

C5a Generation in Neoplastic Tissue

Several members of the coagulation and fibrinolytic cascade
generate Cba directly in vitro, including thrombin, plasmin, and
factors IXa, Xa, and Xla (Amara et al., 2008; Huber-Lang et al.,
2006), and since generation of C5a during squamous carcino-
genesis was independent of C3 in HPV16 mice (de Visser
et al., 2004), we hypothesized C5a regulation via one or another
of these proteases. Of these, we identified plasmin as a likely
candidate based on its activation by urokinase plasminogen
activator (UPA), a serine protease highly expressed in numerous
human solid tumors (Mekkawy et al., 2014) and in HPV16 mice as
revealed by casein-plasminogen zymography of skin lysates,
where both high- and low-molecular-weight uPA increase
concordantly with neoplastic progression (Figure 3A). Thus, we
hypothesized that, if plasmin was a significant regulator of C5a
release, then uPA-deficient mice would phenocopy C5aR1 defi-
ciency with regards to slowed tumor growth. To evaluate this, we
orthotopically implanted PDSC5 cells into syngeneic uPA-profi-
cient (Plau'™"™9/+ [UPA*~]) and uPA~'~ mice and observed
slowed orthotopic tumor growth in uPA-deficient hosts (Fig-
ure 3B). Because the implanted PDSC5 cells were uPA proficient
(data not shown), this indicated that the relevant source of uPA
was stromal. Using co-immunofluorescence, we found that
macrophages represented a significant source of uPA in
HPV16 dysplastic skin, whereas other stromal cell types yielded
negligible uPA immunoreactivity (Figure 3C).

Since macrophages in neoplasms reflect a continuum of phe-
notypes regulated in part by their cytokine/chemokine milieu
(Ruffell and Coussens, 2015), we asked whether plasminogen
processing was a general property of macrophages, or, instead,
a property unique to the continuum of M1-type or M2-type states
(reviewed in Ruffell and Coussens, 2015). To assess this, we
generated BMM®s and subjected them to polarizing growth
conditions using colony-stimulating factor (CSF)-1 plus
interleukin (IL)-4 (M2/M(IL-4)-polarized), versus CSF1 plus lipo-
polysaccharide (LPS) (M1/M(LPS)-polarized), and subsequently
examined their proteomes via liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS), compared with control

(B) SCC growth kinetics from PDSCS5 cells, implanted in uPA*/~ versus uPA~'~ mice from two independent experiments (n > 17 mice/group). Significance
determined by two-way ANOVA with Bonferroni post test for multiple comparisons.
(C) Co-IF analysis of uPA (green) with indicated lineage markers in dysplastic ear skin from HPV16 mice. Representative images shown. Boxed areas on top are

shown at higher magnification on right.
(D) Schematic of sample preparation for LC-MS/MS analysis.

(E) Quantitation of fold change in protein levels of factors associated with plasminogen processing in M2/M(IL-4) and M1/M(LPS), compared with MO/M(CSF-1)

macrophages.

(F) In vitro complement deposition assay of BMM®s from uPA*/~ or uPA~'~ mice co-cultured with PDSCS5 cells, IF stained for C5a (red) and F4/80 (green) (top),
and quantified (bottom). Data points shown reflect two regions of interest per well with each experimental condition replicated in three to four wells, and the

experiment repeated twice.

(G) IF staining of C5a (green) in tissue sections reflecting high-grade dysplasia from HPV1 6/uPA*~ and HPV16/uPA™"~ mice. Representative images are shown.
(H) Model of complement activation. M2-type macrophages upregulate plasminogen processing to generate C5a, while M1-type macrophages produce negative

regulators of plasminogen processing.

Data are represented as means + SEM. *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001. See also Figure S3.
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CSF-1-stimulated BMM®s (Figure 3D). LC-MS/MS revealed a
modest increase in uPA (1.4-fold) with decreased expression
of plasminogen activator inhibitor (PAI)-1 and -2 (2.43-fold and
4.98-fold, respectively) in M2/M(IL-4)-BMM®s compared with
CSF-1-stimulated controls (Figure 3E). In contrast, M1/M(LPS)-
polarized macrophages exhibited a 5.3-fold decrease in uPA
expression, in concert with 50.9- and 36.2-fold increased
expression of PAI-1 and -2, respectively (Figure 3E), indicating
that neoplasia-associated macrophages (M2-type) may facilitate
plasminogen processing and C5a generation, in agreement with
reports revealing macrophage-dependent generation of C5a by
serine protease-dependent mechanisms (Huber-Lang et al.,
2002). To examine this further, we exploited an in vitro comple-
ment activation assay by co-culturing BMM®s from uPA*/~
versus UPA™~ mice with PDSCS5 cells and serum isolated from
HPV16 mice, followed by Cba and F4/80 immunofluorescent
staining and quantification. Although M(IL-4) uPA*~ macro-
phages mediated robust C5a generation in a serine protease-
dependent manner, M(IL-4) uPA~'~ macrophages exhibited
significantly reduced C5a generation, comparable with aprotinin
(a competitive serine protease inhibitor)-treated M(IL-4) uPA*~
macrophages (Figure 3F). Using this same assay, we asked
the degree to which C5a could be generated in serum depleted
of either C3 or plasminogen and revealed C3-dependent aproti-
nin-sensitive and plasminogen-dependent aprotinin-insensitive
Cba generation (Figure S3A), implicating both C3 and plasmin
as regulators of C5a generation in vitro.

Since hallmark characteristics of neoplastic progression in
HPV16 mice are C3 independent (de Visser et al., 2004), we
next asked if downstream regulation of uPA represented a
dominant mode of C5a generation in vivo and thus generated
HPV16/Plau'™"™'9/tm™M9 (HPV16/uPA~'") mice. We observed
decreased Cbha deposition in dermal stroma (Figure 3G) and
skin lysates (Figure S3B) of HPV16/uPA™~ mice, thus support-
ing a significant uPA-dependent mechanism for C5a generation
in vivo (Figure 3H). Moreover, HPV16/uPA™~ mice exhibited
diminished recruitment of C5aR1™" cells (Figure 4A), and other-
wise phenocopied HPV16/C5aR1~~ mice with regards to ca-
nonical parameters of neoplastic progression, including
reduced infiltration of CD45* leukocytes, mast cells, Ly6G*
granulocytes, and F4/80* macrophages (Figures 4B-4E);
decreased BrdU* keratinocyte proliferation (Figure 4F); reduced
vascular density (Figure 4G); reduced levels of VEGF and matrix
metalloproteinase (MMP)9 (Figure 4H); and reduced frequency
of focal dysplasias and SCC incidence, with benign hyperpla-
sias representing the most frequent terminal neoplastic pheno-
type (Figure 4l).

C5aR1" Cells in Human SCCs

Since protumoral pathways downstream of C5aR1 signaling
regulate squamous carcinogenesis in HPV16 mice, we asked if
increased presence of C5aR1" cells characterized human
SCCs. We obtained human cutaneous SCCs (cSCC), vulvar
SCCs, and head and neck SCCs (HNSCCs) and assessed pres-
ence of C5aR1" cells compared with CD45" cells. C5aR1* cells
were prominent features of each malignancy and were signifi-
cantly increased compared with non-malignant homeostatic tis-
sue (Figures 5A and 5B).

Vulvar SCCs are associated with high-risk HPV serotypes, as
are a proportion of oropharyngeal SCCs, whereas cSCCs and
other HNSCCs (laryngeal and oral cavity) typically are not. We
observed that the increased presence of C5aR1* cells was
consistent across this spectrum of SCC subtypes (Figures 5B
and 5C), indicating that C5aR1-associated inflammation reflects
a general feature of squamous carcinomas. Accordingly, previ-
ously published HNSCC datasets similarly revealed increased
expression of C5AR1 and PLAU (uPA) (Figures 5D and 5E)
compared with homeostatic buccal tissue. We also observed
that coexpression of genes associated with C5AR1 expression
included PLAU and PLAUR, as well as other genes associated
with mast cells (MMP9, but not MMP2) and macrophage recruit-
ment or function (CSF1R, ICAM1, CCL2) (Figure 5F). KRT17, a
gene associated with HNSCC, was moderately associated with
C5aR1 expression, while KRT13, a gene lost in SCCs, negatively
correlated with C5aR1 expression, with no association between
C5AR1 and C3 expression (Figure 5F). To determine whether
C5aR was associated with clinical outcomes, we assessed the
Nature 2015 The Cancer Genome Atlas (TCGA) dataset for sur-
vival and found significantly increased survival for patients
bearing C5AR1'"°CD8A™ tumors compared with C5AR1"CD8A'"™
tumors (Figure 5G), perhaps indicating that C5aR1-mediated
inflammation influences CD8 T cell functionality and clinical
outcomes.

C5a Inhibition Regulates Response to Chemotherapy in
a CD8* T Cell-Dependent Manner

Since genetic loss of C5aR1 significantly slowed SCC progres-
sion, we assessed whether C5aR1 might also represent a
therapeutic target. To test this, PDSC5 cells were implanted
intradermally into syngeneic hosts and grown to ~50-60 mm?,
at which point Alzet pumps were subcutaneously implanted
delivering PMX-53, a C5aR1 peptide antagonist (Finch et al.,
1999). Mice were then treated with two cycles of paclitaxel
(PTX). While neither PMX-53 nor PTX monotherapy significantly
altered tumor growth kinetics, combination therapy was

Figure 4. uPA Deficiency Limits Neoplastic Progression and Phenocopies C5aR1 Deficiency in HPV16 Mice
(A-G) IHC and automated (A and B) or manual (C-G) quantitation of C5aR1* cells (A), CD45"* leukocytes (B), toluidine blue-stained cells mast cells (C),
Ly6G* granulocytes (D), F4/80* macrophages (E), percentage of BrdU™ keratinocytes (F), and CD31* vessels (G) in tissue sections (ear) from HPV16/uPA*'~ and

HPV16/uPA~'~ at 1, 4, and 6 months of age.

(H) VEGF and MMP9 levels in ear lysates determined by ELISA from 6-month-old HPV16/uPA*~ and HPV16/uPA~'~ ears versus 4-month NT ear skin. Signif-
9

icance determined by unpaired Student’s t test with Welch’s correction.

(I) Percentage of ear skin area from indicated genotypes of HPV16 mice exhibiting hyperplasia (hyp; n = 6 or 7 mice per genotype), dysplasia (dys; n = 9-14 mice
per genotype), and lifetime whole-body tumor incidence (HPV16/uPA*~ n = 21, HPV16/uPA~~ n = 203), with significance determined by Chi-squared test, and

hazard ratio determined by Kaplan-Meyer analysis.

For (A)-(H), data points reflect independent mice, and micrographs on right are representative images from 6-month-old mice. (A)-(E) and (G)—~(H) show epidermal
(e), dermal (d) regions, and interface (dotted line). Significance assessed by two-way ANOVA with Bonferroni post test for multiple comparisons unless otherwise
indicated. Data represented as means + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.
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(A) Representative histopathology of cutaneous SCC, vulva SCC, and HNSCC compared with healthy cutaneous skin. Panels depict representative H&E-stained
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synergistically effective in slowing SCC growth to end stage
(Figure 6A).

To determine if SCCs remained responsive to combined ther-
apy in a more advanced setting, we assessed SCC growth in
mice given only the later cycle of PTX and observed a similar
inhibition of SCC growth with combination therapy (Figure 6B).
End-stage SCCs from combination-therapy-treated mice ex-
hibited reduced CD31* vasculature, increased presence of
cleaved caspase-3* cells, and a modest, albeit significant,
decrease in proliferating cells (Figure 6C). Flow cytometric anal-
ysis of end-stage tumors revealed no significant changes in the
major leukocyte populations between experimental groups (Fig-
ure S4A). Given this, we asked whether inhibition of C5aR1
instead induced a qualitative difference in signaling programs
operative during tumor growth. To address this, we evaluated
gene expression of end-stage tumors from the various experi-
mental groups using NanoString Myeloid Innate Immunity Panel
and Ingenuity Pathway Analysis (IPA) tools. We observed
changes in mRNAs associated with DC maturation, NF-kB and
TREM1 signaling across all treatment groups, compared with
untreated control tumors (Figure 6D). Moreover, we observed
increased expression of MRNAs associated with T cell activation
in SCCs from PTX and PMX-53/PTX-treated mice, as well as
increased expression of genes associated with macrophage ni-
tric oxide (NO) and reactive oxygen species (ROS) production in
the PMX-53 treated group (Figure 6D).

Since C5aR1 is highly expressed by macrophages, and ROS
and NO production are generally associated with T helper
type 1 (Ty1)-type microenvironments, we asked whether macro-
phage polarization was altered in animals treated with PMX-53.
We isolated macrophages from orthotopic SCC by fluores-
cence-activated cell sorting (FACS) and evaluated gene
expression using NanoString PanCancer Immune Profiling Panel
and IPA analysis to assess changes between PMX-53/PTX-
treated animals compared with either PTX or PMX-53 monother-
apy. Upstream analysis revealed that macrophages from SCCs
of PMX-53/PTX-treated mice expressed gene signatures
associated with LPS, IL-18, tumor necrosis factor (TNF), oncos-
tatin M, and interferon (IFN)y responses (Figure 6E). Network
analysis revealed that SCC-derived macrophages from
PMX-53/PTX versus PMX-53 groups expressed higher levels
of several mRNAs associated with Ty1-type responses,
including S7100a8, Tbk1, Tank, Cd274 (programmed death-
ligand 1 [PD-L1]), as well as Cxcl9 and Cxcl11, IFNy-responsive
chemokines notable for their ability to recruit CXCR3* CD8*
T cells (Figure S4B). Increased levels of Cxcl9 and Cxcl11 were
confirmed by qPCR (Figure S5A).

To assess the functional significance of these changes in regu-
lating productive T cell responses, we depleted either CD8* or

CD4* T cells from PTX and PMX-53/PTX-treated mice bearing
orthotopic SCCs and found that CD8"* T cells (Figure 6F), but
not CD4* T cells (Figure S5B), were required for efficacy of
PMX-53/PTX therapy. Notably, CD31" vascular density was
restored to characteristic levels in CD8" T cell-depleted (Fig-
ure S5C), but not in CD4* T cell-depleted (Figure S5D), SCCs.

C5aR-Regulated Macrophage Programming Impacts
CD8* T Cell Recruitment and Effector Function

Because of the observed increase in CXCRS ligands secreted by
repolarized macrophages in SCCs of PMX-53/PTX-treated mice
(Figures S4B and S5A), we assessed infiltration of CXCR3* CD8*
T cells in SCCs and observed a significant increase in PMX-53/
PTX-treated mice compared with other treatment groups (Fig-
ure 7A), while CCR5" CD8* T cells were unchanged (Figure S6A).
Notably, CXCR3*CD8"* T cells were granzyme B™, indicative of
their cytolytic capacity (Figure 7B). These data led us to ask
whether (1) CXCR3 was necessary for therapeutic efficacy of
PMX-53/PTX; (2) macrophages were responsible for CXCR3*
CD8" T cell recruitment into PMX-53/PTX-treated SCCs;
and (3) IFNy was similarly required for therapeutic efficacy. While
in vivo blockade of CXCR3 did not block overall CD8" T cell pres-
ence in SCCs (Figure S6B), it abated CXCR3* CD8* T cell pres-
ence (Figure S6C), reversed efficacy of PMX-53/PTX therapy
(Figure 7C), and restored characteristic SCC vascular density
(Figure S6D). Reducing macrophage presence in SCCs via treat-
ment of mice with a neutralizing monoclonal antibody (mAb) to
CSF1 (Figure S6E) similarly reversed PMX-53/PTX efficacy (Fig-
ure 7D), coincident with reduced CXCR3" CD8™" T cell presence
(Figure 7E) and partially restored vascular density (Figure S6F).
Similarly, blockade of IFNy reversed therapeutic efficacy of
PMX-53/PTX (Figure 7F).

Because PMX-53/PTX efficacy was dependent on CXCR3"*
CD8* T cells, we assessed the phenotype of CXCR3*CD8"*
T cells and found the majority of these in all treatment groups
to be CD44*CD62L" (Figures 7G and S6G), indicative of an
effector or effector memory subtype. We then assessed
eomesodermin (EOMES) and programmed death-1 (PD-1) on
CD44*CD62L CXCR3*CD8" T cells and found that the largest
subgroup across all treatment groups was EOMES*PD-1-,
which were also CD69~CD107a*Ki67*/~KLRG1*/~ (Figure S7A),
features characteristic of effector CD8" T cells (Zehn and
Wherry, 2015). We also noted a significantly decreased presence
of EOMES*PD-1* cells in SCCs of PMX-53/PTX-treated mice
(Figure 7H) that were CD69 CD107a Ki67 KLRG1~ (Fig-
ure S7B), indicative of an exhausted effector phenotype that
was notably absent in PMX-53/PTX-treated SCCs (Figure 7H).
In the PMX-53/PTX-treated SCCs, there was a modest increase
in the proportion of EOMES PD-1~ CD8" T cells (Figure 7H) that

(B and C) Automated quantitation of C5aR1* cells in tissue sections shown in (A) compared with normal counterparts, with significance determined by Mann-

Whitney test.

(D and E) Relative expression of C5AR1 (D) and PLAU (E) comparing normal buccal mucosa (n = 13) and HNSCC (n = 41) from the Ginos Head-Neck dataset in

Oncomine.

(F) Correlation (Corr.) between C5AR1 and PLAU, PLAUR, MMP9, ICAM1, CCL2, CSF1R, KRT17, MMP2, C3, and KRT13 in the Ginos Head-Neck dataset using
Oncomine coexpression heatmaps. Correlation derived from the average linkage hierarchical clustering and data displayed as log2 median-centered intensity

with lowest expression in blue and highest expression in red.

(G) Overall survival of HNSCC patients from the Nature 2015 TCGA cohort based on median expression of C5AR1 and CD8A. Significance determined by log rank

analyses of each patient cohort.

Data represented as means + SEM. *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001.
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Figure 6. Therapeutic C5aR1 Blockade Sensitizes Established SCCs to Chemotherapy
(A and B) Dosing strategies (top) and PDSC5 growth kinetics (lower graph) in early- (A) or late-stage (B) SCCs. Average tumor volumes reflecting two independent
experiments are shown: (A) n = 12-15 and (B) n = 20-24.

(legend continued on next page)
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were CD69 CD107a*Ki67 KLRG1* (Figure S7C), consistent
with an effector memory phenotype. Analysis of FACS-isolated
CD8" T cells via NanoString PanCancer Immune Profiling Panel
and IPA downstream analysis revealed that CD8" T cells in the
PMX-53/PTX group expressed a transcriptional profile indicative
of an activated and migratory phenotype, compared with other
groups (Figure 71). Together, these data indicated that CXCR3™*
CD8* T cells regulate response to chemotherapy by infiltrating
SCCs in response to macrophage reprogramming associated
with IFNy. In support of this mechanism in human HNSCC, we
observed a significant correlation between CXCR3 and CD8A,
CXCL9, CXCL11, CD69, PRF1, GZMA, and GZMB expression
(Figure S7D).

PMX-53/PTX Expands Intratumoral High-Frequency T
Cell Clones

To determine if expanded CD8" T cell phenotypes reflect anti-
gen-dependent expansion, we performed deep sequencing of
the complementarity-determining region (CDR) 3 region of the
T cell receptor (TCR)B chain in matched cardiac-perfused
SCC lysates and peripheral blood mononuclear cells (PBMCs).
Intratumoral diversity of TCRB sequences and the number of
unique TCRP sequences were modestly decreased in SCCs
by addition of PMX-53 to PTX (Figures 8A and 8B), accompa-
nied by a modest expansion of the top 25 clones intratumorally
(Figure 8C), though overall clonality and maximum clonal fre-
quency were unchanged (Figures S8A and S8B), results that
were mirrored in peripheral blood (Figures 8D-8F, S8C, and
S8D). To understand how these modest clonal responses re-
flected varied clonal homeostasis (Nazarov et al., 2015), we as-
sessed frequencies of rare (<107%), small (107°-10~%), medium
(10741073, large (1072-0.01), and hyperexpanded (>0.01)
clones in SCCs and blood, represented as a fraction of the total
population (=1.0). This revealed decreased presence of rare
and medium populations, and concomitant increases in hyper-
expanded populations in SCCs of PMX-53/PTX-treated mice
(Figure 8G, top row), explaining decreased overall diversity
(Figure 8A). Based on pairwise analysis of each population in
SCCs and its clonotype overlap relative to blood, we observed
decreased overlap of rare and small populations, in addition to
increased overlap of hyperexpanded clones, revealing that
high-frequency intratumoral clonotypes were increasingly
found peripherally in PMX-53/PTX-treated mice (Figure 8H).
Our interpretation of these data, given that the majority of

expanded CD8" T cells in SCCs of PMX-53/PTX-treated
SCCs were Ki67, is that PMX-53/PTX therapy resulted in pe-
ripheral priming and expansion of antigen-specific clones that
in turn traffic to SCCs, leading to the observed intratumoral
high-frequency clonotypes detected in peripheral populations
coinciding with decreased overall diversity of TCRp clonotypes
both locally and peripherally.

DISCUSSION

Studies revealed herein indicate that signaling downstream of
complement Cba represents a co-dominant regulator of
cancer-associated chronic inflammation fostering hallmark
characteristics of squamous carcinogenesis. The C3-indepen-
dent nature of inflammation in HPV16 mice indicates that C5a
generation can occur independent of classical, lectin, and alter-
native pathways when regulated downstream of uPA expressed
by macrophages in neoplastic tissue. C5a binding to its high-
affinity receptor (C5aR1) on infiltrating myeloid subsets activates
protumorigenic and immunosuppressive bioactivities critical for
neoplastic progression; HPV16 mice lacking either C5aR1 or
uPA exhibited reduced neoplasia-associated inflammation, ker-
atinocyte hyperproliferation, development of angiogenic vascu-
lature, and reduced malignant progression to de novo SCC.

In homeostatic and acutely wounded tissues, precise control
of complement activation is required to prevent unrestricted
inflammation, anaphylactic shock, and exacerbation of pathol-
ogies or tissue damage (Ricklin et al., 2016); thus, it is not surpris-
ing that tumors co-opt this biological circuitry as a survival
strategy (Reis et al., 2018). As such, components of complement
have emerged as critical mediators of tumor progression
(Afshar-Kharghan, 2017). In one of the first studies to reveal
protumorigenic roles for complement, Markiewski et al. (2008)
reported C5a promoted subcutaneous TC-1 cervical carcinoma
growth by enhancing recruitment of T cell-suppressive myeloid
cells. Sarcomas and mammary, ovarian, colon, and cutaneous
carcinomas have also been reported to be regulated by C5a-
mediated signaling, variably involving transforming growth factor
(TGF)B, IL-10, and recruitment of T cell-suppressive macro-
phages responding to CCL2 (Bonavita et al., 2015; Reis et al.,
2018). Although generation of C5a is C3 independent in HPV16
mice (de Visser et al., 2004), and instead is uPA and C5aR1
dependent, other tumor models report C3-dependent Cba
generation, thereby underscoring the highly contextual nature

(C) Manual quantitation of CD31* vessels and automated quantitation of cleaved (Clvd) caspase-3* and BrdU™" cells in tissue sections from SCCs shown in (B).
Each data point shown reflects an independent mouse.

(D) Canonical pathway analysis comparing indicated treatment groups using IPA. Gene expression of SCCs generated using the myeloid panel from NanoString.
Significant differences (Z score > |2.0], dark colors) indicate probability of association of gene expression from NanoString datasets with the indicated canonical
pathways. Pathways shaded in yellow were increased in all groups compared with controls (CTL), while the pathway highlighted in pink was increased in PTX and
PMX-53 compared with control. Pathways highlighted in orange, green, and blue were increased in PTX, PMX-53, and PMX-53/PTX compared with control,
respectively. N = 9 mice/group.

(E) Upstream analysis comparing indicated treatment groups using IPA. Gene expression data from FACS-isolated CD11b*MHCII*F4/80" macrophages using
the PanCancer immune panel (NanoString). Upstream analyses predict upstream regulators significantly activated or inhibited (Z score > |2.0]). N = 3-5
mice/group.

(F) Dosing strategy (top) and growth kinetics (lower graph) of PDSC5-SCCs in syngeneic mice treated with PTX or PMX-53/PTX, and either isotype control (IgG2b)
or oCD8 mAb. Shown are mice pooled from two independent experiments (n = 8-12 mice/group). At right is FACS plot showing percentage CD8" cells (as a
percentage of CD3" cells) in tumors from control (top) versus CD8-depleted (bottom) mice.

Data represented as means + SEM. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001, with significance assessed by one-way (C) or two-way (A, B, and F) ANOVA
with Bonferroni post test for multiple comparisons. See also Figures S4 and S5.
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Figure 7. C5aR1 Inhibition of SCC Growth Is Dependent on Macrophage Recruitment of CXCR3*CD8* T Cells
(A) Flow cytometric analysis assessing CXCR3* CD8* T cells in end-stage SCCs from mice in treatment groups shown in Figure 6B.
(B) Granzyme B (GzmB) expression in CXCR3*CD8* T cells in end-stage SCCs from indicated treatment groups from mice shown Figure 6B, assessed by flow
cytometry.
(legend continued on next page)
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of complement regulation in cancer development. Why the
difference?

While it is entirely plausible that the dominant nature of HPV16
oncoproteins alters hemostasis and renders C5 susceptible to
proteolysis by fibrinolytic proteases in HPV16/C3~/~ mice, it is
also likely that mechanisms revealed herein reflect tumor evolu-
tion based on selective pressure. The coagulation and fibrinolytic
systems regulate fibrin deposition and degradation, respec-
tively. Leaky vasculature allows fibrinogen and circulating zymo-
gens to enter tissue parenchyma. The fibrinolytic system,
including tissue plasminogen activator (tPA), uPA, and plasmin,
play important roles in regulating degradation of blood clots,
regulation of wound healing, and promoting inflammation, likely
in part by regulating complement activation (Foley, 2017). In
contrast to the endothelial restricted nature of tPA, uPA is pri-
marily localized to interstitia, where it activates plasmin in a
fibrin-independent manner. In neoplastic tissue of HPV16 mice,
stromal uPA localized to macrophages and regulated C5a gener-
ation, leading to enhanced inflammation and neoplastic progres-
sion. Macrophages are critical regulators of tissue repair and
wound healing (Mantovani et al., 2013), and their expression of
uPA has been implicated in skeletal muscle repair, cardiac
fibrosis, atherosclerosis, and wound healing (Foley, 2017).
uPA* macrophages regulate plasmin processing and deposition,
thereby facilitating localized generation of C3a and C5a, release
of proinflammatory mediators, and phagocytosis of pathogens
or apoptotic cells (Foley, 2017). The C3-independent nature of
neoplastic progression in HPV16 mice, while certainly related
to prominence of uPA* macrophages regulating localized gener-
ation of C5a, could also be due to negative regulators of the com-
plement interactome that rapidly degrade C3 or its downstream
products, or in instances where negative regulators of C3 are
rendered ineffective, such as when PTX3 is methylated (Bonavita
et al., 2015). Along these lines, we observed increased presence
of PTX3" cells during neoplastic progression (Figure S8E),
thereby offering a plausible mechanism for the dispensable na-
ture of C3 in this model.

Why might it be beneficial for a tumor to adapt and extrinsically
activate complement C5a? During canonical complement acti-
vation, several factors upstream of C5 (C1q, C4b, and C3b and
its degradation products iC3b and C3dg), function as opsonins
regulating phagocytosis, antigen uptake, and cross-presenta-
tion by antigen-presenting cells (APCs), and aiding clearance
of apoptotic cells (Schmidt et al., 2016). However, apoptotic ma-

lignant cells, in addition to releasing nucleic acids and other
stress factors affecting APCs by toll-like receptor-mediated pro-
grams, can also be antigenic and would benefit by precluding
opsonin generation. Human SCCs upregulate multiple negative
regulators of complement that prevent C3 activation or instead
increase degradation of opsonins, namely C3b and its cleavage
product iC3b (Reis et al., 2018), which are also cleaved by
plasmin and further reduce phagocytosis by macrophages
(Foley et al., 2015). In HPV16 mice, plasmin generates Cb5a
downstream of uPA and promotes neoplasia-associated
inflammation, and likely also enables malignant keratinocytes
to avoid decoration by opsonins and subsequent phagocytosis.
Results of this are likely 2-fold: enhanced cell survival by virtue of
factors secreted by recruited leukocytes responding to C5a, as
well as lack of opsonization, reduced antigen uptake, and
cross-presentation by APCs. It is therefore plausible that SCCs
in HPV16 mice evolve to extrinsically activate complement C5a
via the fibrinolytic and/or coagulation systems to promote can-
cer-associated inflammation while simultaneously evading
immunosurveillance.

We observed that C5aR1~/~ mice exhibited decreased tumor
incidence and reduced orthotopic tumor growth dependent on
both macrophages and mast cells, similar to results observed
in FcyR™~ mice, likely reflecting regulation of redundant protu-
morigenic molecules (e.g., VEGF, TNFa, IL-10) affecting angio-
genesis, tissue remodeling, immunosuppression, and tumor
growth. Therapeutically, treatment of orthotopic SCCs with
PMX-53 significantly improved response to paclitaxel involving
gene expression networks linked to T 1 transcriptional program-
ming of macrophages associated with reduced vasculature
density, increased keratinocyte cell death, and evidence of
IFNy- and CXCR3-dependent antitumor CD8" T cell responses
independent of CD4* T cells.

As a result of macrophage-mediated T cell suppression,
and likely chronic antigen exposure, CXCR3* CD8"* T cells in
SCCs manifest a dysfunctional phenotype characterized by
PD-1*EOMES* expression, reduced proliferation, and cell
surface expression of the lysosomal marker CD107a, indicative
of degranulation. In contrast, CD8" T cells in SCCs from PMX-
53/PTX-treated mice exhibited increased proportions of
PD-1"EOMES CXCR3" CD8" T cells, characterized as
CD69 CD107a*Ki67 KLRG1™", indicative of effector memory
cells. Effector memory CD8" T cells expressing high levels of
CXCR3 are thought to be long lived and associated with durable

(C) Dosing strategy (top) and PDSC5 growth kinetics (lower graph) in mice treated with PTX or PMX-53/PTX, and either isotype control (IgG2b) or «CXCR3 mAb.
Shown are mice pooled from two independent experiments (n = 9-12 mice/group).

(D) Dosing strategy (top) and PDSC5 growth kinetics (lower graph) in mice treated with PTX or PMX-53/PTX, and either isotype control (IgG2b) or «CSF1 mAb.
Shown are mice pooled from two independent experiments (n = 9-15 mice/group).

(E) Infiltration of CXCR3* CD8* T cells into end-stage SCCs in mice from Figure 7D and control groups from Figure 6B.

(F) Dosing strategy (top) and PDSC5 growth kinetics (lower graph) in mice treated with PTX or PMX-53/PTX, and either isotype control (IgG1) or alFNy mAb.
Shown are percentage changes in SCCs in mice pooled from two independent experiments (n = 11-17 mice/group).

(G) CD44 and CD62L expression by flow cytometry on CXCR3" CD8* T cells in end-stage SCCs from mice in treatment groups shown in Figure 6B.

(H) EOMES and PD-1 by flow cytometry on CD44*CD62L CXCR3* CD8™" T cells infiltrating end-stage SCCs from mice in treatment groups shown in Figure 6B.
(I) Downstream effector pathway analysis comparing gene expression in FACS-isolated CD8* T cells from indicated treatment groups (Figure 6B) using
PanCancer immune panel (NanoString) and IPA. Significant differences (Z score > |2]) identify how indicated functions change based on differences in gene
expression in the dataset. Functions listed in blue are indicative of activation, while functions in pink indicate movement or expansion. N = 3-5 mice/group.
Data are represented as means + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001, with significance determined by one-way (A, B, and E) or two-way (C, D,
F) ANOVA with Bonferroni post test for multiple comparisons, or unpaired Student’s t test with Welch'’s correction (G and H). In (A), (B), and (E), each data point
reflects an individual mouse. See also Figures S6 and S7.
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antitumor memory responses (Pages et al., 2005). CXCR3 is a
chemokine receptor whose expression is increased following
antigen stimulation of T41-CD4™" T cells and effector and subsets
of memory CD8" T cells. These interactions enable T cell entry
into inflamed tissues via IFNy-inducible ligands CXCLO9,
CXCL10, and CXCL11, expression of which correlates with
CD8" T cell infiltration and outcomes (Mikucki et al., 2015). Here-
in, neoplasia-associated macrophages increased expression of
CXCRS ligands in response to IFNy, which in turn enhanced
recruitment of effector and effector memory CD8* T cells. This
shift from a dysfunctional to a CXCR3* effector memory CD8"*
T cell phenotype bolsters therapeutic efficacy, as depletion of
macrophages or blockade of CXCR3 or IFNy reversed SCC
growth kinetics in mice treated with PMX-53/PTX.

Analysis of TCRB sequences revealed that T cell clones were
less diverse locally and peripherally, with high-frequency clones
expanded in SCCs of PMX-53/PTX-treated mice. Because intra-
tumoral CD8* T cells were largely Ki67~, and because there was
high concordance with peripheral TCR sequences in PMX-53/
PTX-treated groups as measured by the Jaccard index, we
conclude that hyperexpanded T cell clones expanded in sec-
ondary lymphoid organs and subsequently were recruited to
SCCs. While we anticipate these responses are likely antigen
specific, we cannot rule out that a portion of therapeutic efficacy
may be due to bystander T cell activation. Impacts of TCRp
repertoire changes in PMX-53/PTX-treated mice are relevant
given that patients with less diverse and more clonal TCR reper-
toires have improved therapeutic responses to «PD-1 therapy
(Tumeh et al., 2014).

Taken together, results presented herein provide evidence
that complement C5a and signaling pathways downstream of
myeloid C5aR1 are early regulators of squamous carcinogen-
esis by promoting cancer-associated inflammation. Our pre-
clinical data demonstrate that therapeutic inhibition of C5aR1,
in combination with cytotoxic chemotherapy, results in tran-
scriptional reprogramming of macrophages that not only
affects angiogenic programs but also leads to recruitment of
CXCR3™" cytotoxic CD8" T cells by IFNy-dependent mecha-
nisms. Given that human SCCs are highly infiltrated with
C5aR1* cells, and that increased survival is observed in pa-
tients bearing C5AR1'°CD8A™ tumors, we assert that these ma-
lignancies may benefit from therapies targeting C5aR1 in
conjunction with chemotherapy, with or without additional im-
munomodulating therapies.
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reflecting the number of unique TCRPB sequences and abundance of clonotypes (D), the total number of unique TCRp sequences (E), and the intratumoral fre-
quency of top 25 TCRB clonotypes (F).
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medium (10~%-1079), large (1073-0.01), and hyperexpanded (>0.01) clones as a fraction of total TCRp repertoires are shown. Data presented are the sum of all
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(H) Pairwise assessment of TCR clonotype sequence commonality between SCC and PBMCs. Each point represents the Jaccard overlap index between the
various frequency subsets in tumor and matched PBMC sample.

Unless otherwise indicated, each data point reflects an independent mouse. Data are represented as means + SEM. *p < 0.05; **p < 0.01; **p < 0.001 with
statistical outliers removed using ROUT (robust regression and outlier removal) test (Q = 1) and significance determined by Mann-Whitney test. See also
Figure S8.
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Lisa M.
Coussens (coussenl@ohsu.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Studies

De-identified human buccal, cSCC, and HNSCC tissues were acquired from the Department of Dermatology Molecular Profiling
Resource (IRB protocols #809 and #10071) with patient consent obtained at time of tissue acquisition. De-identified vulva SCCs
were obtained from the OHSU BioLibrary (IRB Protocol #4918) with patient consent obtained at time of tissue acquisition. Use of
samples herein occurred under exempt category 4 for individual receiving de-identified biological specimens. Skin and buccal mu-
cosa were resected from non-tumor-bearing patients, while vulva tissue was adjacent normal. Accrual reflects samples resected
from individual patients: 10 normal skin, 50 cSCC, 32 adjacent normal vulva, 41 vSCC, 16 normal buccal mucosa, and 49 HNSCC.

Animal Studies

All animal experiments were performed in compliance with the National Institutes of Health guidelines and were approved by the
University of California, San Francisco and Oregon Health & Science University Institutional Animal Care and Use Committees.
Parameters of neoplastic progression in the K14-HPV16 transgenic mouse model of squamous cell carcinogenesis have been
previously described (Coussens et al., 1996, 1999, 2000; de Visser et al., 2004, 2005; Eichten et al., 2007; Junankar et al., 2006;
van Kempen et al., 2002). Briefly, K14-HPV16 transgenic mice represent a well-characterized model of multi-stage epithelial carci-
nogenesis where human papillomavirus type 16 (HPV16) early region genes are expressed under control of a human keratin 14 (K14)
promoter/enhancer, i.e., K14-HPV16 mice (Arbeit et al., 1994; Coussens et al., 1996, 1999, 2000; Daniel et al., 2003; de Visser et al.,
2004, 2005; Rhee et al., 2004; van Kempen et al., 2002). Mice are born phenotypically normal; by 1 month of age, 100% of mice
present with epidermal hyperplasia that progresses to mild dysplasia by 4 months of age. Around 6 months of age, mice develop
high grade dysplasia that undergoes malignant conversion to invasive SCC in 50% of mice between 6 and 12 months of age on
the FVB/n strain background (Coussens et al., 1996). Malignant tumors are predominantly SCCs that metastasize to LNs in 30%
of the mice that develop SCCs (van Kempen et al., 2002). To generate HPV16/C5aR1”" and HPV16/uPA”~ mice, C5aR1*" (Hopken
etal., 1996) (purchased from The Jackson Laboratory, stock no. 006845) and uPA*" mice (Carmeliet et al., 1994) (generous gifts from
Drs. Leif Lund and Keld Dano) were backcrossed from the 129S4(B6) and 129S2/SvPas strains, respectively, into the FVB/n strain to
N > 20 and n > 18, respectively, and then intercrossed with K14-HPV16 mice. HPV16/C3”" mice have been previously reported (de
Visser et al., 2004). To confirm genotypes, the following parameters were used: HPV16 mice; Primer JA7: AGA ACT GCAATG TTT
CAG GAC CCA CAG; Primer JA4: TCT GCA ACA AGA CAT ACA TCG ACC GG; 95°C 5 min; 95°C 1 min; 60°C 30 sec; 72°C 2 min;
repeat steps 2-4 30 cycles; 72°C 10 min; 4°C forever; Tg band 431 base pair (bp), WT no band; C5aR1”" mice; Primer olMR7178: GGT
CTC TCC CCA GCATCATA; Primer oIMR7179: GGC AAC GTA GCC AAG AAA AA; Primer oIMR7415: GCC AGAGGC CACTTG TGT
AG; 94°C 3 min; 94°C 30 sec; 63°C 1 min; 72°C 1 min; repeat steps 2-4 35 cycles; 72°C 2 min; 4°C forever; Mutant band at 244 bp, WT
band at 386 bp; uPA™ mice; Primer oIMR0432: TCT GGA GGA CCG CTT ATC TG; Primer oIMR0433: CTC TTC TCC AAT GTG GGA
TTG; Primer olIMR2060: CAC GAG ACT AGT GAG ACG TG; 94°C 3 min; 94°C 30 sec; 52°C 1 min; 72°C 1 min; repeat steps 2-4 35
cycles; 72°C 2 min; 4°C forever; Mutant band 337 bp, WT band 153 bp.

PDSC5 or WDSC cells were derived from SCC tumors that developed de novo on K14-HPV16 mice as previously described (Affara
et al., 2014; Arbeit et al., 1996). 0.5 x 10° PDSC5 or WDSC cells were suspended 1:1 in PBS and Growth Factor-Reduced Matrigel
(Corning), and 50 pL intradermally injected into the flanks of 6-10 week-old male FVB/n mice. SCCs were measured 3x per week
using a digital caliper and tumor volume calculated using the equation V (mm®) = A x B%/2, where A reflected the largest diameter,
and B the smallest diameter. PMX-53 (Finch et al., 1999) was synthesized by GenScript, resuspended in water, and administered
at 1.0 mg/kg/day via subcutaneous implantation via Alzet pump (model 2004, 28-day pump) on day 40 when SCCs reached
~50 mm®. Paclitaxel (Novaplus) was injected intravenously at 12 mg/kg every 4 days for a total of 3 injections per cycle. In instances
where 2 cycles of chemotherapy were given, there was a 7-day break between cycles. Mice were sacrificed 2 days after the last dose
of chemotherapy. For studies using «CD4 (GK1.5, 500 pg), «CD8 (YTS169.4, 500 pg), «CSF1 (5a1, 1.0 mg for first dose, 500 ug for
subsequent doses), ®*CXCR3 (CXCR3-173, 500 ng), and alFNy (XMG1.2, 250 ng), antibodies were given 5 days prior to first treatment
with paclitaxel, and every 5 days thereafter until study end.

METHOD DETAILS

Bone Marrow-Derived Mast Cells and Macrophages

Bone marrow was isolated from femurs and tibias from mice of indicated genotypes using a 23- gauge needle. Cells were then
cultured in RPMI 1640 supplemented with 10% FBS, 2.0 mM L-glutamine, 100 U/ml penicillin, 100 ng/ml streptomycin, non-essential
amino acids, 14.2 mM B-mercaptoethanol, to which was added either murine recombinant IL-3 for BMMC (30 ng/ml; PeproTech) or
murine recombinant CSF-1 for BMM® (20 ng/ml; PeproTech). Differentiating mast cells were cultured once per week by transferring
non-adherent cells and replenishing half of the medium with a fresh one in the presence of IL-3 (10 ng/ml). To verify differentiation of
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BMMC, flow cytometric analysis was performed after 4 weeks in culture to assess expression of mast cell markers CD117/c-kit and
FceR-1 (eBiosciences). BMMC differentiation was further assessed with toluidine blue for metachromatic staining. The resulting pop-
ulations were used between weeks 4 and 12. Differentiating macrophages were cultured by transferring non-adherent cells 24 hr after
bone-marrow cells isolation and replenishing the medium with a fresh one every 48 hr. BMM® differentiation was confirmed by flow
cytometric evaluation of F4/80 and CD45 expression and used within 10 days of culture. Purity was typically >95%. All cell cultures
were maintained at 37°C in a humidified atmosphere with 5% CO2.

Immunohistochemistry

Tissue samples from PBS-cardiac perfused mice were immersion-fixed in 10% neutral-buffered formalin followed by dehydration
through graded series of alcohols and xylene and embedded in paraffin using standard laboratory procedures. Tissue sections
were deparaffinized using xylene and rehydrated through a graded series of alcohol. To identify proliferating cells in tissue sections,
mice received intraperitoneal injections of bromodeoxyuridine (BrdU; Roche Diagnostics) dissolved in PBS (50 mg/kg of mouse body
weight) 90 min prior to sacrifice. Tissue sections were subjected to antigen retrieval by steam heating in Citra™ antigen retrieval
solution (BioGenex) or proteinase K (Dako). Sections were then incubated with blocking buffer containing 5.0% goat serum (Thermo
Fisher) and 2.5% bovine serum albumin (BSA), followed by primary antibody incubation, e.g., rat anti-BrdU (MCA2060; Serotec;
1:1000), rat anti-mouse PECAM1/CD31 (MEC 13.3; BioLegend; 1:100), rat anti-Ly6G (1A8; eBiosciences; 1:2000), rat anti-mouse
cleaved capsase 3 (#9661; Cell Signaling; 1:200), CD45 (30-F11; BD Pharmingen; 1:500), F4/80 (Cl:A3-1; Serotech; 1:500),
C5aR1 (10/92; Abcam; 1:500), or Granzyme B (#NB100-684; Novus Biologicals; 1:200). Tissue sections were then incubated with
the corresponding biotinylated secondary antibodies (1:500, Vector Laboratories), washed, and incubated with horseradish
peroxidase-conjugated avidin complex (ABC Elite, Vector Laboratories) for 30 min, followed by incubation with Fast 3,3 diaminoben-
zidine (DAB, Vector Laboratories). Tissue sections were counterstained with methyl green, dehydrated, and mounted with Cyto-
seal 60 (Thermo Fisher). To visualize mast cells, sections were deparaffinized using xylenes and rehydrated through a graded series
of alcohol. Sections were stained for 2.5 min in toluidine blue working solution (10% stock toluidine blue O (stock: 1% toluidine blue O
in 70% ethanol) in 1.0 % NaCl, pH 2.25). Sections were then washed in water, dehydrated quickly in graded ethanol into xylenes and
mounted with Cytoseal 60. Quantification of slides was performed either manually or automated using Aperio Imagescope. For
manual quantification, 5 high-powered fields per mouse were counted and averaged. For automated quantification, the entire region
of interest was selected, counted, and normalized by total area of analysis.

Immunofluorescence

Ears from cardiac-perfused HPV16 mice were embedded in OCT. 8.0 um sections were air dried for 10 min and fixed for 10 min with
ice-cold methanol. Sections were washed in PBS and blocked with goat blocking buffer for 1 hour. Primary antibodies including rat
anti-mouse PECAM1/CD31 (MEC 13.3; BioLegend; 1:50), CD45 (30-F11; BD Pharmingen; 1:100), F4/80, C5aR1 (M19; Santa Cruz;
1:100), C5a (L-14; Santa Cruz; 1:50), CD3 (17A2; BD Pharmingen; 1:100), PDGFRa (APA5; eBioscience; 1:100), CD117 (ACK45; BD
Pharmingen; 1:50), CD11c (NB110-97871; BD Pharmingen; 1:100) were diluted in 0.5x blocking buffer and incubated overnight at
4°C. Slides were washed and incubated with appropriate fluorescent secondary antibodies diluted in 0.5x blocking buffer. Slides
were washed and incubated for 10 min with Hoechst 33342 (1:10000). Slides were washed and mounted with ProLong Gold anti-
fade mounting medium (Life Technologies). Images were taken with an LSM710 Confocal Laser Scanning Microscope (Zeiss).

Real-time PCR

Total mRNA was prepared from sorted cells or freshly pulverized whole tumor using RNeasy Micro/Mini kit guidelines (Qiagen).
Contaminating DNA was removed with DNAse | (Invitrogen), followed by RNA quantitation using a NanoDrop ND-1000 (Thermo
Fisher Scientific). SuperScript Ill (Invitrogen) was used to reverse transcribe purified RNA into cDNA according to manufacturer’s di-
rections. Real-time PCR for gene expression was performed using the TagMan system (Applied Biosystems) with a preamplification
step employed during analysis of FACS-sorted populations. The comparative threshold cycle method was used to calculate fold
change in gene expression, which was normalized to tbp or gapdh as reference genes.

Flow Cytometry and FACS

Single-cell suspensions were prepared from ear skin, tumor tissues, lymph nodes, spleens, or blood from cardias-perfused mice:
Tissue was manually minced using scissors, followed by a 30 min enzymatic digestion with 2.0 mg/ml collagenase A (Roche),
1.0 mg/ml Hyaluronidase (Worthington), and 50 U/ml DNase | (Roche) in serum-free Dulbecco’s modified eagles medium (DMEM)
(Invitrogen) at 37°C using continuous stirring conditions. Single cell suspensions from ear or tumor digests, lymph nodes, or spleens
were prepared by passing tissue through 70-pum nylon strainers (BD Biosciences). Blood samples were acquired through cardiac
puncture with a heparinized 25-gauge needle, followed by erythrocyte lysis with BD PharmLyse (BD Biosciences).

To prevent non-specific binding, cells were incubated for 30 min at 4°C with rat anti-mouse CD16/CD32 mAb (1:250, BD Biosci-
ence) in PBS also containing Live/Dead Aqua stain (1:500; Invitrogen) to delineate between viable and dead cells. Subsequently, cells
were incubated in PBS containing 1.0 % BSA (Sigma; PBS/BSA) and 2.0 mM EDTA for 30 min with 100 pl of fluorophore-conjugated
anti-mouse antibodies; CD45 (30-F11; 1:2000), CD3e (145-2C11; 1:200), CD69 (H1.2F3; 1:200), CD4 (L3T4; 1:400), FoxP3 (FJK-16s;
1:200), CD44 (IM7; 1:400), CD62L (MEL-14; 1:200), CD8e (53-6.7; 1:400), ydTCR (GL3; 1:200), NK1.1 (PK136; 1:200), CD49b (DX5;
1:200), CD19 (6D5; 1:200), CD11b (M1/70; 1:400), CD11c (N418; 1:400), MHCII (M5/114.15.2; 1:1000), Ly6C (HK1.4; 1:400), Ly6G
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(1A8; 1:400), F4/80 (BMS8; 1:400), CXCR3 (CXCR3-173; 1:200), C5aR1 (20/70; 1:100), Ki67 (SolA15; 1:200), GzmB (NG2B; 1:100),
EOMES (Dan11mag; 1:200), KLRG1 (2F1; 1:200), PD-1 (J43; 1:400), FceRl (MAR-1; 1:200), cKit (2B8; 1:800), CD107a (1D4B;
1:200) (eBioscience or Biolegend). Cells were then washed once in PBS/BSA/EDTA, followed by fixation with BD Cytofix for
30 min on ice. After a final wash, cells were stored at 4°C until data acquisition on a BDFortessa using FACSDiva software (BD
Biosciences). Analysis was performed using FlowdJo software program (Tree Star Inc).

For fluorescence-activated cell sorting (FACS), cells were prepared as described above without fixation, and sorting was per-
formed on a FACSAria using CellQuestPro software (BD Biosciences). Sorted CD11b*Ly6C Ly6G F4/80*MHCII* macrophages or
CD3*CD8*CD4™ T cells were flash frozen as a cell pellet for subsequent gene expression analyses.

Complement Deposition Assay

BMM@® were isolated as described above, polarized with 20.0 ng/mL IL-4 for 24 h, and co-cultured 1:1 with PDSC5 or WDSC cells on
chamber slides. C5a deposition on tumor cell lines was performed by incubating cells with 10% HPV16 mouse serum in gelatin-con-
taining veronal buffer containing 0.15 mM Ca2* and 0.5 mM Mg?* (Sigma-Aldrich). After 12h, cells were washed, fixed with methanol,
and processed forimmunofluorescence as described above. Quantitation of IF staining for C5a deposition Quantitation of IF staining
for C5a deposition determined by ImagedJ from two independent regions of interest (ROIs) per tissue culture well, for each experi-
mental condition indicated.

ELISA

Tumors or ears from HPV16 mice were homogenized in lysis buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1.0% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS) containing complete EDTA-free protease inhibitors (Roche) and 1.0 mM PMSF. Homogenates were centri-
fuged at 12000 rpm at 4°C and were stored at —20°C for analysis. Indicated proteins were measured in tissue homogenates by
DuoSet ELISA (R&D) according to the manufacturer’s instructions.

LC-MS/MS

Murine macrophages were prepared using bone marrow derived progenitors. To obtain bone marrow derived progenitor cells, tibia
and femur of C57/BL6 animals were cut open and were flushed by DMEM high glucose cell culture medium using 22G syringe. Red
blood cells were lysed using pharmalyse (BD biosciences) and cultured in DMEM medium containing 5% FCS, 100 U/ml penicillin,
and 100 pg/ml streptomycin. MO macrophages were obtained by treating cultured cells with 10 ng/mL CSF-1 for 5 days. Macro-
phages were then polarized to classically activated (M1) using 100 ng/mL LPS (Sigma) and 5.0 ng/mL IFNy (Peprotech) or alterna-
tively activated (M2) using 10 ng/mL IL-4 (Peprotech).

We used stable isotope labeling of amino acids in culture (SILAC) for quantitative proteomics and coupled this with click chemistry
to quantitatively analyze nascent protein synthesis upon macrophage activation. To capture newly synthesized proteins, cells were
metabolically labeled with 100 uM azidohomoalanine (Anaspec), an unnatural methionine analog, coupled with an alkyne resin using
click-chemistry for purification of AHA labeled proteins. Macrophages were incubated with AHA for 16 hrs following activation. For
SILAC, Arg (L-Arg '3Cg or L-Arg 3Cg '°N,, Sigma) and Lysine isotopes (L-Lys "*Cg or L-Lys "*Cg '°N,4, Sigma) were used for modifying
peptide mass. Basal state (M0) macrophages or activated macrophages were either labeled with '3Cg forms of amino acids or '*Cg
5N, forms, and proteomic analysis performed via reverse labeling to negate any bias due to isotopic form of amino acids. Equal
amounts of lysates from M1 or M2 activated macrophages were mixed with lysates of MO macrophages. Newly synthesized proteins
containing AHA were coupled with alkyne resin for enrichment and purification using click-it protein enrichment kit (Thermo Fisher)
following manufacturer’s instructions. Enriched proteins were digested on alkyne resin column using 0.1 ug/ml trypsin for 16 hr at
37°C. Peptides were desalted and subjected to HPLC chromatographic separation into 18 fractions, and subjected to LC-MS/MS
analysis using Orbitrap mass spectrometer (Agilent Biosciences). Quantitative analysis was performed using MaxQuant software.

Nanostring Profiling of Gene Expression

For myeloid panels, 10-20 mg of snap frozen tumors were crushed on liquid nitrogen and RNA was extracted using the RNeasy Micro
Kit (QIAGEN) according to the manufacturer’s instructions. For the pan-cancer immune panel, macrophages and CD8* T cells were
isolated by FACS as described above and total RNA was isolated using the RNeasy Micro Kit (QIAGEN). cDNA was synthesized using
SuperScript VILO according to the manufacturer’s instructions (Thermo Fisher), before multiplexed target enrichment for an
appropriate number of cycles (18 cycles for macrophages, 24 cycles for CD8* T cells), according to the manufacturer’s instructions
(NanoString). Samples were then hybridized with NanoString myeloid or pan-cancer immune profiling probes for 16 hr and were sub-
sequently loaded into an nCounter SPRINT cartridge. Raw data were normalized utilizing 5-7 housekeeping genes. Fold changes in
gene expression were exported to Ingenuity Pathway Analysis for further analysis.

TCRg Deep Sequencing of Tumor and Blood

By combining methods described by Robins et al. (Robins et al., 2009) and Faham et al. (Faham et al., 2012), we performed 2-stage
PCR on genomic DNA for TCRp deep-sequencing library preparation. 1! stage involved multiplexing with 20 VP forward and 13 Jp
reverse primers using Qiagen multiplex PCR kit. To minimize amplification bias due to multiplexing with 20 Vp forward and 13 Jj
reverse primers, we designed 260 (20V*13J) synthetic TCR templates (STs) with specific barcodes that were added in known con-
centration to the 1% stage PCR (Carlson et al., 2013). ST counts were used to computationally remove amplification bias post
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sequencing and relative abundance of each clonotype present in the original sample to be estimated (Carlson et al., 2013). Multiplex
primers were designed with 5’ overhangs serving as primer binding sites in the 2" stage PCR. Using 2.0 % of purified PCR product
from stage 1 as template, we performed a 2" stage PCR with universal and indexed lllumina adaptors. The indexed adaptors con-
tained an 8-base index sequence that allowed barcoding of each sample.

Equal volume of all samples was pooled. Each pool, which typically contained approximately 90 samples, was profiled on a 2200
TapeStation (Agilent) and concentration determined by real time PCR using a StepOne Real Time Workstation (ABI/Thermo) with a
commercial library quantification kit (Kapa Biosystems). Paired-end sequencing was performed with a 2 x 150 protocol using a Mid-
output 300 sequencing kit on a NextSeq 500 (lllumina). Target clustering was about 160 million clusters per run. lllumina sequencing
was performed by the OHSU Massively Parallel Sequencing Shared Resource. Following the run, base call files were converted to
fastq format and demultiplexed by a separate barcode read using the most current version of Bcl2Fastq software (lllumina). Fastq
files obtained as raw data for each sample was stored, processed and analyzed in a cloud-based supercomputing system main-
tained by the Advanced Computing Center at OHSU.

We assessed raw data for initial read quality using the FASTQC public tool. Quality paired-end sequences were combined using the
PEAR merging algorithm (Zhang et al., 2014). Sequences spiked-in as internal controls were identified and removed from the Fastq
files for downstream normalization of TCR clonotypes. We used the open-source TCR sequence analysis tool MiXCR (Bolotin et al.,
2015) for the extraction of CDR3 sequences.

MiXCR removed out-of-frame TCR sequences and identified unique V-CDR3 (nucleotide sequence)-J seed sequence and clus-
tered identical sequences (allowing one base mismatch) computing the frequency (in %) of each unique TCR clonotype. Normalized
clonotype frequency counts were exported and a number of TCR repertoire metrics, including diversity and clonality were calculated.

Diversity was represented by Shannon diversity index or Shannon entropy (H) reflecting a quantitative measure of how many
unique TCR clonotypes were present per sample, and simultaneously taking into account how evenly they were distributed (p).
The value of a diversity index increases both when the number of unique TCR sequences increases and when evenness increases.
For a given number of uniques, the value of a diversity index is maximized when all types are equally abundant, and calculated using
the default entropy function from the entropy R package using the formula:

P
H= — Zﬁk * II’](lgk)7
k=1

where p is the number of unique clonotypes in a sample, ¢ the frequency of a given clonotype, and k a particular clonotype.
Clonality or Clonal index (C) reflects the inverse of the normalized Shannon’s entropy H, a statistic for how much of the repertoire is
made up of expanded clones.

C=1-H/In(p),

where H is the Shannon entropy, and p is the number of unique clonotypes per sample.

Clonal homeostasis was analyzed using tcR package (Nazarov et al., 2015), measuring alterations in intratumoral and peripheral
TCR clonotype frequencies within the homeostatic space in wild-type and treatment groups. The percentage of sequences
was calculated and categorized as rare (0 - 107®), small (10 - 107%), medium (10 - 103), large (10 - 103, and hyperexpanded
(1072 - 1) in different treatment groups.

We used the Jaccard Index (J(B,T)) to determine TCR clonotype sequence similarity between paired blood and tumor samples
(Chen et al., 2017). Here, clonotype was defined as V segment identity (e.g. V1), nucleic acid sequence of CDR3 region,
and J segment identity (e.g. J1-1). For each pair of samples, the Jaccard Index was the number of clonotypes shared between blood
and tumor divided by the total number of clonotypes in blood and tumor:

J(B,T)=BNT/BUT,
where B and T represent all clonal sequences in blood and tumor, respectively.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using Prism 6 for Mac. Specific tests included Mann-Whitney (unpaired, nonparametric
two-tailed), unpaired t test, one- and two-way ANOVA, and Wilcoxon rank-sum. In instances where multiple comparisons were
performed, Bonferroni correction was used, unless otherwise specified. Specific tests are identified in the respective figures.
p values < 0.05 were considered statistically significant, with * p < 0.05, ** p < 0.01, ** p < 0.001, *** p < 0.0001, unless otherwise
indicated in the figure.

DATA AND SOFTWARE AVAILABILITY

TCRpB sequencing data have been deposited in the GEO under accession GSE112323.
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE112323.
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Figure S1, related to Figure 1

(A) Representative histology of ear or truncal skin from nontransgenic (NT) and HPV16 mice from
indicated ages. Dotted line represents the dermal (d)-epidermal (e) junction and arrowheads depict
areas of dysplasia.

(B) Immunodetection of C5L2 (brown staining, counterstained with methyl green; panels in top row
and on side), and their quantification (bottom) from nontransgenic (NT) littermate ear skin, and
canonical timepoints reflecting hyperplasia (1-month), early dysplasia (4-month), late dysplasia (6-
month), well differentiated SCC (WDSC) and poorly differentiated SCC (PDSC) from HPV16 mice.
Representative images are shown. Data points in graph reflect automated quantification (bottom left)
of C5L2" infiltrating cells, with each data point reflecting an independent mouse. Significance
determined by one-way ANOVA with Bonferroni post-test for multiple comparisons.

(C-D) Gating strategy for identification of myeloid (C) and lymphoid (D) lineages. Populations
identified are depicted in red text.

(E) Flow cytometric analysis of C5aR1 expression on cells isolated from 4-month old HPV16/C5aR1*"
and HPV16/C5aR1" ears. Shown are representative histograms from 3-5 mice per group.

Data are represented as means + SEM. * p < 0.05; ** p < 0.01; ** p < 0.001; **** p < 0.0001.
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Figure S2, related to Figure 1

(A) Growth curves of WDSC cells intradermally implanted into syngeneic C5aR1*- and C5aR1”- mice
(n = 5-8 mice/group). Significance determined by two-way ANOVA with Bonferroni post-test for
multiple comparisons.

(B) Quantitative analysis of tissue sections from end-stage SCCs (Figure 1G) for CD31* vascular
structures. Sections stained for CD31 and manual counting of CD31" structures performed in 5 fields
of view per SCC. Significance determined by one-way ANOVA with Bonferroni post-test for multiple
comparisons. Each data point reflects quantitative data from an individual SCC.

(C) Quantitative analysis of tissue sections from end-stage SCCs from (Figure 1H) for CD31*
vascular structures. Sections stained for CD31 and manual counting of CD31* structures performed
in 5 fields of view per SCC. Significance determined by one-way ANOVA with Bonferroni post-test for
multiple comparisons. Each data point reflects quantitative data from an individual SCC.

(D) C5aR1*- or C5aR1” donor (d) BMMCs admixed 1:1 with PDSC5 cells and intradermally injected
into syngeneic recipient (r) mice of indicated genotype. Mice from two independent experiments are
depicted (n = 11-13 mice/group), with significance determined by two-way ANOVA and Bonferroni
post-test for multiple comparisons.

(E) Quantitative analysis of tissue sections from end-stage SCCs from (Figure S2D) for CD31*
vascular structures. Sections stained for CD31 and manual counting of CD31* structures performed
in 5 fields of view/SCC. Significance determined by one-way ANOVA with Bonferroni post-test for
multiple comparisons. Each data point reflects quantitative data from an individual SCC.

(F) C5aR1* or C5aR1" donor (d) BMM®s admixed 1:1 with PDSC5 cells and intradermally injected
into syngeneic recipient (r) mice of indicated genotype. Mice from two independent experiments
depicted (n = 12-15 mice/group), with significance determined by two-way ANOVA and Bonferroni
post-test for multiple comparisons.

(G) Quantitative analysis of tissue sections from end-stage tumors from (Figure S2F) for CD31*
vascular structures. Sections stained for CD31 and manual counting of CD31* structures performed
in 5 fields of view/SCC. Significance determined by one-way ANOVA with Bonferroni post-test for
multiple comparisons. Each data point reflects quantitative data from an individual SCC.

(H) Immune complexity of ear skin from HPV16 mice of the indicated genotypes at indicated
timepoints. Results are shown as percentage of total live CD45" cells, with significance determined by
Student’s t test. N=4-5 mice/group. Colors reflect distinct cell lineages as determined by lineage-
selective expression of epitopes shown. Gating strategy shown in Figure S1C-D.

Data are represented as means + SEM. * p < 0.05; ** p < 0.01; ** p < 0.001; **** p < 0.0001.
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Figure S3, related to Figure 3

(A) In vitro complement deposition assay of BMM®s derived from nontransgenic mice co-cultured
with PDSCS5 cells in the presence of indicated serum +/- aprotinin, and |IF-stained for C5a and F4/80.
Quantitation of IF staining for C5a deposition determined by ImagedJ from one independent regions of
interest (ROIs) per tissue culture well with each experimental condition replicated in 8-12 wells, for
each experimental condition indicated and the experiment repeated once. Data points shown reflect
mean + SEM.

(B) Immunoblot of C5a (top) and GAPDH (bottom) lysates from ear skin of 6-month old HPV16 mice
of indicated genotype. Blots shown were cropped at the edges.
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Figure S4, related to Figure 6

(A) Flow cytometric analysis of SCCs isolated at end stage from mice in Figure 6B for CD4" T cells
(CD3*CD4*), CD8" T cells (CD3*CD8*), Macrophages (CD11b*MHCII*F4/80*CD11c*"), DCs
(CD11b*MHCII*F4/80CD11c*), monocytes  (CD11b*MHCII'Ly6C*Ly6G"), and  neutrophils
(CD11b*MHCII'Ly6C*-Ly6G*), as percentages of live CD45* cells, with significance determined by
one-way ANOVA and Bonferroni post-test for multiple comparisons. Each data point reflects
guantitative data from an individual SCC.

(B) IPA network analysis of gene expression from CD11b*MHCII*F4/80*CD11c*- macrophages
isolated from SCCs of PMX-53/PTX treated mice, as compared to PMX-53 monotherapy. Chosen
network consists of the top scoring network containing a molecule (score = 33) from Figure 6E
(interferon y). Color intensity of shapes is directly related to the level of upregulation (red) or

downregulation (green).
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Figure S5, related to Figure 6

(A) Chemokine mRNA expression in FACS-sorted CD11b*MHCII*F4/80* macrophages from end-
stage tumors (Figure 6B) as determined by qPCR. Depicted are relative mRNA levels normalized to
Thp in macrophages from 4 mice/treatment group.

(B) Dosing strategies (top) for evaluating tumor growth kinetics (lower graph) of PDSC5-SCCs in
syngeneic mice treated with PTX or PMX-53/PTX, and either isotype control (IgG2b) or aCD4 mAb.
Shown are mice pooled from 2 independent experiments (n=8-11 mice/group). Significance
determined by two-way ANOVA with Bonferroni post-test for multiple comparisons. At right is FACS
plot showing percentage CD4" cells in SCCs from control (top) versus CD4-depleted (bottom) mice.
(C-D) Quantitation of CD31* vessels in tissue sections from end-stage SCCs shown in Figure 6F (C)
and Figure S4B (D). CD31 positivity was analyzed manually in 5 fields of view/end-stage SCC, with
significance determined by one-way ANOVA and Bonferroni post-test for multiple comparisons.

Data are represented as means + SEM. * p < 0.05; ** p < 0.01; ** p < 0.001; **** p < 0.0001.
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Figure S6, related to Figure 7

(A) Flow cytometric analysis assessing infiltration of CCR5* CD8" T cell into SCCs from mice treated
as in Figure 6B, with significant differences determined by one-way ANOVA and Bonferroni post-test
for multiple comparisons.

(B) Flow cytometric analysis assessing infiltration of total CD8" T cells in SCCs of mice treated with
aCXCR3 mAb. Significance determined by one-way ANOVA with Bonferroni post-test for multiple
comparisons.

(C) Flow cytometric analysis of SCCs in mice treated with a CXCR3 mAb. Significance determined by
one-way ANOVA with Bonferroni post-test for multiple comparisons.

(D) Quantitation of CD31" vessels in tissue sections from end-stage SCCs (Figure 7C). Sections
stained for CD31 and manual counting of CD31" structures performed in 5 fields of view/SCC.
Significance determined by one-way ANOVA with Bonferroni post-test for multiple comparisons.

(E) Flow cytometric analysis of CD11b*MHCII*F4/80" macrophage presence in SCCs isolated from
mice from Figure 7D. Significance determined by one-way ANOVA with Bonferroni post-test for
multiple comparisons.

(F) Quantitation of CD31* vessels in tissue sections from end-stage SCCs end-stage SCCs isolated
from mice from Figure 7D. Sections stained for CD31 and manual counting of CD31* structures
performed in 5 fields of view/mouse. Significance determined by one-way ANOVA with Bonferroni
post-test for multiple comparisons.

(G) Gating strategy for determining immune populations depicted in Figures 7G-H and S7A-C.

In panels A-F, each data point reflects quantitative data from an individual SCC. Data are represented
as means + SEM. * p < 0.05; ** p < 0.01; *** p <0.001; **** p < 0.0001.
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Figure S7, related to Figure 7

(A-C) Flow cytometric analysis of CD69, CD107a, Ki67, and KLRG1 on CD44*CD62L"EOMES*PD-1-
(A) CD44*CD62L'EOMES*PD-1* (B), and CD44*CD62L'EOMESPD-1- (C) CXCR3*CD8" T cells.
Significance determined by one-way ANOVA with Bonferroni post-test for multiple comparisons. ‘nd’
indicates that the parent population was not detected.

(D) Correlation (Corr.) between CXCR3 and CD8A, CXCL9, CXCL11, CD69, PRF1, GZMA, and
GZMB in the Ginos Head-Neck dataset using Oncomine coexpression heatmaps. Correlation derived
from the average linkage hierarchical clustering and data displayed as log2 median-centered intensity
with lowest expression in blue and highest expression in red.

In panels A-C, each data point reflects quantitative data from an individual SCC. Data represented as
means + SEM. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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Figure S8, related to Figure 8

(A-D) Matched end-stage SCCs and PBMCs from mice of specified treatment groups vs. nontumor
bearing (NTB) mice analyzed by deep sequencing of the CDR3 region of the TCRp chain.

(A and C) Clonal index of SCCs (A) and PBMCs (C).

(B and D) Clonal frequency of most frequent TCR clonotype in SCCs (B) and PBMCs (D).

Each data point in A-D reflects quantitative data from an individual SCC or nontumor-bearing mouse.
(E) Immunodetection of PTX3 (brown staining, counterstained with methyl green; panels in top row
and on side), and quantification (bottom) from nontransgenic (NT) littermate ear skin, and canonical
timepoints reflecting hyperplasia (1-month), early dysplasia (4-month), late dysplasia (6-month), well
differentiated SCC (WDSC) and poorly differentiated SCC (PDSC) from HPV16 mice. Representative

images are shown.
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