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was examined in the progression and metastasis of cSCC. C5aR1 expression was increased in ¢SCC cells in
a three-dimensional spheroid coculture model in the presence of fibroblasts, and treatment with re-
combinant C5a enhanced the invasion of ¢SCC cells. Staining for C5aR1 was detected on the surface of
tumor cells at the invasive edge of human cSCC xenografts in vivo. Metastatic and non-metastatic
primary human cSCCs, premalignant and benign epidermal lesions, and normal skin for C5aR1 were
stained with multiplex immunofluorescence and chromogenic immunohistochemistry. Increased
expression of C5aR1 was observed on the surface of tumor cells and fibroblasts in invasive cSCCs and
recessive dystrophic epidermolysis bullosa—associated c¢SCCs compared with ¢SCC in situ, actinic ker-
atoses, seborrheic keratoses, and normal skin. Increased expression of C5aR1 on the tumor cell surface
and in fibroblasts was associated with metastatic risk and poor disease-specific survival of patients with
primary cSCC. These findings suggest a role of C5a in ¢SCC cell invasion, and they identify C5aR1 as a
novel biomarker for metastasis risk and poor prognosis in patients with c¢SCC. The results also suggest
that C5aR1 could be a novel therapeutic target for the treatment of locally advanced and metastatic

cSCC. (Am J Pathol 2025, 195: 1158—1171; https://doi.org/10.1016/j.ajpath.2025.02.004)

Cutaneous squamous cell carcinoma (cSCC) is the most
common metastatic skin cancer, with an increasing inci-
dence in recent decades.' ~ Exposure to solar UV radiation
is the predominant risk factor for cSCC, which commonly
arises from the precursor lesions actinic keratosis (AK) and
Bowen’s disease [in situ cSCC (cSCCIS)] in sun-damaged
skin.* Approximately 3% to 5% of primary ¢cSCCs metas-
tasize, and the prognosis for patients with metastatic cSCC
(mcSCC) is poor.s’(’ ¢SCC accounts for nearly 25% of
annual skin cancer deaths.’ Currently, there are no estab-
lished molecular markers in clinical practice for predicting
the metastasis risk of primary cSCCs. Therefore, there is a
need for predictive biomarkers for the prognosis of ¢cSCC
and for new therapeutic targets for mcSCC.

The complement system is an integral part of human
innate immunity, and its role in cancer progression has
recently been emphasized.® '" Tumor cell—specific
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expression of several complement components (FB, FD,
C3, Clr, and Cls) and inhibitors (FH and FI) has been
documented in ¢SCC, and they play a non-canonical role in
¢SCC progression in vivo.'' ' The complement component
C5a functions as a vasodilator and chemotactic factor, and it
increases vascular permeability and degranulation of mast
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cells by attaching to the specific receptor C5aR1 on the
target cells.'® *" C5aR1 is up-regulated in infectious and
inflammatory diseases such as sepsis, respiratory distress
syndrome, systemic lupus erythematosus, and inflammatory
bowel disease.”’ > C5aR1 is overexpressed in several
cancer types, including non—small cell lung cancer, uro-
thelial cell carcinoma, renal cell carcinoma, gastric cancer,
hepatocellular carcinoma, prostate cancer, and breast can-
cer,>* 2 and is associated with poor survival.** In addition,
C5a production is up-regulated in multiple cancers, and its
presence is linked to increased metastatic potential of cancer
cells.” C5a can also modulate the immune microenviron-
ment toward a pro-tumor or antitumor response depending
on the tumor type and local concentration of C5a.”

The expression of C5aR1 mRNA has not been detected in
¢SCC cells or normal keratinocytes cultured in a mono-
layer.'” The aim of the current study was to further examine
the role of C5aR1 in the progression and metastasis of
c¢SCC. The results show increased expression of C5aR1 in
¢SCC cells cocultured with human skin fibroblasts in three-
dimensional (3D) spheroids and increased invasion of cSCC
cells through collagen upon treatment with recombinant
C5a. Elevated expression of C5aR1 was noted in the cSCC
tumor cells and stromal fibroblasts compared with AK and
c¢SCCIS in vivo, with the expression increasing toward
mcSCC and cSCC metastases. Moreover, the up-regulation
of C5aR1 in ¢SCC cells and fibroblasts in the tumor
microenvironment (TME) was associated with poor prog-
nosis. These findings suggest that C5aR1 may serve as a
prognostic biomarker and a therapeutic target for locally
advanced and mcSCC.

Materials and Methods

Ethical Issues

The study was approved by the Ethics Committee of the
Hospital District of Southwest Finland (187/2006) and the
Scientific Steering Committee (AB15-9721) of Auria Bio-
bank (Turku, Finland). The research was performed accord-
ing to the Declaration of Helsinki, and an informed biobank
consent was obtained from the patients. Registry study
approval for collection and use of clinical and histopathologic
data was obtained from the Turku University Hospital Clin-
ical Research Centre (TO5/042/18; Turku, Finland). All ex-
periments with mice were conducted with permission of the
Animal Test Review Board of Southern Finland
(ESAVI15107/2020) according to institutional guidelines.

Cell Lines

Primary non-metastatic (UT-SCC-91) and metastatic (UT-
SCC-7 and UT-SCC-115) cell lines were established from
surgically removed ¢SCCs at Turku University Hospital.”*"’
The authentication of these cell lines was performed by STR
DNA profiling (DDC Medical, Fairfield, OH).”® The Ha-ras-
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transformed tumorigenic HaCaT cell line RT3 was kindly
provided by Dr. Norbert Fusenig (German Cancer Research
Center, Heidelberg, Germany). Primary adult human skin
fibroblasts from a 24-year—old male donor were a kind gift
from Prof. Risto Penttinen (University of Turku, Turku,
Finland).”**" Normal human adult dermal fibroblasts (C-
12302) were purchased from PromoCell GmbH (Heidelberg,
Germany). Both fibroblast strains were used up to passage
number 12. All cell lines were grown in Dulbecco’s modified
Eagle’s medium [(DMEM) with 4.5 g/LL glucose; 12-614F;
Lonza, Verviers, Belgium] supplemented with 10% fetal calf
serum, L-glutamine (6 nmol/L), penicillin (100 U/mL), and
streptomycin (100 pg/mL). Then, 1 x MEM non-essential
amino acids (11140-035; Gibco, Carlsbad, CA) were added
to the medium of c¢SCC cell lines. Geneticin-418 (200 ng/
mL; 10131035; Gibco) was added to the RT3 cell line me-
dium. The cell lines were routinely tested to be negative for
mycoplasma contamination by using a MycoAlert PLUS
Mycoplasma Detection Kit (LT07-710; Lonza, Cologne,
Germany).

3D Spheroid Cultures

The information on experimental parameters, spheroid
preparation, and growth conditions of spheroids is based on
MISpheroID  guidelines and recommendations.”’  For
Western blot analysis and invasion assays, 3D spheroids
were made in micro-molds according to the manufacturer’s
instructions (MicroTissues 3D Petri Dish micro-mold
spheroids; Sigma-Aldrich, St. Louis, MO) with 2.5 x 10°
cells in one mold (monocultures; 7000 cells per spheroid) or
5.0 x 10° cells in one mold (cocultures; 14,000 cells per
spheroid). In cocultures, the cell ratio was 1:1 (RT3/UT-
SCC-7/UT-SCC-115 cells and fibroblasts, respectively).
The spheroids were grown in serum-free DMEM for 3 days
at 37°C in an incubator environment of 20% oxygen and 5%
carbon dioxide. Ascorbic acid (50 pg/mL) was added daily.

CellTracker Labeling

RT3, UT-SCC-7, and UT-SCC-115 cell lines and primary
human skin fibroblasts were labeled with CellTrackers in
two-dimensional conditions: RT3, UT-SCC-7, and UT-
SCC-115 cells in red (CellTracker Orange CMTMR Dye,
C2927; Invitrogen, Waltham, MA) and fibroblasts in green
(CellTracker Green CMFDA Dye, C2925; Invitrogen). The
cells were labeled with 2.5 uM dye in DMEM supplemented
with 10% fetal calf serum for 1 hour at 37°C, washed twice
with phosphate-buffered saline (PBS), and constructed into
spheroids. After 3 days, the spheroids were used in invasion
assays or fixed for immunofluorescence staining.

Immunofluorescence Staining of Spheroids

Three-day—old spheroids were fixed with 4% para-
formaldehyde for 1 hour at 4°C, followed by fixation with 4%
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paraformaldehyde supplemented with 1% Triton X-100 for 1
hour at 4°C. The spheroids were washed twice with
PBS + 0.1% Triton X-100 (PBST) and blocked with 6%
bovine serum albumin (BSA) in PBST for 3 hours at room
temperature (20°C-25°C). C5aR1 antibody (1:100 in PBST;
ab234757; Abcam, Cambridge, UK) was incubated for 3
hours at room temperature, and spheroids were then washed
three times with PBST (15 minutes each wash). The spheroids
were then treated with highly pre-cross absorbed Alexa Fluor
633 goat anti-rabbit IgG secondary antibody (1:200 in PBST;
A21071; Invitrogen, Carlsbad, CA) for 1.5 hours at room
temperature and washed three times with PBST (15 minutes
each wash). The spheroids were mounted in 95% glycerol.

Invasion Assays

For invasion assays in 3D spheroids in collagen I, the cells
were stained with CellTrackers as described in CellTracker
Labeling, constructed into spheroids, and allowed to grow
for 3 days. Ascorbic acid (50 pg/mL in serum-free DMEM
medium) was added daily. Three-day—old spheroids were
plated on collagen I—coated 96-well plates (0.035 mg/mL;
collagen solution from bovine skin; C4243; Sigma-Aldrich),
and collagen I gel (2.0 mg/mL; Type I Bovine Collagen
Solution, #5010; Nutragen, Advanced BioMatrix, Carlsbad,
CA) was layered on top of the spheroids. DMEM supple-
mented with 10% fetal calf serum was added above the
collagen gel. To study the effect of C5a on cell invasion, 3-
day—old spheroids were incubated with 100 nmol/L re-
combinant human complement component C5a (rhC5a)
(#2037-C5; R&D Systems, Minneapolis, MN) for 3 hours at
37°C before embedding the spheroids into the collagen gel.
Control samples were incubated with 0.1% BSA-PBS for 3
hours at 37°C. The collagen I gel and the medium on top of
the collagen I gel were supplemented with 100 nmol/L
rhC5a and in control samples with 0.1% BSA-PBS.

To exclude the effect of proliferation on cell invasion, 3-
day—old spheroids were incubated with 1 mmol/L hy-
droxyurea (HU) (H8627; Sigma-Aldrich) for 3 hours at
37°C before embedding the spheroids into the collagen gel.
Control samples were incubated with 0.1% BSA-PBS for 3
hours at 37°C. The medium on top of the collagen I gel was
supplemented with 0.5 mmol/L HU and in control samples
with 0.1% BSA-PBS. Spheroids were allowed to invade for
96 hours and were imaged every 24 hours with an LSM 880
confocal microscope (Zeiss, Jena, Germany). Fiji (https:/
Fiji.sc), an image processing platform based on Imagel]
version 2.0.0-rc-69/1.52n"* (NIH, Bethesda, MD; hiips:/
imagej.net/ij), was used to calculate the invasion (ie, the
area covered by cells). The cell invasion of two to six
spheroids from each sample were analyzed. Biological
replicates are stated in the figure legends.

For invasion assays in inserts, collagen gel was prepared
by mixing type I collagen (PureCol; Advanced BioMatrix,
San Diego, CA) with 5 x DMEM and 0.2 mol/L. HEPES
buffer (pH 7.4) at a ratio of 7:2:1, respectively. Sodium
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hydroxide (1 mol/L) was added to obtain a final pH of 7.4.
After labeling of UT-SCC-7 cells and fibroblasts with
CellTrackers, the cells were trypsinized, suspended in
DMEM containing 0.1% BSA, and seeded (both cell types
2.5 x 10° cells per insert) to collagen I—coated invasion
chambers. The cell suspension was supplemented with 100
nmol/L rhC5a and in control samples with 0.1% BSA-PBS.
Chemoattractant (10% fetal bovine serum in DMEM) was
added into the lower chamber supplemented with 100 nmol/
L rhC5a and in control samples with 0.1% BSA-PBS. After
48 hours’ incubation, cells on the upper surface of the insert
were removed, and the invaded cells on the lower surface
were fixed with methanol. UT-SCC-7 cells and fibroblasts
were then counted under a fluorescent microscope.

Confocal Imaging

The spheroids were imaged with an LSM 880 Airyscan
confocal microscope (Zeiss) (10x and 20x objectives; green
CellTracker excitation at 488 nm, orange CellTracker exci-
tation at 543 nm, and Alexa Fluor 633-secondary antibody
excitation at 633 nm). The imaging was performed at the Cell
Imaging and Cytometry Core, Turku Bioscience Centre
(Turku, Finland), with the support of Biocenter Finland.

Gene Expression Profiling Interactive Analysis

The online Gene Expression Profiling Interactive Analysis
(GEPIA,  http://gepia.cancer-pku.cn,  last  accessed
December 1, 2024) analysis tool was used to analyze the
relationship between C5AR1 mRNA expression and
prognosis of esophageal carcinoma and lung SCC in The
Cancer Genome Atlas data.***

Human cSCC Xenografts

Human cSCC xenografts were established as previously
described."’ Primary UT-SCC-91 (7 X 10%) and metastatic
UT-SCC-7 cells (5 x 10% were injected subcutaneously
into the back of 6-week—old severe combined immunode-
ficient mice (CB17/Icr-Prkdc*/lIcrlcoCrl) (Charles River
Laboratories, Minneapolis, MN). UT-SCC-91 and UT-SCC-
7 xenograft tumors were harvested after 16 or 21 days,
respectively, and processed for immunohistochemical (IHC)
analysis as described previously.'”

Tissue Material and Chromogenic
Immunohistochemistry

Tissue samples were collected from Auria Biobank and the
archives of Turku University Hospital. Tissue microarrays
consisting of formalin-fixed, paraffin-embedded human tis-
sue specimens obtained by resection or biopsy were con-
structed, and the characteristics of tumor cohorts were
previously described (Supplemental Table S1).*7 The tis-
sue samples consisted of normal skin (n = 54 individual
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skin samples), seborrheic keratosis (SK; » = 6 individual
tumors), AK (n = 50 individual tumors), cSCCIS (n = 51
individual tumors), non-mcSCC (n = 152 samples, 97 in-
dividual tumors), mcSCC (n = 77 samples, 55 individual
tumors), cSCC metastases (n = 94 samples, 65 individual
tumors), and recessive  dystrophic  epidermolysis
bullosa—associated ¢SCC (RDEBSCC; n = 11 individual
tumors). The characteristics of the RDEBSCC samples are
described in Supplemental Table S2. Tissue microarrays
contained replicate cores from each tumor. The findings
from tumors with multiple spots were merged to one so that
one result per tumor or skin sample was observed.

Multiplexed Immunofluorescence

C5aR1 and activated fibroblast markers, along with their
distribution in tumor tissue, were defined by using multi-
plexed immunofluorescence (mlF). The first panel contained
C5aR1 and fibroblast activation protein (FAP), the second
panel CD45 and o-smooth muscle actin (aSMA), and the
third round of staining with PanEpi (Table 1).*” C5aRl1
expression levels were analyzed based on the relative cell
area in normal skin samples (n = 62 spots, 54 individual
skin samples), AKs (n = 54 spots, 53 individual tumors),
c¢SCCIS (n = 47 spots, 47 individual tumors), invasive
c¢SCCs (n = 198 spots, 174 individual tumors), cSCC me-
tastases (n = 9 spots, 9 individual tumors), and RDEBSCCs
(n = 83 spots, 11 individual tumors). When multiple spots
were derived from the same tumor, only the highest observed
result from all spots was included in the data to capture the
hot spot of expression. This approach was chosen based on
the rationale that areas of maximum C5aR1 expression may
represent the regions of greatest significance, especially with
respect to metastatic potential in cSCC.

Statistical Analysis

All quantitative data regarding coculture models are pre-
sented as means = SD or SEM as stated in the figure leg-
ends. The Shapiro-Wilk test was used to test normality
assumption. The Levene test was used to test the homoge-
neity of variances between the statistically compared
groups. Statistical differences were determined by using
either paired #-test or analysis of variance complemented by
appropriate post hoc tests [Tukey (if variances between the
statistically compared groups were similar) or Dunnett’s T3
(if variances between statistically compared groups were not
similar)]. Origin 2015 (OriginLab Corporation, North-
ampton, MA) and SPSS version 25 (IBM Corp., Armonk,
NY) were used to perform the analyses. Only two-tailed P
values < 0.05 were considered as statistically significant.
Statistical analysis of IHC staining and survival analysis
were made with JMP version Pro 16 (SAS Institute, Inc.,
Cary, NC; 1989-2024). The semiquantitative analysis
included four classes based on C5aR1 staining rate: negative
staining (—), weak staining (+), moderate staining (4-+), and
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Table 1  Antibodies Used in the Study
Experiment Antibody/product
Spheroid IF
A21071 Alexa Fluor 633 goat anti-rabbit
IgG secondary antibody
(A21071, Invitrogen; 1:200 in
PBST)
Ab234757 (5aR1 antibody (ab234757,

Abcam; 1:100 in PBST)
Xenograft THC
Ab11867 C5aR1-antibody [C5a-R (S5/1)
(Abcam/ab11867)]
Multiplexed IF
TSA-555
Alexa Fluor 647

Alexa Fluor 750

Ra FAP (ab207178) 1:500

Ma C5aR1 (ab11867) 1:100

Ma SMA (DAKO M0851) 1:200; 0/
N 4°C

Alexa Fluor 647 R-anti-CD45 (CST13917) 1:100

Alexa Fluor 750 PanEpi
Chromogenic IHC
Ab11867 C5aR1-antibody [C5a-R (S5/1)

(Abcam/ab11867)]

FAP, fibroblast activation protein; IF, immunofluorescence; IHC, immu-
nohistochemistry; PBST, phosphate-buffered saline + 0.1% Triton X-100;
SMA, smooth muscle actin.

strong staining (+++). For statistical analysis, these classes
were grouped in two classes, weak staining including (—) and
(+) groups, and strong staining including (++) and (+++)
groups. The statistical analysis of semiquantitative data was
made with the Fisher exact test. Survival analysis was made
with Kaplan-Meier curves and log-rank analysis.

For disease-specific survival analysis, 39 patients were
identified with weak cSCC cell surface C5aR1 intensity and
37 patients with strong cSCC cell surface C5aR1 intensity. In
addition, for the analysis of TME fibroblast C5aR1 intensity,
46 patients with weak C5aR1 intensity and 25 patients with
strong C5aR1 intensity were included in our data set. Five of
the original histopathologic samples lacked stromal tissue,
and fibroblasts were therefore not included in these samples.
Only two-tailed P values <0.05 were considered as statisti-
cally significant. For mIF, the statistical analyses were made
with the Kruskal-Wallis test, and comparisons for each pair
were implemented with the Steel-Dwass method.

Results

(5aR1 Expression in ¢SCC Cells Is Induced by Co-
culture with Fibroblasts

C5aR1 expression is not detected at the mRNA level in
¢SCC cells cultured in a monolayer.'” To further examine
the role of C5aR1 in ¢SCC, cocultures of cSCC cells and
normal human skin fibroblasts in a 3D spheroid model were
used.”*” In cocultures of meSCC cells (UT-SCC-7) and
fibroblasts, C5aR1 expression was markedly increased
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compared with spheroids that contained only cSCC cells or cells and fibroblasts (Supplemental Figure S1, A and B).

fibroblasts (Figure 1, A and B). Confocal imaging showed Confocal imaging showed that C5aR1 expression was most
peripheral localization of UT-SCC-7 cells, whereas fibro- prominent in the outer shell of the spheroids, where RT3
blasts were primarily located in the center of the spheroid cells were also located (Supplemental Figure S1C).

(Figure 1C). Immunofluorescent staining revealed co-
localization of C5aR1-positive cells with UT-SCC-7 cells

: S C5a Increases cSCC Cell Invasion in Collagen I
in the outer shell of the spheroid (Figure 1C). Confocal

imaging results were verified by a computational analysis To investigate the potential role of C5a in cell invasion, 3D
method that allowed analysis of the expression profiles of spheroids established with RT3 cells and human skin fi-
the spheroids, taking into account different diameters and broblasts were treated with rhC5a. Confocal images showed
the intensity values of the spheroids. The expression profile that thC5a treatment enhanced RT3 cell invasion compared
analysis showed C5aRl expression emerging from the with the control cultures (Figure 2A). Quantitative analysis
spheroid edges, where UT-SCC-7 cells were also located revealed that treatment with rthC5a significantly increased
(Figure 1D). To verify the results obtained with UT-SCC-7 the invasion of RT3 cells out of spheroids at 72- and 96-
cells, Ha-ras-transformed metastatic epidermal HaCaT ker- hour time points compared with untreated control cells
atinocytes (RT3 cells) were cultured together with human (Figure 2, B and C). The invasion of fibroblasts out of the
skin fibroblasts. Western blot analysis revealed that C5aR1 same spheroids remained unaffected by rhC5a treatment
expression was increased in spheroids containing both RT3 except for the 72-hour time point (Figure 2, D and E). To
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Figure 1  Fibroblasts induce C5aR1 expression in cutaneous squamous cell carcinoma (cSCC) cells. A: Western blot analysis of C5aR1 in three-dimensional
spheroids composed of human skin fibroblasts, metastastic c¢SCC cells (UT-SCC-7), and their coculture. A representative image from three independent bio-
logical replicates is presented. B-actin was used as a loading control. B: Quantification of C5aR1 levels from the Western blot analysis represented in A. The
graph illustrates C5aR1 relative intensity to B-actin + SEM. Three independent biological replicates were conducted. C: Confocal images of spheroids with cSCC
cells (UT-SCC-7) cocultured with human skin fibroblasts. The cells were initially labeled with CellTrackers (UT-SCC-7 cells in red and fibroblasts in green), and
the spheroids were allowed to grow for 3 days. After paraformaldehyde fixation, the spheroids were subjected to immunofluorescence staining for C5aR1. Three
independent biological replicates were performed. D: Expression profile of spheroids containing UT-SCC-7 cells and human skin fibroblasts. The cells were
treated as in C, and the expression profile was calculated from the confocal images. Mean intensity values depict the intensities of UT-SCC-7 cells (red),
fibroblasts (green), and C5aR1 (magenta), while the relative distance indicates the diameter of the spheroids. Twenty-four spheroids from three biological
replicates were analyzed. Means (dark line) + SEM (light area around the line) is shown. n = 24 spheroids (C). Scale bars: 200 pum (C).
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verify the results obtained with the RT3 cell line, the same cell invasion out of the cocultured spheroids in later time
invasion assay was performed with the metastatic UT-SCC- points (Supplemental Figure S2, A and B), and the increase
115 cell line and human skin fibroblasts. Compared with was statistically significant at the 96-hour time point
control cells, treatment with rhC5a increased UT-SCC-115 (Supplemental Figure S2C). Fibroblast invasion from the
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Figure 2  Recombinant human complement component C5a (rhC5a) increases RT3 cell invasion in collagen I. A: RT3 cells (red) were incorporated into
spheroids with human skin fibroblasts, and the spheroids were allowed to grow for 3 days. The spheroids were then treated with rhC5a for 3 hours, transferred
to a 96-well plate, and embedded in a collagen I gel. Invasion was monitored by using a confocal microscope every 24 hours over 5 days. For each time point,
two to six spheroids were imaged and analyzed. Three independent biological replicates were performed. B and C: RT3 cell invasion from cocultured spheroids
that were treated as described in A. A representative graph from three biological replicates (B) and analysis of RT3 cell invasion from cocultured spheroids (C).
The graph illustrates the difference in RT3 cell invasion between control samples and rhC5a-treated samples. The graph displays the mean from three in-
dependent biological replicates (squares) 4 SD (each replicate contained two to six spheroids). D and E: Fibroblast invasion from cocultured spheroids that
were treated as described in A. A representative graph from three biological replicates (D), and analysis of fibroblast invasion from cocultured spheroids (E).
The graph indicates the difference in fibroblast invasion between control samples and rhC5a-treated samples. The graph displays the mean from three in-
dependent biological replicates (squares) + SD (each replicate contained two to six spheroids). P values are from paired t-tests. *P < 0.05; ****P < 0.0001.
Scale bars: 400 pum (A).
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same spheroids was unaffected by rhC5a treatment
(Supplemental Figure S2, D and E).

To exclude the possibility that cell invasion out of the
spheroids was due to cell proliferation, cell proliferation was
prevented by treating the spheroids containing RT3 cells
and primary human fibroblasts with 1 mmol/L HU 3 hours
before the invasion assay. HU (0.5 mmol/L) was also pre-
sent in the attraction medium throughout the whole invasion
assay. Confocal images showed that RT3 cell invasion was
not affected by HU treatment because the cells invaded

A

equally well with and without HU (Supplemental
Figure S2F). Control cells and HU-treated cells invaded in
a similar fashion (Supplemental Figure S2G). In addition,
compared with control samples, thC5a treatment increased
RT3 cell invasion out of the spheroids with or without HU
treatment (Supplemental Figure S2, F and G). Fibroblast
invasion was not affected by HU or rhC5a treatment
(Supplemental Figure S2H).

To confirm the effect of rhC5a on ¢SCC cell invasion,
another invasion assay method was used. Collagen gel was

UT-SCC-91

UT-SCC-7

Figure 3

C5aR1 is expressed on tumor cells at the edges of human cutaneous squamous cell carcinoma xenografts. A and C: Human non-metastatic (UT-

SCC-91, 7 x 10°) and metastatic (UT-SCC-7, 5 x 10°) cutaneous squamous cell carcinoma cell lines were subcutaneously injected into the backs of severe
combined immunodeficient mice. The xenograft tumors were analyzed with immunohistochemistry using C5aR1 antibody. A: C5aR1 staining in the xenograft
tumor established with UT-SCC-91 was predominantly localized at the edges of the xenograft on the tumor cell surface as shown in B. C: In the xenograft tumor
established with UT-SCC-7, C5aR1 staining was observed on the tumor cell surface at the edges as shown in E, as well as in the well-differentiated areas within
the tumor as represented in D. Cell surface staining appeared more heterogeneous within the tumor, with staining primarily located on the cell surface. Scale

bars: 100 um (smaller panels); 500 um (larger panels).
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Figure 4  Increased number of C5aR1-positive cells in the cutaneous squamous cell carcinoma (cSCC) tumors. A—F: The expression of (5aR1 in normal skin
samples (A), actinic keratoses (AK) (B), cSCC in situ (cSCCIS) (C), invasive cSCCs (D), c¢SCC metastases (E), and recessive dystrophic epidermolysis
bullosa—associated cSCC (RDEBSCCs) (F) was analyzed by using multiplexed immunofluorescence. Fibroblasts were identified by staining for fibroblast activation
protein (FAP) and a-smooth muscle actin («SMA). PanEpi staining was used to identify epithelial cells and CD45 staining to identify leukocytes. Representative
images of the stainings from each group are shown. G: The percentage of C5aR1-positive (C5aR1™) cells in tissue samples. H: The relative number of C5aR1* and
FAP-positive (C5aR1TFAP™) cells in tissue samples. I: The relative number of C5aR1™ and a:SMA-positive (C5aR1TSMA™) cells in tissue samples. The figures display
the maximum, minimum, upper quartile, lower quartile, and median values. P values from each pairwise comparison were calculated by using the Steel-Dwass
method. n = 54 (A); n = 53 (B); n = 47 (C); n = 174 (D); n = 9 (E); n = 11 (F). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Scale
bars = 100 pm (A—F). Boxes areas with white dotted frames in the top panels are magnified in the bottom panels (A—F).
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prepared in the bottom of the invasion inserts, and the in-
vasion of ¢cSCC cells and fibroblasts through the gel toward
the chemoattractant (10% DMEM) was investigated. rhC5a
treatment enhanced UT-SCC-7 cell invasion but had no
effect on the invasion of fibroblasts compared with the
control cultures, confirming the results obtained with the 3D
spheroid model (Supplemental Figure S2, I and J).

(5aR1 Expression on Surface of Tumor Cells in Human
¢SCC Xenografts

The expression of C5aR1 in vivo was first examined by
using a human cSCC xenograft model. IHC staining of
xenografts showed C5aR1 on the cSCC cell surface, spe-
cifically at the edges of xenograft tumors established with
both non-metastatic (UT-SCC-91) (Figure 3, A and B) and
metastatic (UT-SCC-7) (Figure 3, C and E) cSCC cell lines.
In addition, in the xenograft tumor established with the
metastatic UT-SCC-7 cell line, prominent cell surface
staining for C5aR1 was also noted in tumor cells in the
center of the tumor (Figure 3D).

Increase in C5aR1-Positive Cells Is Observed in ¢SCC
in Vivo

The expression of C5aR1 in invasive ¢cSCCs (n = 174)
(Figure 4D) compared with normal skin (n = 62)
(Figure 4A), premalignant lesions, AKs (n = 53)
(Figure 4B), cSCCIS (n = 47) (Figure 4C), ¢SCC me-
tastases (n = 9) (Figure 4E), and RDEBSCC (n = 11)
(Figure 4F) was examined using mlIF. The analysis
revealed an increased number of C5aR1-positive (C5aR1™)
cells in invasive ¢cSCCs compared with normal skin and
premalignant lesions (Figure 4, A—D). Statistical analysis
indicated a significantly higher number of C5aR17 cells in
¢SCCs compared with normal skin, AK, and cSCCIS
(Figure 4G). Multiplex immunofluorescence for FAP and
aSMA, two markers for cancer-associated fibroblasts,
showed that the relative abundance of C5aR1TFAP™ cells
and C5aR17"SMA™ cells was higher in ¢SCCs than in
normal skin, AK, and cSCCIS (Figure 4, A—D, H and I).

Moreover, the number of C5aR1T"FAPT and
C5aR1"SMA™ cells in ¢SCC metastases was similar to
those in primary cSCC (Figure 4, H and I). The assessment
of samples of RDEBSCC, an aggressive form of ¢SCC
developing in chronic ulcers of patients with RDEB,
revealed an elevated number of CS5aR1" cells in
RDEBSCC compared with cSCC. In addition, the number
of C5aR1"FAP™ cells was higher in RDEBSCC compared
with ¢cSCC (Figure 4H).

(5aR1 Is Overexpressed on the Surface of Metastatic
cSCC Cells and Stromal Fibroblasts in Vivo

To further explore the expression and localization of
C5aR1, tissue microarrays containing tissue samples of
normal skin, SK, AK, c¢SCCIS, primary non-mcSCC and
mcSCC, metastasis, and RDEBSCC were stained with a
C5aR1 antibody using chromogenic IHC. C5aR1 staining
was specifically noted on the surface of epithelial cells and
with increased staining in ¢SCC compared with normal
skin, SK, AK, or ¢SCCIS (Figure 5). Moreover, increased
C5aR1 staining on the tumor cell surface was evident in
mcSCC (Figure 5B) and ¢SCC metastases (Figure 5C)
compared with non-mcSCC (Figure 5A). In addition, more
abundant C5aR1 staining was observed on the tumor cell
surface in RDEBSCC (Figure 5D) compared with normal
skin (Figure 5SE). Interestingly, C5aR1 expression was
detected in stromal fibroblasts located near the tumor
(Figure 5, B and C). For semiquantitative analysis, only
fibroblasts in the reticular dermis were included. C5aR1
staining was significantly stronger in TME fibroblasts in
mcSCCs compared with normal skin, AK, cSCCIS, and
non-mcSCC samples (Figure 5, A, B, E, G, H, and J, and
Supplemental Figure S3). In normal skin and SK samples,
all analyzed fibroblasts were negative (Figure 5, E, F, and
J). In addition, C5aR1 staining on the tumor cell surface
and in TME fibroblasts was increased in mcSCC and ¢cSCC
metastases compared with non-mcSCC (Figure 5, A, B, C,
I, and J, and Supplemental Figure S3).

In the semiquantitative analysis of RDEBSCC tumors
(Supplemental Figure S4), a total of seven metastatic and

Figure 5

Increased expression of C5aR1 in the cutaneous squamous cell carcinoma (cSCC) in vivo. A—H: Immunohistochemical staining with a C5aR1

antibody was performed on tissue samples from normal skin (n = 54), seborrheic keratosis (SK; n = 6), actinic keratosis (AK; n = 50), ¢SCC in situ (cSCCIS;
n = 51), non-metastatic cSCC (non-mcSCC; n = 152 samples, 97 individual tumors), metastatic ¢cSCC (mcSCC; n = 77 samples, 55 individual tumors), cSCC
metastases (n = 94 samples, 65 individual tumors), and recessive dystrophic epidermolysis bullosa—associated cSCC (RDEBSCC; n = 11). Representative
stainings from each group are shown. B—D: Increased C5aR1 staining was observed on the surface of cSCC cells, particularly in mcSCC, metastases, and
RDEBSCC. A and D—H: The C5aR1 staining was weaker on the cell surface in normal skin, SK, AK, cSCCIS, and non-mcSCC. In stromal fibroblasts, cytoplasmic
(5aR1 staining was strong, especially in mcSCC and metastases shown in panels B and C compared with normal skin, SK, AK, c¢SCCIS, RDEBSCC, and non-mSCC
shown in panels A and D—H. White arrows indicate tumor and epithelial cells; black arrows indicate fibroblasts in the tumor microenvironment (TME). I and
J: C5aR1 immunostaining intensity was scored as weak or strong based on specific staining on the epithelial cell surface and in TME fibroblasts. The C5aR1
staining on the cell surface of cSCC cells and in TME fibroblasts was significantly stronger in mcSCC and metastases compared with normal skin, SK, AK, and
¢SCCIS. In addition, the staining of C5aR1 was stronger on the ¢SCC cell surface and in fibroblasts in mcSCC and metastases compared with non-mcSCC. K and L:
The Kaplan-Meier method was used to assess cSCC patient survival. K: Disease-specific survival analysis revealed that increased expression of C5aR1 on the
tumor cell surface was associated with poor prognosis in patients with cSCC. L: Strong C5aR1 staining in TME fibroblasts was also associated with poor
prognosis in patients with ¢SCC. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-tailed Fisher exact test (I and J); ****P < 0.0001, log rank test
(K and L). Scale bars: 50 um (A—H).
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four non-metastatic tumors were evaluated. Among the
metastatic RDEBSCC samples, two had moderately posi-
tive C5aR1 expression on the cell surface of tumor cells,
three showed weak staining, and two were negative. In
comparison, only one of the four non-metastatic tumors
exhibited weak positivity, with the remaining three
showing no detectable staining. In the fibroblasts of
RDEBSCC tumors, weak C5aR1 staining was observed in
one of the four non-metastatic tumors, whereas the other
three were negative. Among the metastatic cases, weak
staining was noted in seven tumors, with the remaining six
showing no staining.

Increased Expression of C5aR1 in ¢SCC in Vivo Is
Associated with Metastasis and Poor Prognosis

The semiquantitative analysis of C5aR1 IHC stainings was
extended to include survival analysis. The disease-specific
S-year survival analysis revealed that the elevated expres-
sion of C5aR1 on the cSCC cell surface (Figure 5K) and in
fibroblasts within the TME (Figure 5L), was associated with
poor prognosis in patients with cSCC. Moreover, this poor
prognosis was already evident at 3 years (Figure 5, K and
L). Furthermore, the impact of C5aR1 on the overall sur-
vival of patients with other SCCs was assessed by using The
Cancer Genome Atlas database. Elevated expression of
C5AR1 correlated with a poor prognosis, resulting in
shorter overall survival in esophageal carcinoma and lung
SCC (Supplemental Figure S5).

Discussion

The complement cascade is part of the human innate im-
munity system and has conventionally been viewed as a
tumor-suppressing  cytolytic = mechanism.  However,
numerous studies have shown that complement components
and their receptors also contribute to tumor progression and
metastasis by inducing inflammation or causing
immunosuppression.” '’ Activation of the complement
cascade leads to the cleavage of the complement molecule
CS5 into C5a and C5b. C5a acts as an anaphylatoxin,
whereas C5b is involved in the complement lytic pathway.
C5a binds to two receptors [C5aR1 and C5aR2 (C5L2)] on
the surfaces of phagocytes and other cell types.'”*" The role
of C5aR1 in the inflammatory response is well established,
whereas the function of C5aR2 is less well understood.”” In
addition, the role of the C5a-C5aR1 axis in the progression
of ¢SCC is not known.

The aim of the current study was to investigate the role of
C5aR1 in the progression and metastasis of cSCC. In pre-
vious studies, the expression of C5aR1 at the mRNA level
was not detected in cSCC cells cultured in a monolayer.'”
Here, low expression of C5aR1 at the protein level was
observed in an mcSCC cell line (UT-SCC-7) cultured in 3D
spheroids. However, when cSCC cells were cocultured with
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normal dermal fibroblasts in spheroids, the protein-level
expression of C5aR1 in ¢SCC cells increased. Further-
more, treatment of Ha-ras-transformed metastatic human
keratinocytes, RT3 cells, cocultured in spheroids with
human skin fibroblasts with the C5aR1 ligand rhC5a
significantly enhanced the invasion of RT3, UT-SCC-115,
and UT-SCC-7 cells through collagen I. These results sug-
gest that the interaction between fibroblasts and cancer cells
is necessary to induce the expression of C5aR1 by c¢SCC
cells and that C5aR1 promotes the invasion of ¢cSCC cells.
This observation is further supported by the C5aRl1
expression noted in vivo at the surface of cSCC cells at the
invading margin in xenograft tumors established with non-
mcSCC and mcSCC cell lines. Furthermore, these findings
are consistent with previous research on the role of C5aR1
in promoting the invasion of gastric cancer cells.*®

The expression of C5aR1 was examined in a large panel
of tissue samples representing the progression from AKs to
invasive and mcSCC, as well as metastases using mIF and
chromogenic IHC. C5aR1 expression was observed on the
surface of cSCC tumor cells in vivo. C5aR1 expression was
significantly higher in ¢cSCC compared with that in AKs,
c¢SCCIS, normal skin, or benign papillomas (SKs). More-
over, C5aR1 expression was increased in mcSCC compared
with non-mcSCC, and the expression was also significantly
higher in metastases than in non-mcSCC. Notably, mIF
visualizes the relative cell area positive for C5aR1, and
chromogenic IHC indicates the localization and intensity of
the staining. These results suggest that C5aR1 may serve as
a marker for metastatic primary ¢cSCCs or cSCC metastases.
Similar findings have been observed in lung cancer, and
meta-analyses have shown a higher level of C5aR1 associ-
ated with the occurrence of lymph node metastases.””*’
Interestingly, in RDEBSCCs, the expression of C5aR1 on
¢SCC tumor cells was comparable to that in non-mcSCC,
whereas lesser expression was noted in TME fibroblasts.
This finding suggests that although RDEBSCC is an
aggressive form of c¢SCC, there are differences in the
expression of C5aR1™ fibroblasts compared with sporadic
c¢SCCs. These findings are in accordance with our recent
observations showing differences in the cancer-associated
fibroblast (CAF) population between c¢SCC and
RDEBSCC."

Therole of CAFs in cancer progression has recently received
attention, and the role of CAFs in cancer and cSCC have been
emphasized.”””' Recent observations indicate that FAP- and
aSMA-positive CAFs are increased in invasive cSCCs."” The
findings of this study show the expression of C5aR1 by TME
fibroblasts in cSCC, with an increased co-localization of FAP-
and aSMA-positive fibroblasts compared with normal skin,
AKs, and cSCCIS. These results align with previous studies
showing that the activation of C3a-C3aR signaling in a mouse
breast cancer model results in enhanced lung metastasis for-
mation by modulating CAFs.”

C5a increased the invasiveness of cSCC cells, and an up-
regulation in the expression of C5aR1 was also observed on
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the tumor cell surface as well as in CAFs. These results are
in accordance with observations in other cancers, such as
lung cancer,”’*’ and suggest that the C5a-C5aR1 pathway
likely contributes to promoting metastasis in cSCC as well.
In addition, the current results indicated that high expression
of C5aR1 correlated with a poor prognosis. These findings
highlight the potential value of C5aR1 expression as a
prognostic marker for cSCC, and C5aR1 staining could
serve as a predictive biomarker for the prognosis of patients
with cSCC.

Knocking down the anaphylatoxin-related pathway can
result in antitumoral effects in many cancers.”* The potential
mechanisms that may underlie the correlation between the
metastatic potential of cSCC and the overexpression of C5aR1
could be linked to the established functions of anaphylatoxins.
Anaphylatoxins are vasodilators and increase the vascular
permeability.'® This function of anaphylatoxins could enhance
the metastatic potential of ¢cSCC tumors by increasing the
permeability of capillaries in the TME. Anaphylatoxins can
also serve as promoters of chronic inflammation in the TME,
thereby promoting tumor progression.” '’

The C5a-C5aRl1 signaling pathway plays an important
role in the inflammatory cell signaling within the TME, and
this pathway has been recognized as a potential therapeutic
target in the context of checkpoint inhibition.””"* Inhibiting
C5a-C5aR signaling improves the efficacy of programmed
cell death protein 1 blockade, resulting in a significant
reduction in tumor growth and metastasis, along with pro-
longed survival in patients with lung cancer.*’ This finding
is particularly intriguing in the context of treating advanced
cSCC.

Currently, there are three immune-oncologic antibody
treatments available for locally advanced and mcSCCs tar-
geting the programmed cell death protein 1/programmed
death ligand 1 pathway. They are cemiplimab, which is
approved by the US Food and Drug Administration and the
European Medicines Agency, and pembrolizumab and
cosibelimab, which are approved by the US Food and Drug
Administration.”” >° The findings of the current study
suggest that the C5a-C5aR1 axis could potentially serve as a
therapeutic target in cSCC in combination with programmed
cell death protein 1 antibody treatment. Currently, three
antibodies against C5a and one small-molecule inhibitor
against C5aR1 have been approved for the treatment of
inflammatory diseases.”’ It is conceivable that these thera-
pies could also represent viable options for treating solid
cancers, including advanced c¢SCC.

In conclusion, the current results show elevated C5aR1
expression in cSCC tumors, particularly at the invasive tumor
edges and in stromal fibroblasts, compared with normal skin,
benign papillomas (SKs), AKs, or cSCCIS. C5a promoted
¢SCC cell invasion, and the expression of C5aR1 was linked
to metastatic risk and poor prognosis in patients with cSCC.
These findings suggest that C5aR1 could serve as a potential
metastatic risk marker, a novel prognostic biomarker, and
promising therapeutic target for cSCC.
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