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Abstract

Primary and metastatic melanoma progression are supported by a local microenvironment
comprising, /nter alia, of cancer-associated fibroblasts (CAFs). We previously reported in
orthotropic/syngeneic mouse models that the stromal ectoenzyme CD38 participates in melanoma
growth and metastasis. The results presented here suggest that CD38 is a novel regulator of CAFs’
pro-tumorigenic functions. Orthotopic co-implantation of CD38 deficient fibroblasts and B16F10
melanoma cells limited tumor size, compared to CD38 expressing fibroblasts. Intrinsically, CAF-
CD38 promoted migration of primary fibroblasts toward melanoma cells. Further, in vitro
paracrine effects of CAF-CD38 fostered tumor cell migration and invasion as well as endothelial
cell tube formation. Mechanistically, we report that CAF-CD38 drives the protein expression of an
angiogenic/pro-metastatic signature, which includes VEGF-A, FGF-2, CXCL-12, MMP-9 and
HGF. Data suggest that CAF-CD38 fosters tumorigenesis by enabling the production of pro-
tumoral factors that promote cell invasion, migration and angiogenesis.

Introduction

Melanoma is considered the deadliest skin cancer [1]. Like many other solid cancers, the
melanoma tumor mass is comprised of cancer (i.e., melanocytes) and tumor
microenvironment (TME) cells. The main melanoma TME cells include a collection of
immune, endothelial and cancer-associated fibroblastic (CAFs) [2]. Physiologically,
fibroblasts secrete and maintain the interstitial extracellular matrix (ECM), which regulates
the local homeostatic equilibrium[3]. Fibroblasts can be activated and alter the ECM as well
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as their secretomes during activation, such as in wound healing. Activated fibroblasts are
either eliminated or able to regain homeostatic features upon wound resolution [4]. However,
during chronic inflammatory and/or fibrotic conditions, like in cancers such as melanoma
[5], activated fibroblasts (i.e., CAFs) persist and continuously support tumor growth,
invasion and angiogenesis [6]. Of note, we previously showed that discrete CAF traits
predict overall survival [7-9]. In this study, we investigate the functional roles of a CAF-
relevant protein, CD38, in melanoma [10].

CD38 is a nicotinamide adenine dinucleotide (NAD*) glycohydrolase and adenosine
diphosphate (ADP)-ribosyl cyclase known to functionally participate in chronic
inflammatory conditions such as asthma, diabetes, obesity, heart disease, aging, and cancer
[11-14]. We have previously reported that targeting stromal CD38 in melanoma increases
cell death in the tumor mass and reduces CAF density and numbers of blood vessel [10].
Further, CD38 knockout (Ca'38™), or its pharmacological inhibition, limits both glioma
[15, 16] and melanoma progressions, including metastasis [10]. Since CAFs are known to
promote tumor progression and angiogenesis in melanoma [5], we hypothesized that CAF-
CD38 exerts a key role in these functions. These findings show that CD38-expressing CAFs
promote tumor cell migration and invasion as well as blood vessel formation, in vitro. \We
report using an /n vivo co-implantation system, that melanoma progression is facilitated by
fibroblastic-CD38 and suggest a role for CAF-CD38 in enabling the expression of key
metastatic and angiogenic factors like VEGF-A, FGF-2, CXCL-12, MMP-9 and HGF.

Materials and Methods

Reagents

Mice

Cell lines

Unless otherwise stated, reagents were purchased from Sigma-Aldrich (St. Louis, MO,) and
cell culture media from Invitrogen Life Technologies (Paisley, UK).

C57BL/6J Ca38~~ mice were generated and described previously [17]. WT C57BL/6J mice
were purchased from Envigo [Jerusalem Israel (bl-6r252)]. Animals were bred and
maintained at the Tel-Aviv University (TAU) animal facility under defined-flora and
pathogen-free conditions. All studies were performed according to protocols approved by
the Animal Care and Use Committee of TAU. To prevent animal suffering, tumor bearing
mice were evaluated 3 times per week focusing on signs of sickness or distress, which
included tumor size as well as weight loss according to institutional guidelines.

B16-F10 melanoma cells (RRID:CVCL_0159) stably expressing mCherry (herein B16F10),
were maintained as previously described. [10] Murine skin tumor associated fibroblasts,
MTAFL1.1, were referred to as MTAF throughout the text. MTAF cells are bona fide dermal
CAFs, isolated from a two-stage carcinogenic squamous cell carcinoma model and
immortalized by natural catastrophe induced by /n vitro cultivation [18]. MTAFs were used
as these CAFs were shown to produce /n vivo like ECMs, which assist the cells to retain /n
vivo like phenotypes and functions throughout numerous passages (just like any other
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immortalized CAF cell line). [19] Immortalized mouse endothelial cells, CLU510 or MCEC
(herein MECs) were obtained from Cedarlane (Burlington, Ontario). PDSC5 cells, HPV16-
positive murine squamous cell carcinoma cell line [20], were obtained from Prof. Neta Erez
(TAU). MTAF, MECs and PDSC5 were maintained in DMEM, supplemented with 10% fetal
calf serum (FCS), 1% P/S. All cells were routinely tested for Mycoplasma using the EZ-
PCR Mycoplasma Test Kit (Biological industries, Beit-Haemek, Israel).

Preparation of mouse primary dermal fibroblasts

Skin tissue samples were surgically-removed from naive wild type (WT) and Cd38~~
newborn mice and incubated in 0.25% trypsin at 4°C for 16 h, followed by additional
incubation with fresh 0.25% trypsin (15 min; 37°C). Dermis was isolated, chopped,
dispersed into a single-cell suspension and seeded into 6-well plates. Low passages (3-5) of
the cultures were used for the experiments.

Sorting MTAF cells into MTAF CD38"9" and MTAF CD38/° cell populations

MTAF cells (5 x 10°) were incubated with anti-mouse CD16/CD32 mAb (clone 93, 1:50)
(#14-0161-81, eBioscience™; San Diego, CA, USA) during 20 min at 4°C for Fc blockade,
then with anti-mouse CD38 mAb (clone 90, 1:166) (#12-0381-81, eBioscience™; San
Diego, CA, USA) for additional 45 min. Cells were washed using cold PBS, filtered, and
sorted by BD FACSAria I11 (BD Biosciences, NJ) into CD38M3" and CD38!°W populations.
The sorted cells were expanded for 4-5 passages, followed by validation of CD38
expression levels using the CytoFLEX flow cytometer (Beckman Coulter, CA, USA).

CD38 enzymatic activity

CD38 enzyme activity was measured using the substrate 1, AB-etheno-nicotinamide adenine
dinucleotide* (e-NAD™) as described [16].

Immunoblotting

Primary B16F10 melanoma tumors were established in C57BL/6J WT or Cd38~~ mice
(syngeneic mouse model). Briefly, B16F10 cells (50,000 / 100 pl) were subcutaneously
injected into the right flank of WT or Cd38~~ mice as described [10]. Tumors were excised
from WT and Cd38 B16F10 melanoma-bearing mice at 28 days post-injection and
homogenized in lysis buffer [50 mM Tris-HCI (pH 7.6), 20 mM MgCls,, 200 mM NacCl,
0.5% NP40, 1 mM DTT, and 1 mM antiproteases]. Samples containing 50 pug of protein
were resolved in 12% SDS-PAGE gels and electroblotted onto nitrocellulose membranes.
Blotted membranes were blocked with Tris-buffered saline/Tween-20 (10 mM Tris base, 150
mM NacCl, 0.05% Tween-20) containing 5% fat-free milk for 1 h, followed by incubation
with rabbit anti-aSMA pAb (Abcam Ab5694, 1:500), rabbit anti-GAPDH mAb (Cell
signaling #2118, 1:1000), or mouse anti-B-tubulin mAb (Sigma #T4026, 1:2500) at 4°C,
overnight. Membranes were then incubated with goat anti-rabbit 1gG peroxidase conjugate
(1:10,000; Jackson ImmunoResearch Laboratories). Blots were processed using Luminata
Crescendo Western HRP chemiluminescence Substrate (Millipore, MA, USA) and
visualized by the Amersham Imager 600 (GE Healthcare Life Sciences). Signal of aSMA
was normalized to p-tubulin and quantified using ImageJ.
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B16F10 melanoma/primary fibroblasts co-implantation

B16F10 melanoma cells (5 x 10%) mixed with 1.5 x 10° primary WT or Ca38~~ fibroblasts
(ratio 1:3 in 100 pl of cells suspension) were subcutaneously injected into the right flanks of
WT or Ca38~~ mice. Since the B16 cells were originally harvested from female C57BL
mice, we used female mice in an attempt to match the host sex and thus obtain a syngeneic
model. Tumor size was monitored daily using a caliper, and ellipsoid volume was calculated
by /6 x (L x W x H). Endpoint was determined when one of the tumor’s dimensions
reached 1.5 cm. Survival duration of the mice was recorded, visualized by Kaplan-Meier
plots, and analyzed via a log-rank test.

Conditioned media preparation

Conditioned media were prepared from co-cultures of B16F10 cells and primary fibroblasts.
1.5 x 108 WT or Ca38~~ primary fibroblasts were plated, with or without 5 x 10° B16F10
cells, in DMEM supplemented with 10% FCS and 1% P/S. Separately, 5 x 10° B16F10 cells
were plated using the same medium. Cells were allowed to attach for 5 h, followed by
medium replacement using DMEM, supplemented with 2% FCS and 1% P/S and continue
culturing at 37°C. After 72 h, the medium was collected, cleared of cell debris by
centrifugation, and supernatant was filtered through 0.22 um filter (Sartorious, Gottingen,
Germany) to obtain condition media (CM). Note that CM was aliquoted and stored frozen at
-80°C until used. Aliquots were thawed in a 37°C water bath prior usage for each
experiment.

MTAF-derived 3D cultures and CM preparations

As mentioned above, MTAF cells are CAFs and as such these cells retain known in vivo-like
desmoplastic characteristics while producing ECM (i.e., in 3D) [18]. 3D matrix producing
MTAF cultures were prepared as described [21]. Briefly, 24-well plates were incubated with
0.2% gelatin solution for 1 h at 37°C, followed by 30 min fixation with 1% glutaraldehyde,
and additional 30 min incubation with 1M ethanolamine at room temperature. Wells were
washed and plated with 3 x 105 MTAF CD38M3" or MTAF CD38!9W cells/well in 0.5 ml of
DMEM supplemented with 10% FCS and 1% Penicillin-Streptomycin. Cells were cultured
at 37°C for 5 days and supplemented daily with freshly-prepared ascorbic acid (50 pug/ml).
Immunofluorescence quality control experiments to assure ECM traits and thickness were
conducted as published [21]. For CM, unextracted MTAF cultures, at the end of matrix
production, were washed with PBS followed by 48 h incubation in serum-free DMEM
(SFM). After that, CM (herein CD38N9" 3D CM and CD38!°W 3D CM, respectively) were
collected, filtered through 0.22 um filters and stored at -80°C as before.

MTAF CD38hi9" and MTAF CD38!°W 2D cultures

MTAF CD38M9" and MTAF CD38!°W cells (5 x 10%) were plated in 25 cm? flasks and
cultured for 18 h, as described above. Growth medium was replaced with either B16F10 CM
or SFM for additional 48 h, followed by cell harvesting for RNA extraction. B16F10 CM
was prepared from 1.5 x 108 B16F10 cells seeded in 25 cm? flasks and cultured for 18 h.
Cells were washed with PBS, supplemented with SFM and incubated for 24 h, prior to CM
collection and filtering through 0.22 um filters.
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Transwell Migration

WT and Cd38~~ primary fibroblasts (5 x 105), B16F10 cells (2 x 105), or PDSC5 cells (2 x
10°) were plated on the upper side of collagen-coated 24-well (i.e., transwell) inserts (8 pm
pore size), in 100 pl DMEM containing 0.1% BSA. Assorted 10° cells (i.e., B16F10 or
CD38Nigh ys. CD38!°W MTAFs) were plated onto the lower chamber. Alternatively, CM
collected from primary fibroblasts, co-cultures of B16F10 cells and primary fibroblasts or
from 3D cultures of CD38Mi9" vs CD38!°W CAFs (650 pl) was deposited into the lower
chamber. After 24 h, inserts’ upper sides were gently scraped to remove non-migrating cells
and lower sides were fixed with 4% paraformaldehyde for 30 minutes, washed twice with
PBS and stained with 1ug/ml Hoechst 33342 (Invitrogen Life Technologies, Paisley, UK).
Controls (not shown) included quantification of cell growth to asure differences recorded
were due to changes in cell migration. Images corresponding to 8-10 fields per insert were
captured using EVOS® FL fluorescence microscope (x10 magnification), and nuclei
numbers were gauged in ImageJ.

Wound healing assay

Wound healing assay was performed as described [16]. Briefly, 1.5 x 108 B16F10 cells/well
were cultured in 6-well plate for 24 h. Medium was replaced with PBS and three areas were
scratched, producing three gaps of similar widths, using a blue pipet tip. Gentle washes with
PBS were used to remove floating cells, PBS was replaced with CM, scratched areas were
photographed, and cells were incubated for an additional 24 h at 37°C prior to acquiring
images of the scratched areas for a second time. Bright-field images were captured using
EVOS® FL microscope (x4 magnification) and the gap width was measured and quantified
using ImageJ.

Matrix and transendothelial Invasion

Matrix invasion- Cultrex (i.e., Matrigel) basement membrane substrate (50 ul) (Trevigen,
Gaithersburg, MD) (5 mg/ml) was added on top of collagen-coated 8 um transwell inserts
and allowed to solidify for 1 h at 37°C. B16F10 or PDSC5; 5 x 10° cells per 100 pl DMEM
containing 0.1% BSA, were seeded on top of the solidified matrix.

Trans-endothelial invasion- 4 x 10° MECs, cultured in their own growth medium, were
seeded on the upper side of 0.2% gelatin-coated transwell and incubated for 24 h at 37°C.
B16F10, 5 x 10° cells per 100 l DMEM containing 0.1% BSA, were seeded on top of the
MECs monolayer. In both assays, 650 ul of the tested CM were added to the lower chamber.
After 24 h, the inserts were removed, and their upper side was scraped with cotton swabs.
Invaded cells, on the lower side of the insert, were fixed using 4% paraformaldehyde for 30
minutes, washed twice with PBS and counterstained with Hoechst 33342. Eight to 10 fields
per insert were captured using EVOS® FL fluorescence microscope (x10 magnification),
and numbers of nuclei in each field were gauged with ImageJ.

Tube formation assay

Tube formation assay was performed as described [22] with only a few modifications.
Briefly, 24-well culture plates were pre-coated with 250 pl/well of 10 mg/ml Cultrex that
was allowed to solidify for 1 h at 37°C. MECs (10° cells) were suspended in 50 ul growth
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medium and mixed with 450 ul of assorted CM. Cells were seeded onto the Cultrex-coated
wells. Following 8-10 h incubation, 7 bright-field images were captured per well using
EVOS® FL microscope equipped with a 10X objective. Images were analyzed by
Angiogenesis Analyzer plugin in ImageJ.

Angiogenesis profiler array

MTAF CD38M9" and MTAF CD38!°W cells were grown in a 24-well plate (12 wells for each
cell type), under 3D matrix-producing conditions, and CM was collected as described above.
CM from 12 wells were collected and pooled together. After CM collection, cell lysate
buffer, obtained from Mouse Angiogenesis Profiler Array Kit (ARY015, R&D Systems,
Minneapolis, MN), was added to the wells, and lysates were also pooled together. As quality
control we vetted that the CM collected effectively induced CD38-dependent tube formation
(not shown). Expression of angiogenesis-related proteins, in the cell lysates, was profiled
using the Mouse Angiogenesis Profiler Array Kit according to manufacturer’s protocol. The
arrays were imaged with Amersham Imager 600 (GE Healthcare Life Sciences).
Quantification of signal intensity was performed with ImageJ. Results shown are from two
independent experiments. To verify equal amounts of assessed MTAF CD38Md" and MTAF
CD38'%% proteins, cell lysate GAPDH levels were measured by immunoblotting as described
above.

RNA extraction and Quantitative real-time PCR (qQRT-PCR)

Reagents were purchased from Thermo Fisher Scientific. RNA was purified from MTAF
CD38Ngh and MTAF CD38!°% in 2D and 3D cultures (as above), pooling four wells per
experimental sample, using Trizol® reagent and 1.5 ug were reverse transcribed (high-
capacity cDNA RT kit). Using 10 ng cDNA as a template, gRT-PCR was performed using
Absolute Blue SYBR Green PCR mix. The following listed primers were employed:

GapdhF: CATGGCCTTCCGTGTTCCTA, R: ATGCCTGCTTCACCACCTTCT
Cxcl12F: CAGAGCCAACGTCAAGCATC, R: TTAATTTCGGGTCAATGCACAC
HgfF: AACAGGGGCTTTACGTTCACT, R: CGTCCCTTTATAGCTGCCTCC
Fgf2F: GCGACCCACACGTCAAACTA, R: CCGTCCATCTTCCTTCATAGC
Mmp9F: GCAGAGGCATACTTGTACCG, R: TGATGTTATGATGGTCCCACTTG
VegfaF: TAACGATGAAGCCCTGGAGT, R: GCCTTGGCTTGTCACATTTT.

Expression values were normalized to GAPDH, and RQ (272ACY) was calculated.

Statistical analysis

Two-way ANOVA with repeated measures followed by Tukey post-hoc tests were used to
compare tumor volume in WT and Cd38~~ mice, co-injected with WT or Cd38~~
fibroblasts. The data was log transformed to reach normal distribution. Survival was
analyzed by a log-rank test. Other experiments were analyzed, by Two-way ANOVA,
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followed by Bonferroni post-hoc test, or by an unpaired two-tailed Student’s #test; (*p <
0.05, **p<0.01, ***p < 0.001).

Fibroblastic CD38 expression promotes melanoma tumorigenesis

Using the B16F10 melanoma syngeneic mouse model, we previously reported that stromal
loss of CD38 decreased both CAF numbers (i.e., noting a-SMA positive stromal cells) and
tumor growth, while increasing the lifespan of melanoma-bearing C57BL/6J mice [10]. To
further validate these findings, we again evaluated expression levels of a-SMA, this time in
tumor masses in which proteins were resolved via SDS-PAGE and detected via
immunoblotting. As expected, a-SMA levels were significantly reduced in tumors
implanted in Cal38~~ mice, compared to WT host controls (Fig. 1a, b), suggesting a
diminished number in activated fibroblastic cells, as before [10]. Furthermore, the enzymatic
CD38 activity, in fibroblasts, was verified /n7 vitro using primary dermal fibroblasts harvested
from WT vs. Cd387~ mice (Fig. 1c). The central premise of this study is that CAF-CD38
would foster tumorigenesis. To test this hypothesis, we co-injected B16F10 and primary
dermal WT or Cd38 fibroblasts into WT or Ca38~~ recipient mice. As controls, WT or
Cd38~~ mice were injected with B16F10 cells alone (as before [10]). As expected, Cal387~
mice injected with B16F10 cells developed significantly smaller tumors than in WT mice
[Fig. 1d; 2.6 fold (p = 0.02) reduction at day 24 post-injection]. Of note, when B16F10 were
co-injected with WT fibroblasts, tumors grew significantly larger, compared to tumor cells
alone, regardless of the CD38 status in the host/recipient mice [Fig. 1d; 1.7-fold (p= 0.02)
and 4-fold (p < 0.001) at day 24 post-injection, in WT and Ca38~~ mice respectively].
Interestingly, co-injections of B16F10 and Cd38~~ fibroblasts, using WT mice as hosts,
rendered significantly smaller tumors compared to B16F10 cells alone [Fig. 1d; 2.1-fold (p=
0.03) at day 24 post-injection)]. Moreover, Ca38~~ mice co-injected with B16F10 and
Ca38™ fibroblasts or with B16F10 cells alone, rendered the smallest tumor volumes, with
no significant differences between the two (Fig. 1d). In line with these results, Kaplan Meier
curves (Fig. 1e) revealed that loss of fibroblastic CD38 suffices to prolong survival times
while fibroblasts expressing CD38 significantly shortened survival. Taken together, results
suggest a pro-tumor role for fibroblastic CD38.

CD38 promotes fibroblastic cell migration in the direction of tumor cells

To further query why we previously observed a decrease in CAF accumulation in Ca38~~
mice [10], we tested the hypothesis that Cd38~~ fibroblasts are chemotactically impaired
and thus insensitive to melanoma secreted factors. To test this, we used the Boyden chamber
assay and measured the 24 h migratory capacity of WT vs. Cd38~~ fibroblasts in response
to B16F10 seeded in the bottom chamber. Results showed about 2.5 fold (p < 0.001)
reduction in migration of Ca38~~ fibroblasts towards B16F10, compared to WT fibroblasts
(Fig. 2a, b). These results suggested a role for CD38 in regulating fibroblastic migration in
response to melanoma-produced chemoattractants.
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CAFs enhance melanoma invasive behavior and support angiogenesis in a CD38-
dependent manner

Given that CAFs are known to support melanoma cells’ migration and invasion [5, 23], we
examined the role of fibroblastic CD38 in these tumor cell functions. The migration of
B16F10 cells was evaluated using wound healing (i.e., scratch) assays [24], in which the
effect of assorted fibroblastic conditioned media (CM) on the migratory capability of
B16F10 cells was assessed. CM collected either from fibroblastic monocultures or from co-
cultures of fibroblasts and B16F10 cells, were compared to CM from B16F10 alone.
Treating melanoma cells with CM obtained from WT fibroblasts resulted in substantial
closure of the wounded gap, at 24 h. In comparison, an important delay in gap resolution
was observed if tumor cells were treated with CM obtained either from fibroblastic Ca38~~
alone or co-cultured with B16F10 cells (Fig. 2c, d). Cell growth ratios (not shown) could not
account for the observed differences. Taken together, results suggest that fibroblastic CD38
stimulates melanoma cell motility.

CAFs have been shown to promote cancer cell invasion (i.e., cell intravasation) [25]. Since
we reported that stromal CD38 promotes melanoma metastases [10], and observed that CM
from CD38-null fibroblasts reduces migration of melanoma cells /n vitro (Fig. 2), we next
examined the effect that fibroblasts expressing CD38 impart on cancer cell invasion. Using
the basement membrane coated (Culturex) Boyden chamber assay, we observed that CM
from WT fibroblasts significantly increased melanoma cell invasion, compared to control
(i.e., CM obtained from B16F10) or to CM obtained from Cd38~~ fibroblasts (2 or 2.6 fold
vs control or Cal38~~ fibroblasts CM respectively, p < 0.001) (Fig. 3a and 3b). Importantly,
CM obtained from co-cultures that included Cd38~~ fibroblasts, significantly impaired
tumor cell invasion, compared to co-cultures with WT fibroblasts (1.8 times less, p < 0.05)
(Fig. 3a, b). Results suggested that CM collected from WT fibroblasts could contain pro-
invasive factors (or lack inhibitory ones).

We also compared the fibroblastic CM effects (i.e., WT vs Ca38~") imparted on melanoma
cells during trans-endothelial invasion. For this, we seeded mCherry-labeled B16F10 cells
onto monolayers of murine endothelial cells (MECs). Results shown in Figures 3c and 3d,
demonstrate that CM obtained from WT fibroblasts, but not from Cd38~~ cells, increased
B16F10 trans-endothelial (i.e., MEC) invasion compared to CM from B16F10 (controls)
(2.2 fold vs control, p< 0.001). Furthermore it also increased B16F10 trans-endothelial
invasion, compared to CM obtained from Cd38~~ cells (1.8 fold vs Cd38~ cells, p<
0.01).

Treatment with CM collected from co-cultures again resembled the use of fibroblastic CM
(Fig. 3c, d) (4.2 fold vs control, p< 0.001). Collectively, these results also support the notion
that intact fibroblastic cells, but not CD38 deficient ones, could secrete factors that support
migration and invasion of B16F10 melanoma cells.

It is well accepted that CAFs support angiogenesis [26]. Since we previously reported that
loss of stromal CD38 limits blood vessel density in melanoma [10], we hypothesized that
fibroblastic CD38 plays a role in endothelial angiogenic tube formation. For this, the extent
of MEC capillary-like network formation (Fig. 4a), was assessed gauging total vessel length
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(Fig. 4b), number of junctions (Fig. 4c), and amount of meshes built (Fig. 4d). Results
showed that CM collected from WT fibroblasts, either from mono or co-cultures with
B16F10 cells, prompted an increase in MEC tube formation when compared to effects
imparted using CM from Cd38~~ fibroblasts mono or co-cultures with B16F10 cells. It is
important to note that this increase included all measured aspects of tube formation (Figs.
4b—d) [e.g., total length; 1.5 and 1.7 fold increase compared to Ca38~~ fibroblasts mono or
co-cultures with B16F10 cells respectively (p< 0.001) (Fig. 4b)]. These results support the
notion that endothelial tube formation modulating factors secreted by fibroblasts is CD38
dependent.

To further strengthen our findings, we query whether the observed CD38 regulated pro-
tumorigenic functions could be detected using additional fibroblastic cells. Murine tumor
associated fibroblasts (MTAFs), or murine CAFs, were obtained from a mouse squamous
cell carcinoma model [18] and sorted into CD38M9" and CD38!°W expressing sub-
populations (supplementary Fig S1la—c). CD38 enzymatic activity assays were performed to
validate the correlation between levels of CD38 expression and CD38 function in the sorted
MTAF CD38Mdh and CD38!%W cells (supplementary Fig. Sid).

Importantly, CAFs generated extracellular matrices (ECMs) are known to participate in the
regulation of metastasis [9, 23, 27]. Furthermore, by culturing MTAFs within self-generated
ECMs, in 3D conditions, we have previously reported relevant pathophysiological traits for
these murine CAFs and their cell-derived ECMs, similar to desmoplastic features seen /n
vivo [18]. Hence, we examined effects in B16F10 migration and invasion (as before), only
this time CM was collected from ECM producing (i.e., 3D cultures) MTAF CD38Migh vs,
MTAF CD38!%W, |n addition, B16F10 migration was examined when MTAF CD38Md" s,
MTAF CD38!%W were plated in the bottom chamber. Just as before, migration and invasion
of B16F10 cells was limited by CD38 deficient fibroblasts. Accordingly, when treated with
CM obtained from MTAF CD38M9" vs, MTAF CD38!°W 3D cultures, we observed 1.3 fold
increase; CD38Mdh vs CD38!°W p< 0.05, in B16F10 migration (Fig. 5a-b). Similarly, the
effect of MTAF CD38M9 plated on the bottom chamber, on B16F10 migration was 3.2 fold
higher (p < 0.001) than that of MTAF CD38!°W (Fig. 5¢c—d). Lastely, the effect of CM
obtained from MTAF CD38Mdh 3D cultures was 4.8 fold higher (p < 0.001) than that of CM
obtained from MTAF CD38!%% 3D cultures on B16F10 invasion (Fig. 5e—f). The robustness
of our 3D cultured results was tested in an additional skin cancer cell line, PDSC5 [20].
Effects of CM collected from MTAF CD38!°W vs. MTAF CD38Mdh 3D cultures were
comparable to those observed in B16F10 cells (supplementary Fig. S2a—d). Furthermore, the
ability of MECs to form tubes was also significantly lower in MECs treated with MTAF
CD38'°" 3D CM compared to MTAF CD38M9" 3D CM [Fig. 5g—j; 2, 2.14 and 2.7 fold
CD38high ys CD38!°W (p < 0.001) total vessel length, number of junctions and amount of
meshes]. Collectively, these results suggest a pro-tumoral function for CM secreted by CD38
expressing CAFs and imply a role for CAF-generated ECMs in regulating CAF collected
CM.
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Angiogenesis-related proteins are regulated in CAFs via CD38

In an attempt to unravel the mechanism whereby CAF-CD38 regulates endothelial tube
formation, we examined the production of angiogenesis-related proteins in 3D cultures of
MTAF CD38Md" vs. MTAF CD38!°". Using a murine angiogenesis profiler array (see
Material and Methods), we gauged on the expression of 53 angiogenesis-related proteins in
lysates obtained from 3D cultured MTAFs. Equal protein loading, obtained from the lysates
used for the above-mentioned array, aimed to compare 3D MTAF CD38Md" s, CD3glow
secretion, was confirmed, via immunoblotting of the house keeping protein GAPDH
(supplementary Fig. S3a, b). Quantification of the angiogenic profile expression revealed
numerous differentially expressed proteins in MTAF CD38M9" compared to MTAF CD38/ow
cells (Fig. 6a and supplementary Fig. S4). Results indicated significant reduced expression
of pro-angiogenic proteins known to regulate: degradation and organization of ECM
(MMP-9; p< 0.01), endothelial cell motility and hyper-permeability (VEGF-A (p< 0.001),
HGF (p < 0.05), stabilization of pericytes (CXCL-12; (p< 0.001) and proliferation (FGF-2;
p<0.001) [28], in MTAF CD38!°" compared to CD38M3" (Fig. 6b—f). Transcription of the
relevant genes Mmp9, Vegfa, Hgf, Cxcl12 and Fgf2 was gauged in mRNA collected from
MTAF CD38Mdh vs. MTAF CD38!9W cells cultured under 3D ECM producing conditions as
before, via gRT-PCR. Results indicated a potential role for CD38 at the transcript levels for
all tested genes (supplementary Fig. S5).

To assure that effects seen were induced by differences in CD38 expression and not due to
exogenous TME cues, such as ECM, we also examined the levels of the five identified
angiogenic transcripts in MTAF cells cultured under classic 2D conditions. Hence, we
exposed the cells to no environmental stimuli [i.e., serum-free medium (SFM)] and
compared results to effects imparted by the condition media collected from B16F10 cells,
again, in the absence of ECM (i.e., 2D culturing). Mmp9and VegfamRNA levels were
comparable in MTAF CD38Mi9" vs, MTAF CD38!°W cells grown in SFM, but significantly
higher in MTAF CD38Md" treated with B16F10 CM compared to MTAF CD38!°W treated
with B16F10 CM and MTAF CD38!°% grown in SFM (Fig. 6g, h). Conversely, Hgf Cxcl12
and Fgf2 mRNA levels were increased in MTAF CD38M9M cells grown in SFM compared to
CD38Midh cells treated with CM, while levels in MTAF CD38/W were limited in MTAF
CD38!oW cells regardless of treatment (Fig. 6i-k). Taken together, these results suggest some
intrinsic as well as selected extrinsic (CM and/or ECM) effects in the CAF CD38 regulation
of pro-angiogenic transcription.

Discussion

It is well established that the TME plays a fundamental role in tumor progression. We
showed previously that stromal CD38 inhibited melanoma outgrowth and reduced amount of
CAFs and blood vessels, [10] indicating that the effect of stromal CD38 on melanoma is
mediated via its effect on CAFs and blood vessels. Here we suggest that CD38 is a novel
pro-melanoma regulator of CAF function; co-implantation of Cal38~~ fibroblasts with
B16F10 cells substantially reduced tumor growth and increased the lifespan of melanoma-
bearing mice. We observed that CD38 increases fibroblastic migration towards tumor cells.
Furthermore, CM collected from CD38-expressing fibroblasts enhanced tumor cell
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migration and invasion, as well as endothelial vessel formation. Of note, the CD38-
dependent tumor supporting effects of fibroblasts were evident in both genetically-
engineered [17] primary fibroblasts and in an established CAF cell line [18]. Importantly,
fibroblastic CD38 seemed to impart pro-tumor functions in a plethora of cells including
melanoma and squamous-cell carcinoma tumor cells as well as in TME cells like endothelial
cells.

Of note, in the co-injection experiments, the implanted fibroblasts overcome the tumor
suppressive (Ca’3877) or tumor supporting effect (WT Cd38) imparted by the innate host
microenvironment. This is probably due to the excess of the implanted fibroblasts over the
innate host stromal cells, at least at early time after tumor cells injection. The co-injection
experiments also show that co-injection of B16F10 cells and WT fibroblasts yielded similar
tumor sizes in both WT and Ca/38~~ mice whereas the survival of the WT mice was worse
than that of Cd38~~ mice. This additional result implies that eventually the
microenvironment of the host can too contribute to the overall survival of these mice. It is
well established that CAFs regulate angiogenesis [5, 29]. Mechanistically, our results
suggest that CD38 is a key driver of this CAF function, via regulation of the expression of
key angiogenic factors like VEGF-A, FGF-2, CXCL-12, MMP-9 and HGF. Significant
CD38-dependent differences in these factors were detected at both mRNA and protein
levels. We observed that, at least in part, the underlying mechanism is regulated by CAF-
generated ECMs, which have been also shown to control cytokine production (e.g., IL-8)
[30]. In addition, CD38 can regulate intrinsic expression of angiogenic factors as suggested
for VEGF-A in chronic lymphocytic leukemia cells [31].

Our previous results in melanoma mouse models, showed that targeting CD38 in the TME
imparts therapeutic benefit [10]. Results in this study indicate that CD38 mediates pro-tumor
functions in CAFs, yet this study cannot exclude the possibility that other CD38 expressing
cells in the TME, such as macrophages [15] and T cells [32, 33], could contribute to the
effects reported /n vivo. Then again, our findings suggest that targeting CD38 may constitute
a stroma normalizing therapeutic approach. The concept of CD38 targeting as an anti-tumor
approach has been shown also in other systems. For example, targeting CD38 with the goal
of improving anti-tumor immune therapy has been proposed [34]. Moreover, the anti-human
CD38 antibody “daratumumab” has been approved for treating patients with multiple
myeloma [35, 36]. Although anti-CD38 antibodies act mainly by killing the CD38-
expressing tumor cells, it was shown that daratumumab can also modulate CD38 enzyme
activity [37]. Hence, it will be interesting in future studies to test if anti-CD38 antibodies
could inhibit CAF CD38-dependent pro-tumoral activities.

CD38 is also known for its ability to generate calcium mobilizing metabolites [12], which
affect numerous cellular processes such as gene expression, metabolism, and chemotaxis.
Further, it was reported that by regulating calcium levels, CD38 controls chemotaxis
response in phagocytic cells [38, 39]. Whether similar mechanisms are involved in
fibroblasts, remains to be determined. In addition, it will be interesting, in the future, to test
whether CD38-generated metabolites could reinstitute the pro-tumoral functions upon
Ca387!~ fibroblasts. Similarly to CD38, the CD38 paralogue, CD157/BST1, has ADP-
ribosyl cyclase and NAD glycohydrolase activities [14, 40]. It will also be interesting to
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examine if it will too be capable of regulating/driving CAFs pro-tumoral functions. CD38
could also act by controlling levels of NAD™. In this way, CD38 could limit the activity of
other NAD*-consuming enzymes, such as the histone deacetylase SIRT1, known to
epigenetically control, amongst others, angiogenic gene expression [41]. Furthermore,
through depleting NAD* from the TME, CD38"9" CAFs could reciprocally reprogram
metabolic respiratory pathways in tumor cells, enabling a known anaerobically-active (i.e.,
highly tumorigenic) phenotype [42]. CD38 in fibroblasts may also act by inducing adenosine
production via the CD38/CD203a/CD73 pathway [43]; in addition to CD38, CAFs can
express PC1-/Cd203a [44] and CD73 [45]. Adenosine suppresses immune responses by its
action on immune effector cells including fibroblasts, which have been shown to express the
Adenosine 2B receptor (A2BR) [46]. Moreover, treatment of B16F10 melanoma-associated
CAFs with an A2BR agonist, enhances CXCL12 and FGF2 expression in these cells [46].

Mouse CD38, the focus of the herein study, may differ from human CD38; a role for CD31
(PECAM-1) as a counter receptor of human CD38, but not mouse, has been proposed [11].
Since this study has employed mouse melanoma and skin fibroblastic cells, it could be of
interest, if future studies could vet this studies’ observations in a bona fide human melanoma
TME.

In summary, we propose that CD38 regulates several key tumor-supporting effects in CAFs.
Hence, fibroblastic CD38 targeting could be a valid potential therapeutic approach, which
justifies additional studies. Fibroblastic dysfunction is associated with other fibrosis and
inflammatory relevant diseases [4, 47]. Hence, the observed CAF CD38 effects may not be
restricted to cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Fibroblastic CD38 regulates melanoma outgrowth.

a-b Immunoblot analysis of a.-SMA expression in tumors grown in Cd38~~vs. WT mice.
Twenty-eight days post tumor implantation, protein extracts were prepared from the excised
tumors and a-SMA protein levels were determined. a Representative immunoblot probed for
a-SMA and B-tubulin; each lane represents a different tumor. b Quantification of a-SMA
levels. a-SMA level is denoted as arbitrary units (A.U.) representative of signal-intensity
values normalized to B-tubulin. Error bars represent mean £ S.E.M (Student’s ftest, n =14
samples for each group). ¢ CD38 enzyme activity in primary WT and Cd38~~ fibroblasts.
Results shown are from one representative, out of two, experiments conducted
independently. d-e Effect of WT and Ca38~~ fibroblasts on B16F10 melanoma outgrowth.
WT or Ca'38~~ mice were injected (subcutaneously) with B16F10 cells alone or together
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with WT vs. Cd38~~ fibroblasts (Fibs). Tumor volume was measured at the indicated time
points. d Quantification of tumor volume. Results are from 3 independent experiments,
values are presented as mean = S.E.M. (n =19, 15 or 18, 13, or 19, 13 mice for B16F10
alone, B16F10 + WT or B16F10 + Ca’38~~ fibroblasts injected to WT or Cal38~~ mice,
respectively). Two-way ANOVA with repeated measures followed by Tukey post hoc test,
revealed significant effect for: time per treatment (p < 0.0001) within subjects, and for
treatment between subjects (p < 0.0001). e Kaplan-Meier survival curve. Survival of WT
mice injected with B16F10 cells was significantly (log-rank test; p < 0.0001) higher when
co-injected with Cd38~~ fibroblasts than with WT fibroblasts. Similarly, survival of
Cd38~'~ mice, injected with B16F10 cells, was significantly higher (log-rank test; p <
0.0001) when co-injected with Cai38~~ fibroblasts compared to WT.
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Figure 2. CD38 in fibroblasts regulates migration of fibroblasts and B16F10 melanoma cells.
a-b Loss of CD38 in fibroblasts inhibits fibroblasts’ migratory response towards melanoma

cells. WT or Ca’38~~ fibroblasts were plated on the upper face of transwell inserts and
B16F10 cells in the lower chamber. The number of transmigrated fibroblasts after 24 h was
determined as described in Materials and Methods. a Representative images of fluorescent
(Hoechst)-labeled nuclei from transmigrated fibroblasts. Scale bar = 100 pm. b
Quantification of transmigration results. The results shown are humber of nuclei in a
captured field. Error bars represent mean + S.E.M (Student’s ftest, p=0.0002, n=3). c-d
CD38 regulates the effect of fibroblast’s CM on B16F10 migration. CM were prepared from
B16F10 cells (B16F19 CM), WT fibroblasts (WT Fibs CM), Cai38~~ fibroblasts (Cd38~~
fibs CM), co-cultures of B16F10 together with WT fibroblasts (B16F10 + WT Fibs CM) or
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with Ca38~/~ fibroblasts (B16F10 + Cal38~~ Fibs CM). A scratch wound was inflicted on
B16F10 cells monolayer supplemented with the indicated CM. The resulting gap width was
imaged immediately after (O h) and after 24 h. ¢ Representative images of the scratch areas
at 0 h and 24 h. Scale bar = 500 um. d Quantification of gap closure. The results shown are
expressed as the percentage of gap closure after 24 h from t = 0 h. Error bars represent mean
+ S.E.M. Two-way ANOVA (p < 0.001) with Bonferroni’s multiple comparisons test was
performed to determine statistical significance (n = 5).
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Figure 3. CD38 regulates the effect of fibroblast’s CM on B16F10 invasion.
a-b Invasion across basement membrane preparation (Cultrex). B16F10 cells were seeded on

the upper face of Cultrex-coated transwell inserts. Indicated CM were added to the lower
chambers. After 24 h invaded cells were detected and images captured and analyzed as
described in Materials and Methods. a Representative monochromatic images of Invading
B16F10 cells identified by their fluorescent nuclei. Scale bar = 500 um. b Quantification of
invasion through Cultrex. Results shown represent the number of fluorescent nuclei per
field. Error bars represent mean + S.E.M. Two-way ANOVA with Bonferroni’s multiple
comparisons test was performed to determine statistical significance. (7= 6). c-d Invasion
across MECs monolayer. Invading mCherry B16F10 cells were detected after 24 h. ¢
Representative monochromatic images of invading B16F10 cells. Scale bar = 500 um. d
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Quantification of the invasion across MECs results. Graph represents number of cells per
field. Error bars represent mean + S.E.M. Two-way ANOVA with Bonferroni’s multiple
comparisons test was performed to determine statistical significance (7= 4).
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Figure 4. CD38 regulates the effect of fibroblast’s CM on MECs tube formation.
MECs mixed with the indicated CM were seeded on Cultrex-coated 24-well plates. Phase

contrast images were captured after 10 h of culturing. a Representative images (scale bar =
200 um). b Quantification of total vessels length, c number of junctions (branching point of
3 tubes), and d number of meshes (closed segments), per field was performed using ImageJ
and Angiogenesis Analyzer plugin. Error bars represent mean + S.E.M. Two-way ANOVA
with Bonferroni’s multiple comparisons test was performed to determine statistical
significance (n=4).
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Figure 5. CD38 in MTAF cells regulates B16F10 cells migration and invasion and endothelial
tube formation.

a-b Transmigration of B16F10 cells in the presence of CM from the indicated MTAF
populations in 3D culture. After 24 h the amount of migrated cells was determined. a
Representative images of migrated B16F10 cells (fluorescent nuclei). Scale bar = 100 pm. b
Quantification of the migration results. The results shown represent the number of nuclei in
a captured field. Error bars represent mean + S.E.M (Student’s #test, 7= 3). c-d The effect
of MTAF CD38N9" and MTAF CD38!°W cells on B16F10 cells migration. MTAF cells were
plated in the lower chamber and B16F10 cells in the upper chamber. B16F10 transwell
migration was assessed after 24 h. ¢ Representative images of migrated cells (fluorescent
nuclei). Scale bar = 100 um. d Quantification of the migration results. The results shown are
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number of nuclei in a captured field. Error bars represents mean + S.E.M (Student’s ftest, n
= 3). e-f The effect of MTAF’s 3D CM on B16F10 cells invasion. e Representative images
of B16F10 cells (fluorescent nuclei). Scale bar = 100 um. f Quantification of the invasion.
The results shown are number of nuclei in a captured field. Error bars represent mean +
S.E.M (Student’s ttest n= 3). g-j The effect of MTAF’s 3D CM on MECs tube formation. g
Representative phase contrast images of the vessels network after 8 h (scale bar = 200pum).
Quantification of total vessels length h, number of junctions i, and meshes j. Error bars
represent mean = S.E.M. (Student’s ftest, n = 4).
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Figure 6. CD38-dependent differential expression of angiogenic proteins and genes in MTAF

cells.

a-f CD38-dependent regulation of angiogenesis-related proteins expression in MTAF cells
grown in 3D cultures CAFs. The expression of angiogenesis-related proteins was analyzed
using murine angiogenesis profiler array in two independent experiments. a Image of a
representative membrane analyzed showing the expression pattern of angiogenesis-related
proteins. b-f Expression profiles for MMP-9 b, VEGF-A ¢, HGF d, CXCL-12 e and FGF-2 f
proteins. The pixel density of each dot in the array was quantified using ImageJ. Results are
presented as fold change relative to the corresponding protein in MTAF CD38!%% cells. Error

bars represent mean + S.E.M. (Student’s ttest; results shown are from 2 independent
experiments). g-k mRNA levels of Mmp9q, Vegfah, Hgfi, Cxcl12j and Fgf2k from
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MTAF cultured in 2D conditions, treated with either serum free medium (SFM) or with
B16F10 CM (CM) for 48 h. mRNA levels were determined by gRT-PCR. Results are
presented as RQ from 5 independent experiments. Error bars represent mean + S.E.M. Two-
way ANOVA with Bonferroni’s multiple comparisons test was performed to determine
statistical significance.
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