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TNFSF15 facilitates differentiation and polarization of macrophages toward M1

phenotype to inhibit tumor growth
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ABSTRACT

Macrophages of the M2 phenotype in malignant tumors significantly aid tumor progression and metas-
tasis, as opposed to the M1 phenotype that exhibits anti-cancer characteristics. Raising the ratio of M1/M2
is thus a promising strategy to ameliorate the tumor immunomicroenvironment toward cancer inhibition.
We report here that tumor necrosis factor superfamily-15 (TNFSF15), a cytokine with anti-angiogenic
activities, is able to facilitate the differentiation and polarization of macrophages toward M1 phenotype.
We found that tumors formed in mice by Lewis lung carcinoma (LLC) cells artificially overexpressing
TNFSF15 exhibited retarded growth. The tumors displayed a greater percentage of M1 macrophages than
those formed by mock-transfected LLC cells. Treatment of mouse macrophage RAW264.7 cells with
recombinant TNFSF15 led to augmentation of the phagocytic and pro-apoptotic capacity of the macro-
phages against cancer cells. Mechanistically, TNFSF15 activated STAT1/3 in bone marrow cells and MAPK,
Akt and STAT1/3 in naive macrophages. Additionally, TNFSF15 activated STAT1/3 but inactivated STAT6 in
M2 macrophages. Modulations of these signals gave rise to a reposition of macrophage phenotypes
toward M1. The ability of TNFSF15 to promote macrophage differentiation and polarization toward M1
suggests that this unique cytokine may have a utility in the reconstruction of the immunomicroenviron-
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ment in favor of tumor suppression.

Introduction

Lung cancer is the leading cause of cancer-related deaths
in both men and women worldwide'. As the main cause of
lung cancer mortality, metastasis is of great concern in
cancer research. Increasing reports have indicated the
correlation of tumor microenvironment with cancer pro-
gression and metastasis.> In particular, tumor associated
macrophages (TAMs), a major tumor-infiltrating immune
cell population, are critical to tumor growth, invasion and
metastasis.” Macrophages are highly plastic cells that can
respond to micro-environmental stimuli to become polar-
ized as a classic (M1) or an alternative (M2) phenotype.4
A large body of evidence suggests that macrophages within
the tumor microenvironment are educated by cancer cells
to be M2 phenotype, which promote tumor progression
and suppress anti-tumor immune response.”>°
Notwithstanding their tumor promoting effects, macro-
phages are actually capable of killing tumor cells by releas-
ing inflammatory cytokines and reactive oxygen species
(ROS), as well as carrying out phagocytosis and activating
other immune cells, which are considered as tumor killing
M1 phenotype.”® Recently, many studies focus on deplet-
ing M2-like TAMs or blocking CCL2/CCR2 recruitment
pathway, or interfering with M2-related signaling path-
ways such as CD47/SIRPa to develop strategy against
cancers.” However, there is a non-ignorable concern that
elimination of tumor associated macrophages (TAM) often

debilitate the anti-cancer effect of chemotherapy drugs
because of the ineffective activation of the other immuno-
logical components.'®'" In human lung cancers, a higher
density of the M1 macrophages and lower density of the
M2 macrophages is associated with good clinical
outcomes.'>"'* Therefore, it is desirable to identify means
to modulate the balance of M1/M2 populations toward M1
macrophages, with the purpose of restoring anti-cancer
immunity in malignant tumors.

Tumor necrosis factor superfamily-15 (TNESF15, also known
as VEGI'® or TL1A'®), a multifaceted cytokine, is mainly pro-
duced by endothelial cell in established blood vessels,'” and in
turn inhibits angiogenesis."®*° Our previous study demon-
strated that raising TNFSF15 levels in tumors can inhibit
tumor growth.">*' Additionally, TNFSF15 has been shown to
be involved in the maintenance of inflammatory homeostasis,
which can both activate Th1/Th2 immune response in different
inflammation diseases.”””** Moreover, TNESF15 plays
a significant role in the modulation of the functions of immune
cells, such as promoting T cells activation,'® dendritic cells
maturation,” NK cell toxicity enhancement,*® and antimicrobial
ability of macrophages.”” Interestingly, TNFSF15 gene expres-
sion is nearly completely down-regulated in proliferating
endothelial cells as well as in tumor vasculatures.'”*** In this
study, we investigated plausible activities of TNFSF15 in the
modulation of tumor microenvironment, with a focus on
macrophage differentiation and polarization.
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Materials and Methods
Cells and reagents

Murine macrophage cell line RAW264.7, Lewis lung carci-
noma cells LLC, and breast cancer cell line 4T1 were pur-
chased from the Cell Resource Center (Chinese Academy of
Medical Sciences, China) and cultured in RMPI-1640
(Gibco), high glucose DMEM (Hyclone) or DMEM/F12
(Hyclone) medium, respectively. Mouse peritoneal macro-
phages were harvested from the peritoneal fluid of mice
five days after intraperitoneal injection of thioglycolate
(BD) and cultured in RPMI 1640. All media were supple-
mented with 10% fetal bovine serum (FBS, BD) and 1%
penicillin/streptomycin (PS, Gibco). These cells were placed
in a 5% CO2 incubator at 37°C. TNFSF15 and 4-3 H were
prepared in our laboratory.'®?! One unit of TNFSF15 activ-
ity is defined as the IC50 of the preparation on bovine aortic
endothelial cell proliferation - namely, the concentration of
TNEFSF15 required for half-maximum inhibition of cell
growth in culture. DR3 Fc chimera and cryptotanshinone
were purchased from R&D Systems and MCE, respectively.
SB203580, U0126, Sp600125 and Ly294002 were purchased
from Beyotime.

Mouse models

All animal experiments were approved by the Institute
Research Ethics Committee of Nankai University. C57BL/
6 mice (6-8-week-old) were purchased from Vital River
Laboratory Animal Center (Beijing, China), and kept
under specific pathogen-free conditions with free access
to standard food and water.

Polarization model of peritoneal macrophage in vivo

Mice were intraperitoneally injected with recombinant
TNFESF15 (5 mg/kg, every other day) or buffer for
7 days. Then peritoneal cells were recovered by lavage
with PBS for FACS analysis.

LLC allograft models

The female C57BL/6 mice were subcutaneously inoculated
with 5 x 10° LLC cells into the right flank and tumor size
(lengthxwidth® x 71/6) were monitored every other day. (1)
For LLC allograft model with recombinant TNFSF15 treat-
ment for one week, the tumor-bearing mice were ran-
domly divided into two groups on day 11 and then para-
tumorally injected recombinant TNFSF15 (5 mg/kg, every
other day, or buffer for 7 days. (2) For LLC allograft
model on the mice with tdTomato”™ bone marrow trans-
plantation, the tumor-bearing mice accepted tdTomato”
bone marrow transplantation were randomly divided into
two groups, then para-tumorally injected recombinant
TNESF15 (5 mg/kg) or buffer every 3 days until retrieved
tumors on day 18.

Isolation of single cells from murine tumors

The LLC tumors were minced and then enzymatically dissociated
in Hanks Balanced Salt Solution containing 1 mg/mL Collagenase
IV (Sigma), 0.1 mg/mL Hyaluronidase V (Sigma) and 5 pU/mL
DNAse I (Sigma) at 37°C for 30 min. Red blood cells were
solubilized with red cell lysis buffer (Solarbio), and the resulting
suspension was filtered through a 70 pum cell strainer again to
produce a single cell suspension for flow cytometry analysis.

Flow cytometry

For surface markers analysis, live cells were re-suspended in 1
x PBS and stained with anti-mouse CD45 (30-F11, Biolegend),
CD11b (M1/70, R&D Systems), F4/80 (BM8, Biolegend), CD86
(GL-1, Biolegend), MHC-II (M5/114.15.2, Biolegend), CD117
(2B8, Biolegend), CD115 (AFS98, Biolegend), CD16/32 (93,
Biolegend), CD34 (HM34, Biolegend), Scal (D7, Biolegend),
SIRPa (P84, biolegend), Lin (Stem Cell), and APC-Cy7
Streptavidin (Biolegend) at 4°C for 30 min. The concentration
at each antibody was used as the product protocol recom-
mended. For intracellular cytokine staining, cells were fixed
and permeabilized with Fixation and Permeabilization Kit
(eBioscience) at room temperature for 40 min and labeled
with anti-mouse CD206 (C068C2, Biolegend). Multicolor
FACS analysis was performed on an LSR Fortessa Analyzer
(BD Biosciences). All data analysis was performed using the
flow cytometry analysis program Flow]o-V10.

Immunofluorescence

The sections of tumor issues (5 pm) were fixed in 100% cold
methanol for 20 min, then permeabilizated with 0.5% Triton
X-100 for 30 min. Blocking with 5% BSA for 60 min at room
temperature, tissue sections were incubated with anti-F4/80
(Biolegend) for 1 h at 37°C. Sections were washed three times
with PBST and incubated with fluorescent secondary antibo-
dies. Slides were counterstained with 4',6-diamidino-2-pheny-
lindole (DAPI) to identify nuclei. Images were analyzed on
Confocal Laser Scanning Microscope.

Phagocytosis assays

Flow-cytometry-based phagocytosis assay. RAW264.7 cells
were treated with or without TNFSF15 for 24 h and target
cells were fluorescently labeled with Calcein AM (Invitrogen)
for 15 min as per the manufacturer’s instructions. 400,000
target cells and 200,000 macrophages were co-cultured for
2 h in ultra-low-attachment 24-well U-bottom plates
(Corning) in a humidified, 5% CO?2 incubator at 37°C. Then
these cells were placed on ice, and stained with APC-labeled
anti-F4/80 to analyze by flow cytometry. Phagocytosis was
measured as the number of F4/80"GFP" macrophages, quanti-
fied as a percentage of the total F4/80" macrophages.
Fluorescence microscopy-based phagocytosis assay.
RAW264.7 cells (2 x 10°, with or without TNFSF15 treatment)
labeled with CFSE were cultured in 35-mm glass-bottom



confocal dishes along with pHrodo-SE (Introvigen) labeled
LLC and 4T1 cancer cells at a ratio of 1:2, respectively. After co-
incubation for 5-6 h at 37°C, cells were washed several times
with basic PBS to remove unengulfed pHrodo-labeled tumor
cells. Phagocytosis (%) was calculated according to the follow-
ing formula: the number of RAW264.7 cells phagocytosing
cancer cells/total number of RAW264.7 cells x 100.

Cell proliferation assay

Bone marrow cells were incubated with 5 uM CFSE (5, 6-
carboxyfluorescein diacetate, MCE) for 10 min in a humidi-
fied, 5% CO2 incubator at 37°C. The cells were collected
and cultured in RPMI 1640 with 15% FBS to further
experiment.

STAT1 knockdown

RAW264.7 cells were plated in 12-well plates and then trans-
fected with 100 nM STAT1 siRNA (Santa Cruz) using
Lipo3000 (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. The indicated scrambled siRNAs were
chemically synthesized by Ruibo.

NO and ROS assays

For NO assay, total nitrite/nitrate was measured in cell super-
natant by Griess reagent according to the manufacturer’s
instructions. For ROS assay, macrophages were incubated
with 50 pM DCFDA (MCE) for 10 min in a humidified, 5%
CO2 incubator at 37°C, then washed three times with ice cold
PBS for FACS analysis.

Quantitative PCR (qPCR)

Total RNA (1 pg) was extracted from cells or tumor tissues
with TRIzol reagent (CWBIO) and reverse-transcribed into
c¢DNA by TransZol UP Plus RNA Kit (TransGen Biotech).
The cDNA was amplificated by the TransStart Tip Green
gPCR SuperMix (TransGen Biotech) on Real-Time PCR
System (Life technology). The mRNA levels were normalized
by B-actin. The primer sequences are shown at Table S1.

Western blot analysis

All cell lysates were separated by 10% or 12% SDS-
polyacrylamide gel electrophoresis. Then, they were transferred
to PVDF membranes. Blocking with 5% skimmed milk powder
(BD Pharmingen) for 1 h at room temperature, the membranes
were incubated with specific anti-Argl (1: 1,000), anti-TNFa (1:
500), anti-IL1P (1: 1,000), anti-TNFSF15 (1: 1,000) from Abcam,
anti-p-p38 MAPK (1: 1,000), anti-p38 MAPK (1: 1,000), anti-
p-JNK (1: 1,000), anti-JNK (1: 1,000), anti-p-Erk1/2 (1: 2,000),
anti-Erk1/2 (1: 2,000), anti-p-Akt (1: 1,000), anti-Akt (1: 1,000),
anti-p-STAT1 (1: 1,000), anti-STAT1 (1: 1,000), anti-p-STAT6
(1: 1,000), anti-STAT6 (1: 1,000), anti-p-STAT3 (1: 1,000), anti-
STAT3 (1: 1,000), anti-GADPH (1: 2,000) from Cell Signaling
Technology, anti-iNOS (1: 1,000, Introvigen) or anti-B-actin (1:
2,000, ZSGB-BIO) overnight at 4°C. Then the membranes were
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washed and incubated with horseradish peroxidase-conjugated
secondary antibodies. Then, protein bands were visualized by
ECL Western blot reagent (Bioworld Technology).

Statistical analysis

Data are presented as mean + SD and were analyzed using
GraphPad Prism software 8.0. Statistical analyses were carried
out by using unpaired two-tailed Student’s t-test for univariate
and two-way ANOVA for bivariate. Statistical significance is
presented as follows: * for P values <.05, ** for P values <.01,
and *** for P values <.001.

Results

TNFSF15 promotes M1-like macrophage infiltration into
tumors

As TNESF15 gene expression profiles vary in tumors under
clinical conditions as well as in experimental models, and appear
to be subject to modulations by angiogenic factors or
oncogenes,zs’SO we prepared murine Lewis lung carcinoma
(LLC) cells that stably expressed TNFSF15 and used the cells to
establish a tumor model in C57BL/6 mice to investigate the
impact of TNFSF15 on tumor-infiltrating macrophages (Fig.
S1A-B). In good agreement with previous reports,'>*'
TNFSF15-overexpressing tumors exhibited markedly retarded
growth, while TNFSF15-overexpression showed little impact
on the proliferation rate of the cells in culture (Figure la-d and
S1C). We then analyzed the macrophage population in the
tumors by flow cytometry and found that a 2.9-fold increase of
the total macrophages marked as CD11b"F4/807/CD45" in
TNEFSF15-overexpressing tumors (Figure le-f). At the same
time, to further quantify and distinguish the phenotype of
these macrophages, we examined M1 macrophage-related phe-
notypic markers MHCII, CD86, and M2 macrophage-related
phenotypic marker CD206°" (Figure le). Remarkably, macro-
phages in TNFSF15 overexpressing tumors biased M1 pheno-
type, evident from a 1.5-fold increase in M1 macrophages
(MHCII*CD2067), as well as a 40% reduction in M2 macro-
phage (MHCII"CD206") compared to those in the control
group (Figure 1g). Moreover, macrophages co-expressing
CD86 in TNFSF15 overexpressing tumors also increased by
2.1-fold, as compared with that in the control tumors
(Figure 1h). In addition, the qPCR data showed that the gene
expression levels of F4/80, H2Abl (MHCII), and CD86 in the
tumor tissues were elevated as the result of TNFSF15 overex-
pression in the cancer cells; the identities of the individual cells in
the tumor microenvironment were not yet discerned at this stage
of the investigation, however (Figure 1i). We further determined
the expression of a representative inflammatory cytokine, TNFa
in macrophages in LLC tumor tissues by immunofluorescence
staining. The results showed that the total F4/80 positive macro-
phage and the TNFa-positive macrophages in TNESF15 over-
expressing tumors increased by 2.5- and 1.8-fold, respectively, as
compared to those in the vehicle-treated control group (Fig.
S1D). These findings indicate that elevated TNFSF15 level in
this tumor model is strongly correlated to a marked increase of
the infiltration of M1 macrophages.
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Figure 1. TNFSF15 promotes M1 macrophages infiltration into the tumor. A The picture of TNFSF15-overexpressing LLC tumors (TNFSF15) and the control tumors
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in TNFSF15 and Mock tumors, n = 8. 1 gPCR analysis of gene expression of F4/80, H2Ab1 (MHCII) and CD86 in TNFSF15 and Mock tumor tissues, n = 6. The data are

presented as the mean + SD, *P < .05, **P < .01, ***P < .001.
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Figure 2. TNFSF15 augments the phagocytic and pro-apoptotic capacity of the macrophages against cancer cells. Flow cytometric analysis (a) and quantification
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cells treated with or without TNFSF15 at dedicated time (c) and quantification of image analysis data (d). Scale bar: 25 pm; Green: RAW264.7; Red: Engulfed LLC or 4T1
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analysis of caspase3 activation in LLC cells with different treatments. The data are presented as the mean + SD, *P < .05, **P < .01, ***P < .001.



TNFSF15 augments the phagocytic and pro-apoptotic
capacity of the macrophages against cancer cells

To explore the influence of TNFSF15 on macrophage function,
we determined the ability of macrophage phagocytosis to can-
cer cells. We co-cultured recombinant TNFSF15 (0.5 U) trea-
ted murine macrophage cell-line RAW264.7 cells with either
LLC or 4T1 (a mouse breast cancer cell line). Flow cytometric
results showed that TNFSF15 treatment led to an enhancement
of phagocytosis of LLC cells or 4T1 cells by 2.1-fold and
1.6-fold, respectively (Figure 2a-b; the gating strategy for
in vitro phagocytosis is given in supplementary Fig. S2A).
Moreover, fluorescence microscopic analysis of LLC and 4T1
cancer cells by macrophages demonstrated that TNFSF15-
treated macrophages were more capable of engulfing cancer
cells, as compared with the capability the vehicle-treated cancer
cells (Figure 2c-d). As a number of known phagocytosis
“checkpoint™®*~>* genes were involved in the modulation of
macrophage phagocytosis against cancer cells, we tested the
impact of TNFSF15 on SIRPa, PD1 and Siglec-G expression in
RAW?264.7 cells. We found that TNFSF15-treatment resulted
in an inhibition of the gene expression of SIRPa in RAW264.7
cells, but not that of PD1 or Siglec-G (Fig. $2B). We further
examined the cell surface levels of SIRPa in RAW264.7 live
cells by using flow cytometric analysis, and found that SIRPa
protein levels decreased by about 43% following TNESF15
treatment (Figure 2e-f). Furthermore, we treated LLC cells
with either the conditioned media of recombinant TNFSF15-
treated RAW264.7 cells, or directly with recombinant
TNFSF15, and found that the former treatment gave rise to
increased levels of activated caspase-3 in the cancer cells,
whereas the latter treatment had no such effect (Figure 2g),
indicating an ability of TNFSF15 to promote macrophage-
mediated cancer cell apoptosis. Taken together, these findings
demonstrate that TNFSF15 treatment leads to an augmenta-
tion of the phagocytic and pro-apoptotic capacity of macro-
phages against cancer cells.

TNFSF15 promotes bone marrow cell differentiation into
M1 macrophage

Bone marrow derived macrophage is a critical component of
TAM.? To determine whether bone marrow cells contributed
to TNFSF15-mediated M1 macrophages accumulation in
tumor, we analyzed the bone marrow cell population in
TNFSF15-overexpressing LLC tumor bearing mice. We found
that raising TNFSF15 levels in the tumors resulted in signifi-
cant decreases in the populations of HSC (Lin™-c-Kit*-Sca-1"
hematopoietic stem cell), GMP (granulocyte-macrophage pro-
genitor), and CD115*CD11b" precursor cells in bone marrow
(Fig. S3A). We further implanted LLC tumors on mice that had
red fluorescent bone marrow (tdTomato™) and para-tumorally
injected the tumors with recombinant TNFSF15 (5 mg/kg,
every 3 days). Remarkably, there was a nearly twofold increase
of infiltration of the tdTomato” macrophages in TNFSF15
treated tumors than in the control tumors (Fig. S3B), suggest-
ing an enhancement of TNFSF15 on bone marrow-derived
macrophage differentiation and mobilization into tumor. To
confirm it, we treated freshly isolated mouse bone marrow cells
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with recombinant TNFSF15 and found that TNFSF15 treat-
ment resulted in a dose- and time-dependent increase of the
percentage of macrophages from bone marrow cells (Figure 3a
and S3C), especially that of M1 macrophages such as F4/80"
macrophages co-expressing either MHCII or CD86, up to
9.5-fold and 1.5-fold, respectively, compared to that in the
control groups on day 7 (Figure 3b-c). In sharp contrast, the
percentage of F4/80%-CD206" macrophages in TNFSF15-
treated group decreased by 59% compared with that in control
group on day 7 (Figure 3d). For reasons not yet apparent to us,
the percentage of the bone marrow-derived F4/807-CD206"
cells on day 3 were not as responsive as were the cells on day
5 and day 7 to the inhibitory effect of TNFSF15-treatment,
possibly because the cells on day 3 were at an early stage of
differentiation toward macrophages under the experimental
conditions. Collectively, these results indicate that TNFSF15
is able to induce bone marrow cells to differentiate into M1
macrophages, but not M2 macrophages.

Generally, macrophages differentiation and function
require colony stimulating factors.’®*” Thus, we further treated
bone marrow cell cultures with TNFSF15 in combination with
either macrophage colony stimulating factors (M-CSF) or
granulocyte-macrophage colony stimulating factors (GM-
CSF). As shown in Figure 3e, the combination treatment
resulted in a 2.4-fold and a 1.5-fold increase, respectively, of
the percentage of F4/80" macrophages compared with that
treated with M-CSF or GM-CSF alone. We then labeled bone
marrow cells with fluorescent CFSE, and found that the fluor-
escence intensity of TNFSF15-treated macrophages was lower
than that of the control cells, suggesting a faster proliferation
rate of the former (Fig. $3D). These findings are consistent
with the view that TNFSF15 facilitates bone marrow cells-to-
macrophage differentiation.

To corroborate these findings, we used two inhibitors of
TNFSF15, namely, a TNFSF15 neutralizing antibody 4-3 H,'®
and a preparation of DR3 Fc chimera protein containing the
extracellular portion of DR3,’® a cell surface receptor of
TNFSF15 known to be expressed on bone marrow cells,'® to
see if they can block TNFSF15 activities. We found that the
presence of either 4-3 H or DR3-Fc chimera in the culture
media resulted in an about 50% less increase of the percentage
of the differentiated F4/80" macrophages induced by TNFSF15
(figure 3f-g). Additionally, since we found previously that
TNFSF15 is able to activate the transcription activator STAT3
in mouse bone marrow-derived immature dendritic cells,* we
analyzed TNFSF15-treated bone marrow cells and found that
STAT3 was also highly activated (Figure 3h). Furthermore,
cryptotanshinone, an inhibitor of STAT3 activation, when
added to the culture media, inhibited TNFSF15-induced
CD11b*F4/80" macrophages to an extent similar to those
achieved with 4-3 H and DR3 Fc chimera (Figure 3i-j). In
addition, we found that TNFSF15 activated STATI1, not
STAT6 during the process of macrophage differentiation (Fig.
S3E). These data support the view that the recombinant
TNEFSF15 protein has an intrinsic activity to promote macro-
phage differentiation, and that it is likely that, to a considerable
extent, DR3 and STAT-1/3 signaling pathways are involved,
giving us a lead into the molecular mechanisms of TNFSF15
actions on macrophages differentiation.
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Figure 3. TNFSF15 induces bone marrow cells to differentiate into M1 macrophages, but not M2 macrophages. Flow cytometric analysis and quantification of
the percentages of CD11b*F4/80" (a) cells, MHCII*F4/80" cells (b), CD86"F4/80™ cells (c), and CD206"F4/80" cells (d) differentiated from bone marrow cells with or
without TNFSF15 treatment at indicated time points, n = 3. E TNFSF15 and M-CSF (50 ng/mL) or GM-CSF (50 ng/mL) co-cultured bone marrow cells for 5 days. Flow
cytometric analysis and quantification of the percentage of F4/80" cells, n = 3. Flow cytometric analysis (f) and quantification (g) of the percentage of F4/80" cells
differentiated from vehicle- or TNFSF15-treated bone marrow cells in the presence or absence of 4-3 H (0.2 mg/mL) or DR3-Fc chimera (50 pg/mL), n = 3. H Western
blotting analysis of STAT3 activation in bone marrow cells following TNFSF15 treatment at indicated time points. Flow cytometric analysis (i) and quantification (j) of the
percentage of CD11b*F4/80* cells differentiated from vehicle- or TNFSF15-treated bone marrow cells in the presence or absence of STAT3 inhibitor, cryptotanshinone,

n = 3. The data are presented as the mean * SD, *P < .05, **P < .01, ***P < .001.

Naive macrophages treated with TNFSF15 polarize toward
M1 phenotype

Next, we determined if TNFSF15 was capable of modulating
the polarity of mature macrophage toward MI. It was known
that RAW264.7 cells assumed as naive macrophages (MO0
macrophages)® and were confirmed in our study (Fig. S4A).
To assess the impact of TNFSF15 on naive macrophage, we
performed gene transcription level detection and found that
TNESF15 treatment led to an enhancement of M1 markers,
including NOS2, TNFa, IL23a, IL13, MCP-1, IL6, CD80,
CD86, NLRP3, Siglec-1 (Fig. $4B). Moreover, we further deter-
mined the hallmarks of M1 macrophages in RAW264.7 cells
after TNFSF15 treatment. As shown in Figure 4a-E, TNFSF15-
treated RAW264.7 cells displayed up-regulated expression of

inflammatory factors TNF-a, IL1B and inducible nitric oxide
synthase (iNOS), accompanied by upregulation of co-
stimulatory molecules MHCII, and CD86, consistent with M1
phenotype.* At the same time, NO in the culture media and
ROS inside RAW264.7 cells increased markedly upon
TNFSF15 (figure 4f-g). Additionally, we examined iNOS
expression in a human monocyte-macrophage cell line, THP-
1. We found that, similar to the findings from the mouse cells,
TNFSF15 treatment gave rise to markedly enhanced iNOS
expression in THP-1 cells (Fig. $4C). These data demonstrate
that TNFSF15 is able to facilitate the polarization of naive
macrophages toward the M1 phenotype.

To further assess TNFSF15 mediated M1 macrophage
polarization, we carried out analyses of primary macrophages
in both cellular and animal models. The in vitro results showed
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Figure 4. Naive macrophages treated with TNFSF15 polarize toward M1 phenotype. Western blotting analysis and quantification of the protein expression of TNFa
(a), IL1B (b), and iNOS (c), as well as flow cytometric analysis of surface expression of MHCII (d) and CD86 (e) in RAW264.7 cells in response to TNFSF15 treatment, n = 3.
The relative content of NO (f) and ROS inside RAW264.7 cells (g) with or without TNFSF15 treatment was assayed with Griess reagent and DCFH-DA, respectively, n = 3.

gPCR analysis of mRNA levels of M1 markers (TNFa, iNOS) and M2 markers (CD206, F
BMDM:s in response to TNFSF15 treatment, n = 3. J: qPCR analysis of mRNA levels of

izz1) (h) and Western blot analysis of protein levels of M1 markers (TNFa, iNOS) (i) in
M1 markers (TNFa, iNOS) and M2 markers (CD206, Fizz1) in peritoneal macrophages

in response to TNFSF15 treatment, n = 3. Flow cytometric quantification of the percentages of M1 macrophages and M2 macrophage within CD45"F4/80™ fraction (k),
F4/80*CD86" peritoneal macrophages within CD45" fraction (I) from vehicle- and TNFSF15-treated groups upon intra-peritoneal injection of TNFSF15, n = 5. M: Time
course of JNK, Erk and P38 phosphorylation in RAW264.7 cells with TNFSF15 treatment. N: Western blot analysis of phosphorylation of Akt, STAT1, STAT3, and STAT6 in
RAW264.7 cells treated with or without TNFSF15 for 24 h. O: Western blot analysis of phosphorylation of STAT1, STAT3, and STAT6 in BMDM cells treated with or without
TNFSF15 for 24 h. The data are presented as the mean * SD, *P < .05, **P < .01, ***P < .001.

that TNFSF15 treatment resulted in an increase of 2.5- and
5435-fold, respectively, at mRNA levels for TNFa and iNOS in
bone marrow-derived macrophages (BMDMs) (Figure 4h).
The protein levels of these two genes in BMDMs increased
significantly as well (Figure 4i; Fig. S4D). Additionally, in
peritoneal macrophages, TNFSF15 treatment led to an increase
at mRNA levels of 1.9- and 376-fold for TNFa and iNOS,
respectively (Figure 4j). On the other hand, the expression of
CD206 and Fizz1 genes decreased by 95% and 28% in BMDMs,
as well as 68% and 67% in peritoneal macrophages, respectively
(Figure 4h, j). Peritoneal macrophages in vivo from wild type
mice with intraperitoneal injection of recombinant TNFSF15
also showed a polarization to M1 phenotype, evident by
increased MHCII and reduced CD206 expression, as well as
a significant increase in CD86" macrophage (Figure 4k-1 and
S4E). These findings indicate that the primary macrophages
underwent polarization toward M1 upon TNFSF15 treatment.

It has been studied that macrophages express DR3.>**

We found that, by using Western blotting analysis, DR3
was expressed in RAW264.7 cells (Fig. S4F). We further
found that the DR3 Fc chimera was able to prevent
TNFSF15-induced upregulation of the expression of iNOS,
TNFa, and IL1f, markers associated with M1 macrophages
(Fig. S4G). These findings indicate that TNFSF15-DR3 sig-
nals are critically involved in macrophage polarization
toward M1 phenotype. To further gain insights into the
signaling pathways involved in TNFSF15-driven naive
macrophage polarization toward M1, we carried out
Western blotting analysis in RAW264.7 cells. We found
that the three members of MAPK, namely, JNK, Erkl/2,
and p38, were phosphorylated within 30 min post TNFSF15
treatment (Figure 4m). P38, JNK, and Erk inhibitors of
SB203580, SP600125, and U0126, respectively, were able
to block TNEFSF15-induced phosphorylation of these
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protein signals as well as subsequent iNOS and TNFa
production (Fig. S4H). Analyses of Akt and STATI, -3,
and -6 signaling pathways were carried out 24 h post
TNEFSF15 treatment. We found that TNFESF15 treatment
resulted in activation of Akt, STATI, and STAT3, but not
STAT6 (Figure 4n). A priori treatment of the cells with
inhibitors of Akt or STAT3 inhibitors (either Ly294002 or
cryptotanshinone), or STAT1 siRNA, resulted in inhibition
of TNESF15-induced Akt or STAT1/3 activation, and con-
sequently the inhibition of iNOS and TNFa production
(Fig. S4I). In addition, we carried out Western blotting
analysis of STATI, -3, and -6 signaling pathway in
BMDMs. The results showed that TNFSF15 treatment of
BMDMs gave rise to phosphorylation of STAT1 and
STAT3, but not STAT6 (Figure 40). These findings are
consistent with those from RAW264.7 cells. Taken together,
these data are consistent with the view that activation of the
MAPK, Akt, and STAT1/3 signals is part of the underlying
molecular mechanisms in TNFSF15-mediated M1 macro-
phage development.

Transition of macrophages from M2 to M1 facilitated by
TNFSF15

Tumor-associated macrophages are often domesticated into
M2 phenotype.**' We further determined whether TNFSF15
was able to convert M2 to M1 phenotypes in tumor. To rule out
the influence of TNFSF15-mediated entry of M1 macrophages
into tumor, we treated later stage LLC tumor-bearing mice by
para-tumoral injection of recombinant TNFSF15 (5 mg/kg,
every other day) for a short time (7 days) prior to flow cyto-
metric analyses of tumor-infiltrating macrophages. As
expected, we observed that there was no change in the percen-
tage of total macrophages between TNFSF15-treated group
and vehicle-treated group (Figure 5a and S5A). Remarkably,
M1 macrophages and M2 macrophages in macrophage popu-
lation in TNFSF15-treated group exhibited a 1.5-fold increase
and 31% reduction, respectively, over that in the controls
(Figure 5b and S5B). Moreover, the percentage of F4/80"
macrophages co-expressing CD86 in TNFSF15 treated group
was 1.9-fold of that in the control group (Figure 5¢ and S5C).
These findings demonstrate that TNFSF15 is capable of facil-
itating a shift of tumor associated macrophages from M2
phenotype to M1 phenotype. As alternative M2 activation
can occur in the presence of IL-4,*> we included this M2-like
subtype in our experiments. We first simultaneously treated
RAW264.7 cells with TNFSF15 and IL4 for 24 h. The qPCR
results showed that TNFSF15 decreased the expression of the
IL-4-induced CD206 and Fizzl mRNA levels, as well as with
a significant increase in the mRNA level of TNFa, IL1p and
iNOS (Fig. S5D), implying an inhibition of TNFSF15 on M2
polarization of macrophages. Next, we treated RAW264.7 cells
with IL4 to induce M2 macrophage (IL4-M2), then with
TNESF15 stimulation. We found that TNESF15 treatment
resulted in upregulation of the mRNA and protein expression
of iNOS, TNFa, and IL1P in cells pre-treated with IL4, and at
the same time gave rise to a suppression of the mRNA or
protein expression of CD206, Arg-1, and Fizzl (Figure 5d-e).
Additionally, TNFSF15 treatment of IL4- conditioned M2

macrophages resulted in highly upregulated MHCII and
CD86 expression (figure 5{-g), indicating restoration of antigen
presentation ability in these cells.

Next, we explored the molecular mechanisms of TNFSF15
stimulation of M2 macrophage polarization toward M1. We
found that TNESF15 treatment gave rise to activation of
STAT1 and STATS3 signal pathways as well as deactivation of
STATS®6 signal pathway in IL-4-conditioned M2 macrophages
(Figure 5h). The data suggest that TNFSF15 be capable of re-
directing macrophages from tumor-promoting M2 to tumor-
inhibiting M1, and that alterations of STAT1, STAT3 and
STATS6 signaling pathways be involved the regulations.

Discussion

Since the abundance of TAMs in tumor is correlated with poor
cancer prognosis, significant attention has been drawn toward
development of cancer immunotherapies targeting these
TAMs.*** In present study, we found that TNESF15 leads to
an enrichment of M1 macrophages in tumors via various path-
way, which in turn results in a reconstruction of the tumor
immunomicroenvironment in favor of tumor inhibition
(Figure 6). Specifically, TNFSF15 actions on macrophages are
three folds: Firstly, it promotes bone marrow cells to differ-
entiate into M1 macrophages, mediated by STAT1/3 activa-
tion. Secondly, it facilitates naive (MO) macrophages to
differentiate and polarize into M1 macrophages, via activation
of MAPK, Akt and STAT1/3 signaling pathways. Thirdly, it
enables a conversion of M2 macrophages, including those
associated with tumors, to polarize into M1 macrophages,
mediated by the activation of STAT1/3 and deactivation of
STATS signals.

Consistent with previous reports, we confirm the antitumor
efficacy of TNFSF15 in Lewis lung carcinoma.'®?' Notably, our
findings indicate that the anticancer activity of TNFSF15 also
partly depends to an accumulation of M1 macrophages. Many
studies suggest that re-programming M2 TAM to M1 TAM is
accompanied by augmented recruitment and activation of
CD8" T cells with enhanced antitumor activities.'"**>*® Our
finding demonstrates that TNFSF15 actions not only convert
M2 TAMs into the M1 phenotype, but also facilitate M1
macrophages infiltration into tumors, which blocks TAMs pro-
tumoral functions and enhances their tumoricidal properties.

TAM can descend from bone marrow derived monocytes
and tissue-resident macrophages of embryonic origin.*”** One
report demonstrated that bone marrow-derived monocytes-
preferentially replenish M1 macrophages with more potent
ability of antigen presentation and inflammation response.*’
We show here that TNFSF15 is able to facilitate bone marrow
cells differentiation into M1 macrophages in cell cultures, as
well as to promote bone marrow-derived macrophage infiltra-
tion into tumors. Generally, macrophages can undergo differ-
entiation from bone marrow cells into naive macrophages, and
are then stimulated by environmental factors to present the M1
or M2 phenotype. Our finding that TNFSF15 drives macro-
phages at different stages toward M1 phenotype may have
important implications in cancer immunotherapy.
Conceivably, one may be able to use TNFSF15 for ex vivo
expansion of bone marrow-derived macrophages, or peritoneal
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Figure 5. Transition of macrophages from M2 to M1 facilitated by TNFSF15.

N

2

(FITC)

*

GADPH
p-STAT3,,,

STAT3

GADPH
p-STATS,,

STAT6

GADPH

»
N

& bQ
&\;

Flow cytometric quantification of the percentages of macrophages within CD45™

fraction (a), M1 macrophages, and M2 macrophages within CD45F4/80" fraction (b), as well as CD86* macrophages within CD45" fraction (c) in tumors from vehicle-
and TNFSF15-treated groups upon para-tumoral injection of TNFSF15, n = 5. Changes of mRNA (d) or protein (e) levels of iNOS, TNFa, IL1B, CD206, Arg-1 and Fizz1 in IL4

induced M2 macrophages in response to TNFSF15 were determined by qPCR or

Western blotting, n = 3. Flow cytometric analysis and quantification of surface

expression of MHCII (f) and CD86 (g) in IL4 induced M2 macrophages with and without TNFSF15 treatment, n = 3. H Western blotting analysis of STAT1, STAT3 and
STAT6 activation in IL4 induced M2 macrophages following TNFSF15 treatment. The data are presented as the mean * SD, *P < .05, **P < .01, ***P < .001, n.s. no

significance, *P < .05, #P < .01, #*P < .001.

macrophages from a cancer patient, to proliferate and polarize
into M1 macrophages, and use the latter for the treatment of
the same patient.

A complex signaling pathway are required to develop
TNFSF15 mediated M1 macrophage. In some report, MAPK,
and Akt are involved in TNFSF15 activities on myeloid-derived
cells and human monocyte derived macrophages, giving
a strong support for our study.””*®* STATI and STAT3 are
the members of the STAT transcription factor family, which
are keys to the regulation of macrophage activity.”® Moreover,
the finding that TNFSF15 facilitated transition of macrophages
from M2 to M1 via the activation of STAT1 and deactivation of
STATS6 signals is in line with the role of STATI and STAT6

signals in macrophage polarization,”"** indicating that

TNFSF15 may act as an antagonist of M2 macrophage induc-
tion factor.

There is a recent report that treatment of a mouse Hepl-6
tumor model with a preparation of recombinant human
TNFSF15 (rhVEGI-251) results in elimination of TAM in
about four weeks post cancer cell inoculation.*” It has been
shown that, in a murine model of urethane-induced lung carci-
nogenesis, lung macrophages develop increased M1 macrophage
marker expression during the first 2-3 weeks, follow by
increased M2 markers expression by week 6.> Since the time
windows we used in this study was about two weeks, it would
seem plausible that the suppression of M2 TAM by TNFSF15



2032918-10 (&) C.-C.ZHAO ET AL.

BM cell MO Macrophage M2 Macrophage
MAPK < o
O Q O Q STAT1/3
© _— O < | ©
TNFSF15 TNFSF15 STAT1/3 TNFSF15 a
@’ Fizz1
[ :J &2 STAT6
AKT CD206 It
J‘ Polarization
Proliferation
: — > M1 Macrophage € —
Differentiation Polarization
T4
MHC Il— 5 0 NO Cancer cell
Ch35s ¢ ©©TNFa [ 4
— .
\ £ 90 o IL-1p
s Phagocytosis 1\

Pro-a i 1
-apoptosis I

Q
\?@Oﬁ,\ )

Figure 6. Schematic representation of TNFSF15-facilitated differentiation and polarization of macrophages of various origins toward the M1 phenotype with tumor

suppression activities.

that we observed is in agreement with the findings that TNFSF15
could suppress M2 TAM in later stages of tumor development.*’
In addition, there is a remaining question worthy of further
investigation. It has been reported that TNFSF15 promotes the
co-activation of T cells,'® the maturation of DC cells,”” and the
enhancement of the toxicity of NK cells.”® Considering that
various types of cells in tumors can express DR3,”* it cannot
at this stage of the investigation be definitely excluded that, in
response to TNFSF15, signals from other cells in the tumor
microenvironment are involved indirectly in the promotion of
macrophage polarization toward the M1 phenotype.

We previously studied that the expression of TNFSF15
gene is nearly completely suppressed in tumors by angio-
genesis-promoting genes such as VEGF.*® Some studies
suggest that M2 TAMs contribute to establishment blood
vessels,’®””  whereas the M1 subtype suppress
angiogenesis.”® Therefore, depletion of anti-angiogenic
TNFSF15 in tumors may have contributed considerably to
unchecked predominance of M2 TAM and blood vessel. It
makes sense if we can use various preparations of
TNEFSF15, whether they be recombinant proteins or genetic
materials, to deliver active TNFSF15 into tumors to stimu-
late the transition of M2 TAM to M1 macrophages and
inhibit angiogenesis, achieving dual suppression for tumor
growth. In addition to cancers, our new findings that
TNFSF15 acts to promote M1 macrophages may help to
develop the treatment strategies for M2 macrophage-related
diseases, such as asthma, fibrosis, and parasitic infections.

In summary, we demonstrate in this study that TNFSF15 is
able to promote the differentiation and polarization of macro-
phages toward tumor-killing M1 phenotype. Additionally, we
identify some of the signaling pathways that take part in the
mediation of TNFSF15 actions. These findings may have
important implications in the reconstruction of cancer
immuno-microenvironment in favor of cancer treatment.
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