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ABSTRACT
◥

Metastatic dissemination remains a significant barrier to suc-
cessful therapy for melanoma. Wnt5A is a potent driver of invasion
in melanoma and is believed to be secreted from the tumor
microenvironment (TME). Our data suggest that myeloid-
derived suppressor cells (MDSC) in the TME are a major source
of Wnt5A and are reliant upon Wnt5A for multiple actions.
Knockdown ofWnt5A specifically in the myeloid cells demonstrat-
ed a clear decrease in Wnt5A expression within the TME in vivo as
well as a decrease in intratumoral MDSC and regulatory T cell
(Treg). Wnt5A knockdown also decreased the immunosuppressive
nature ofMDSC anddecreased expression of TGFb1 and arginase 1.
In the presence of Wnt5A-depleted MDSC, tumor-infiltrating
lymphocytes expressed decreased PD-1 and LAG3, suggesting a

less exhausted phenotype. Myeloid-specific Wnt5A knockdown
also led to decreased lung metastasis. Tumor-infiltrating MDSC
from control animals showed a strong positive correlation with
Treg, which was completely ablated in animals with Wnt5A-
negative MDSC. Overall, our data suggest that while MDSC con-
tribute to an immunosuppressive and less immunogenic environ-
ment, they exhibit an additional function as the major source of
Wnt5A in the TME.

Significance: These findings demonstrate that myeloid cells
provide a major source of Wnt5A to facilitate metastatic potential
inmelanoma cells and rely onWnt5A for their immunosuppressive
function.

Introduction
Over the last decade,mortality rates in patients withmelanomahave

increased by approximately 50% predominantly due to metastatic
spread of the primary tumor. Despite breakthroughs in targeted
therapies and immunotherapies, enhancing the immune microenvi-
ronment within a tumor remains a major hurdle to overcome to
achieve therapeutic success. Recent work from our group and others
has demonstrated that noncanonicalWnt ligands such asWnt5Adrive
the metastatic spread of melanoma, and interact with canonical Wnt
upon microenvironmental cues to drive phenotype switching (1).
Phenotype switching occurs when the canonical and noncanonical
Wnt pathways play antagonistic roles, where canonical signaling
drives proliferation of melanoma cells, while Wnt5A, contributes to
a slower growth rate in melanoma cells, increasing their invasive and
migratory nature (2, 3). In addition, Wnt signaling plays critical roles

in the immunemicroenvironment (4).We have previously shown that
melanoma cells with highWnt5A have lowered expression of antigens
such as MART1 and DCT (5), and that Wnt5A is highly expressed at
sites of chronic inflammation and has roles in immune regulation and
cytokine production from leukocytes (4, 6). The canonical Wnt
pathway also plays multiple roles in T-cell development and has also
been shown to antagonize the differentiation of myeloid-derived
suppressor cells (MDSC), and inhibition of b-catenin promotes the
activity and expansion of MDSCs (7).

MDSCs are cells that develop as a result of inflammatory mediators
activating immaturemyeloid cells. These cells are frequently reported in
numerous pathologies, especially in cancer. In mice, MDSCs can be
subdivided on the basis of their myeloid lineage, resulting in the
generation of monocytic-MDSCs (M-MDSC), which are Ly6CHI and
Ly6GNEG, and polymorphonuclear-MDSCs (PMN-MDSC), which are
Ly6CINT and Ly6GPOS (8). Once activated, these cells develop a sup-
pressive capacity and are therefore associated with a worse prognosis in
patients with cancer as they increase with disease stage and negatively
correlate with the success of immunotherapy treatment in melano-
ma (9, 10). As potent immunosuppressive cells, MDSCs decrease
immunogenicity mainly through inhibiting T-cell activation (11–13),
induction of regulatory T cells (Treg; ref. 14) and secretion of antiin-
flammatory cytokines such as TGFb1 (15, 16) and arginase 1 (17).

Recent studies have demonstrated that Wnt5A is expressed within
myeloid lineages (18). Several proinflammatory cytokines such as
TNFa, IL6, and IL1b can increase Wnt5A expression in macro-
phages (19). A hypothesis based on the fact that certain myeloid cells
express theWnt5A receptor Fzd5 (20, 21), is that Wnt5A signals in an
autocrine manner and is a proinflammatory factor enhancing the
expression of IL1b, IL6, and IL10 in these cells (19).

Given the role of Wnt5A in the inhibition of the canonical Wnt
pathway, and the observation thatWnt5A can have effects on myeloid
cells, we queried whether Wnt5A could play a role in the myeloid
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compartment of themelanomamicroenvironment. Using novel trans-
genic animal models with myeloid-specific knockdown of Wnt5A, we
examined the contribution of Wnt5A from MDSCs in promoting
melanoma metastasis, its influence on the immune dynamics of the
TME, and the effects of Wnt5A on the suppressive machinery of
MDSCs.

Materials and Methods
The Cancer Genome Atlas

RNA sequencing data were downloaded from The Cancer Genome
Atlas (TCGA) database using cBioPortal (http://www.cbioportal.org).
Individual gene expression values for genes of interest were retrieved as
normalized RNA-seq by expectation maximization (RSEM) read
counts processed through TCGA cBioportal. Heatmap data were then
transformed such thatWnt5A gene expression was separated into two
groups based on the top 25 percentile and bottom 25 percentile of
gene expression within the melanoma samples from TCGA dataset
(N ¼ 120). A Students t test (unpaired) was then performed to
individually analyze the difference in the mean expression of MDSC
and immune-related markers in these low versus high percentile
melanoma samples for our specific gene of interest. The data are
presented as a heatmap of the mean Z-score.

Cell lines
YUMM1.7 cells were obtained from Marcus Bosenberg, Yale Uni-

versity (NewHaven, CT), and cultured in DMEM/F12media contain-
ing 10% FCS, 1% Pen/Strep, and 1% L-glutamine. BSC9AJ2 cells were
obtained from Richard Marais, CRUK Manchester (Alderley Park,
United Kingdom), and cultured in RPMI media containing 10% FCS,
1% Pen/Strep, and 1% L-glutamine. Cell lines were MAP tested before
use in animals. All the cell lines were cultured at 37�C in 5%CO2. Short
tandem repeat profiling was done for melanoma cell line authentica-
tion and compared against our internal control of over 200 melanoma
cell lines as well as control lines such as HeLa and 293T and the results
are available upon request.Mycoplasma testing was carried out using a
Lonza MycoAlert assay at the University of Pennsylvania Cell Center
Services (Philadelphia, PA).

Animals
All animal experiments were performed at the Wistar Institute

(Philadelphia, PA; Association for Assessment and Accreditation of
Laboratory Animal Care International accredited) and approved by
the Institutional Animal Care and Use Committee. C57Bl/6 mice were
purchased from the Charles River NCI facility. C57Bl/6 Mice with
Wnt5A knockdown in myeloid cells were generated by breeding
Wnt5atm1.1Krvl/J (JAX stock: #026626; ref. 22) with LyzMtm1((cre)Lflo

(JAX stock: #004781; ref. 23) purchased from Jackson Lab. Fertile and
viable offspring were genotyped ensuring pups were positive for the
LysM promoter and the Wnt5A mutant. Mice were between 8 weeks
and 12 weeks at the time of tumor implantation. A total of 2 � 105

YUMM1.7 or BSC9AJ2 cells were injected intradermally onto the
backs of male and female mice, respectively, taking sex of the tumor
cells into account. Mice were weighed prior to injection of tumors and
at the conclusion of the experiment, and tumor volumes were mea-
sured every few days by digital caliper readings. Volumes were
calculated using the formula (length � width2) � 0.52. For in vivo
studies, mice of both sex were used and numbers of mice for each
experiment were calculated so as to have 80% power at a two-sided
alpha level of 0.05 to detect a difference of large effect size about 1.25
between two groups on a continuous measurement.

Western blot analysis
Total protein lysate was quantified using BCA assay (Pierce) and

50 mg was loaded and run on precast 4%–12% NuPAGE Bis Tris gel
(Invitrogen). Proteins were then transferred onto polyvinylidene
difluoride membrane using the iBlot system (Invitrogen), and blocked
in 5% milk/Tris-buffered saline with Tween 20 (TBST) for 1 hour.
Primary antibodies were diluted in 5% milk/TBST and incubated at
4�Covernight. Themembranes were washed in TBST and probedwith
the corresponding horseradish peroxidase (HRP)-conjugated second-
ary antibody at 0.2 mg/mL. Proteins were visualized using, ECL prime
(Amersham). Primary antibodies used were Wnt5A (1:2,000, biotin
labeled, BAF645 R&D Systems), HSP90 (1:10,000, #4874, Cell Signal-
ing Technology), and b-actin (1:10,000, #4970, Cell Signaling
Technology).

Isolation of mouse cells and flow cytometry
Flow cytometry was performed on the LSRII, 18 color flow cyt-

ometer by BDBiosciences at theWistar Institute Flow Facility. Tumors
were harvested when volumes were no larger than 1,500 mm3 by
isolating tumors from the stromal capsule and skin, chopping into
small fragments, and incubating at 37�C for 1 hour in the Miltenyi
Tumor Dissociation Kit, mouse (#130-096-730). Spleens, lungs, and
dissociated tumors were mashed through 70 mm cell strainers directly
into MACS buffer (PBS containing 0.5% FCS and 2.5 mmol/L EDTA)
and incubated with ammonium-chloride-potassium (ACK) lysis buff-
er for 1 minute on ice. All single-cell suspensions were washed and
blocked using TruStain fcX (BioLegend, #101320) for 15 minutes at
room temperature. Cells werewashed and stainedwith the appropriate
concentrations of antibodies in MACS buffer for 1 hour at 37�C.
Intracellular staining was performed following cell membrane staining
as decribed in ref. 24. Intracellular cytokines were stained after cells
were incubated for 5 hours with BD GolgiBlock (#554724). Intracel-
lular staining then consisted of cells being fixed and permeabilized
using the True-Nuclear Transcription Factor Buffer Set fromBioLegend
(#424401) and stained with the appropriate antibody for 1 hour at 37�C.
Cells were rinsed and resuspended in PBS prior to FACS analysis.
Antibodies used are listed in Supplementary Table S1. Immunopheno-
typing analysis was focused on changes based on leukocyte infiltration
and to demonstrate changes in these populations were proportionate,
equal numbers of CD45þ cells (for lymphocytes) and CD11bþ (for
myelocytes) were collected during FACS.

ELISA
Wnt5A quantification was determined using a mouse Wnt5A

ELISA Kit (Abkine, KTE70006). Single-cell suspensions were isolated
from tumors as described previously. ELISA was carried out according
to themanufacturer’s protocol. Briefly, equal concentrations of sample
were incubated for 45 minutes at 37�C in the precoated ELISA plate
wells. The plate was washed five times followed by incubating for 30
minutes at 37�C with an HRP-conjugated detection antibody. The
plate was washed a further five times before finally developing with
chromogen. After 15 minutes at 37�C, the reaction was stopped, and
the plate was read using a microtiter plate reader at 450 nm.

IHC
Sections were deparaffinized using xylene followed by rehydration

through series of alcohol washes and finally PBS. Heat-mediated
antigen retrieval was performed using citrate-based retrieval buffer
(Vector Labs, H-3300). Samples were blocked in peroxide blocking
buffer (Thermo Fisher Scientific), followed by protein block (Thermo
Fisher Scientific) and incubated in appropriate antibody (Ki67; Novus,
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NB600-1252, Wnt5A; R&D Systems, mab645) at 4�C overnight in a
humidified chamber. Following day, samples were washed and
incubated with a biotinylated secondary antibody (Thermo Fisher
Scientific) followed by streptavidin-HRP incubation. Samples were
then washed in PBS and incubated in 3-amino-9-ethyl-1-carboazole
chromogen and counterstained with Mayer’s hematoxylin (Millipore
Sigma), rinsed with water and mounted in aquamount.

TUNEL stain
Slides were stained using the TUNEL Assay Kit–HRP–DAB Kit

(Abcam, ab206386) according to the manufacter’s protocol. Briefly,
sections were deparaffinized and rehydrated as described above.
Samples were permeabilized using proteinase K (1:100) followed by
endogenous peroxidase quenching and equilibration using a TdT
buffer. The reaction was labeled using a TdT enzyme and incubated
for 1.5 hours at room temperature. The reaction was terminated
and slides were washed before blocking and developing using 3,30-
diaminobenzidine solution and finally counterstained using Methyl
Green, rinsed and mounted in aquamount.

T-cell suppression assay
Single-cell suspensions from tumors were prepared as described

above. Cells were stained and sorted on BD FACS Aria (Biosciences).
Live M-MDSCs (CD11bþ Ly6GNEG Ly6CHI) and PMN-MDSCs
(CD11bþ Ly6GPOS Ly6CINT) were plated in U-bottom 96-well plates
in RPMIwith 10% FBS and cocultured 1:1 with splenocytes fromPMEL
transgenic mice in the presence of cognate peptides: PMEL
(EGSRNQDWL; 0.1 mg/mL). After 48 hours, cells were incubated with
[3H] thymidine (PerkinElmer) for 16 hours. Proliferationwasmeasured
using the TopCount NXT instrument (PerkinElmer). Positive controls
were incubated consisting of PMEL transgenic splenocytes plus peptide
and negative controls with the coculture in absence of peptide.

Quantification and statistical analysis
All data points reflect biological replicates. Error bars are repre-

sentative of SEM. P values were determined using nonparametric
Mann–Whitney tests for comparisons between two groups. Signifi-
cance of tumor growth was determined using a linear mixed effects
model. Spearman rank-order correlation was used to analyze correla-
tions of two variables. All statistical tests were performed with
Graph Pad Prism V8 software (GraphPad Software, Inc.) and R
software. (�, P < 0.05; ��, P < 0.01; ���, P < 0.001; ���, and N.S., not
significant).

Results
Wnt5A expression is associated with MDSC infiltration

The presence of Wnt5A and MDSCs within the tumor microen-
vironment (TME) has been independently associated with an aggres-
sive phenotype in various cancers (2, 9). We analyzed TCGA database
to examine changes in MDSC markers in patients with Wnt5A-low
versusWnt5A-highmelanoma across all samples (Fig. 1A). These data
were also investigated in primary and regional subcutaneous metas-
tasis (Supplementary Fig. S1A) as well as distant and lymph node
metastasis (Supplementary Fig. S1B). Because of the heterogeneity of
MDSCs, we used a panel of markers closely associated with MDSC
expression and function including arginase 1, nitric oxide synthase,
TGFb1, and CD11b, and found that many of the selected genes were
significantly increased in Wnt5A-high tumors (Fig. 1A). These data
suggest a link between the infiltration of MDSCs and Wnt5A expres-
sion in melanoma.

Building on this finding, we subdermally injectedC57Bl/6micewith
YUMM1.7 melanoma cells and isolated MDSCs from the bone
marrow, spleens, and tumors. Results suggested thatMDSCs extracted
from tumors, but not other sites, expressed very high levels of Wnt5A
even in comparison with the Wnt5A-high cell lines FS4 and 1205Lu
(Fig. 1B; ref. 25). In addition, we performed an ELISA to demonstrate
MDSC expression of Wnt5A was approximately eight times higher in
MDSCs derived from tumors than those derived from spleens
(Fig. 1C). To analyze the impact of Wnt5A on MDSCs in the
tumor, we implanted YUMM1.7 cells into mice and treated with
either 200 ng/mL recombinant Wnt5A (rWnt5A) or PBS every 3–
4 days, as we have previously reported that this dose is effective in
eliciting in vivo effects of Wnt5A (26). As reported by several groups
including our own (25, 27), the administration of rWnt5A slowed
tumor growth compared with PBS control mice, decreasing tumor cell
proliferation (Fig. 1D; Supplementary Fig. S1C). Despite this decrease
in tumor volume, we found that animals treated with rWnt5A had
significantly increased levels of tumor MDSCs (Fig. 1E; Supplemen-
tary Fig. S1D). Interestingly, no significant changes were witnessed in
CD8þ T-cell or Treg infiltration (Supplementary Fig. S1E). Changes
observed were tumor specific as no change was evident in the levels of
MDSCs within spleens of animals treated with rWnt5A (Fig. 1E). We
also performed IHC on tumors to confirm increased levels of Wnt5A
in the treatment group (Supplementary Fig. S1F).

Our lab and others have previously shown that Wnt5A inhibits
melanoma tumor growth by promoting a slow-cycling phenotype,
albeit driving metastasis and therapy resistance through phenotype
switching (26, 28). We evaluated the correlation between the infiltra-
tion of tumor-derived MDSCs and tumor volume from control and
rWnt5A-treated animals. Control animals showed a trend but no
significant relationship between MDSCs and tumor volume (Fig. 1F).
However, when animals were treated with rWnt5A, there was a
significant negative correlation between tumor growth and MDSC
infiltration (Fig. 1F). Similar analysis on the ratios of MDSCs in the
spleen showed no correlation to tumor volume in either PBS or
rWnt5A groups (Supplementary Fig. S1G). We and other reports
demonstrate that rWnt5A can act to decrease cancer cell proliferation,
while increasingWnt5A-expressingMDSC infiltration into the tumor,
augmenting a slower tumor growth rate (Fig. 1D; ref. 25). These data
suggest that while Wnt5A can increase MDSC infiltration into the
tumor, the impact of Wnt5A on tumor cell proliferation overrides the
impact of an increased immunosuppressive microenvironment due to
the MDSC infiltration.

Myeloid-specific knockdown of Wnt5A decreases lung
metastasis in vivo

In addition toWnt5A being able to enhanceMDSC infiltration into
the tumor, our data show that MDSCs themselves express large
amounts of Wnt5A within the TME. Therefore, to better understand
the effects of Wnt5A specifically from MDSCs in melanoma tumors,
we generated novel transgenic animal models utilizing cre/lox recom-
bination. Animals generated with LoxP sites inserted flanking exon 2
in the Wnt5A gene (Wnt5atm1.1Krvl/J) (22) were crossed with animals
that have a nuclear-localized Cre recombinase inserted into the
myeloid-specific Lyz2 promoter gene (LyzMtm1((cre)Lflox; Supplemen-
tary Fig. S2A and S2B). Wnt5atm1.1Krvl/J animals are from herein
referred to as control, whereas Wnt5atm1.1Krvl/J animals crossed with
LyzMtm1((cre)Lflox that were positive for both the Wnt5A-mutant allele
and the LysM-Cre–mutant allele are referred to as Wnt5A�/�. This
model was validated by isolating CD11bþ GR1þ cells from bone
marrow of offspring that were positive for the Wnt5A-mutant allele
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in the controlWnt5atm1.1Krvl/J mice, and either positive or negative for
the LysM-Cre–mutant by performing RT-PCR for Wnt5A exon 2
(Supplementary Fig. S2C) as well as ELISA (Fig. 2E and F). Control
mice and animals negative for the LysM-Cre–mutant allele had
detectable Wnt5A levels, whereas the levels were noticeably dimin-
ished in the offspring containing both the Wnt5A- and LysM-Cre–
mutant allele (Supplementary Fig. S2C).

As described previously, melanoma cell lines exhibit different levels
ofWnt5A expresson.We found that BSC9AJ2 cells have lower levels of
endogenous Wnt5A than YUMM1.7. Using this cell line with our

myeloidWnt5A knockoutmodel allowed us to gain a better idea on the
role of Wnt5A specific to myeloid cells had on tumor progression
(Supplmentary Fig. S3A). Genetic knockdown of Wnt5A in myeloid
cells increased tumor growth (Fig. 2A). Tumors were stained for
Wnt5A, and expression ofWnt5A in the tumors was largely abrogated
simply by eliminating it from the MDSCs, suggesting that MDSCs are
significant contributors to Wnt5A in the TME (Fig. 2B). Increased
Ki67 staining in tumors from Wnt5A�/� compared with control
animals suggests thatWnt5A secreted from tumor-derivedmyelocytes
did indeed decrease proliferation (Fig. 2C and D). Moreover, no

Figure 1.

High-levelWnt5A expression is associatedwith increasedMDSC infiltration into tumors.A, TCGA analysis of MDSCmarkers andmelanoma patient samples stratified
into top and bottom quartiles based onWnt5A expression, each consisting of 120 samples.B,Western blot analysis forWnt5A onMDSCs isolated from bonemarrow
(BM), spleen (SPL), and tumor (TUM) of youngmalemice implanted with YUMM1.7 cells. Humanmelanoma cell lines (FS4 and 1205Lu) representing positive controls
forWnt5A expression. FS4 cells demonstrate the glycosylated (top) and nonglycosylated bands forWnt5A commonly seen inmelanoma cells.C, Isolated GR1þ cells
from the spleen and tumor of mice injected with BSC9AJ2 cells measuring Wnt5A levels by ELISA (n ¼ 3). D, Tumor growth curve of male mice implanted with
YUMM1.7 cells. Mice were treated with either 200 ng/mL rWnt5A or PBS every 3–4 days (n¼ 10/group). E, FACS analysis of myelocytes and MDSC infiltration into
tumors and spleens of animals implantedwith YUMM1.7 cells treatedwith rWnt5Aor PBS. (n¼ 10).F,Correlations of infiltratingMDSCs and tumor size inmice treated
with PBS or rWnt5A (200 ng/mL). � , P < 0.05; �� , P < 0.01; NS, not significant.
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Figure 2.

Effects of myeloid-specific Wnt5A knockdown on melanoma phenotype switching in vivo. A, Tumor growth rate of Wnt5A�/� and control animals implanted with
BSC9AJ2 melanoma cells (n¼ 8). B, Representative IHC for Wnt5A on tumors fromWnt5A�/� and control animals at�40 magnification and no primary antibody
control images (NPC). C, Representative IHC for Ki67 on tumors from Wnt5A�/� and control animals at �10 and �20 magnificantion and NPC. D, Quantitation of
Ki67þ cells in mouse tumors. E, ELISA for intracellular Wnt5A on MDSCs isolated from tumors and spleens from Wnt5A�/� and control animals implanted with
BSC9AJ2 cells (n ¼ 3). F, ELISA for secreted levels of Wnt5A from MDSCS populations isolated from tumors. MDSCs were isolated and cultured for 48 hours and
Wnt5A within culture media was measured (n ¼ 3). G, M-MDSCs present in the lungs of Wnt5A�/� and control animals implanted with BSC9AJ2 cells (n ¼ 8).
H,Wnt5A�/� and control animals were implanted with YUMM1.7-GFP cells. Tumors and lungs were harvested after 4 weeks postinjection. GFPþ cells were analyzed
by FACS. Representative plots for GFPþ cells. I, Quantification of FACS analysis from GFPþ cells within the lungs of Wnt5A�/� and control animals (n ¼ 13).
�� , P < 0.01; ���� , P < 0.0001.
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changes were witnessed in samples when stained for TUNEL suggest-
ing changes in tumor growth were not due to increased apoptosis
(Supplementary Fig. S3B). These data suggest that MDSCs are the
major source of TME-derived Wnt5A, affecting melanoma tumor
growth in vivo. When investigating the levels of Wnt5A in YUMM1.7
cells grown in two-dimensional culture and lysates of YUMM1.7
tumors, the expression ofWnt5A in the tumor lysate was considerably
higher, further suggesting that the increased expression of Wnt5A
within the TME came from sources beyond the tumor cells (Supple-
mentary Fig. S3C). Moreover, when MDSCs were isolated from the
spleens and tumors of control and Wnt5A�/� animals, Wnt5A was
considerably decreased in the MDSCs of tumors in Wnt5A�/� com-
pared with control animals, but levels were barely detectable in either
control or Wnt5A�/� animal spleens as shown by ELISA (Fig. 2E).
Knockdown of Wnt5A in these cells also diminished the secretion of
this protein from both M-MDSC and PMN-MDSCs (Fig. 2F).

As previously mentioned, Wnt5A is an important driver of phe-
notype switching in melanoma, promoting a slow growing but highly
metastatic phenotype.We found thatM-MDSCs were decreased in the
lungs of animals followingWnt5A knockdown (Fig. 2G), suggesting a
role forWnt5A in the migration of MDSCs to the premetastatic niche.
PMN-MDSCs did not show a statistically significant difference (Sup-
plementary Fig. S4A). To investigate the role that myeloid-derived
Wnt5A has in contributing to metastatic spread, we subdermally
injected YUMM1.7-GFP cells into Wnt5A�/� and control animals.
After reaching tumor burden, we quantified the number of GFPþ

melanoma cells that had metastasized by measuring positive cells in
the lung by flow cytometry. Wnt5A�/� animals had decreased
YUMM1.7-GFPþ cells within the lung compared with the controls
(Fig. 2H and I). These data show that MDSC-derived Wnt5A con-
tributes to metastatic spread and decreases melanoma proliferation
in vivo thus supporting the phenotype switching phenomenon.

Myeloid-specific knockdown ofWnt5A decreases accumulation
of tumor M-MDSCs and Tregs

To determine whether Wnt5A affected tumor infiltration of leu-
kocytes, we assessed the levels of T cells, MDSCs, and Tregs from
control andWnt5A�/� animals. Despite no changes in PMN-MDSCs,
we found approximately a 50% decrease in the number M-MDSCs in
Wnt5A�/� mice compared with control animals (Fig. 3A). Interest-
ingly, when we looked at correlations from the Wnt5A-negative
MDSCs with tumor volume, the strong negative correlation associated
with tumor size previously described was abrogated (Supplementary
Fig. S4B). This suggests that Wnt5A specifically from MDSCs may be
an important regulator of melanoma growth rate.

In addition to MDSCs, Tregs play important roles in increasing
immunosuppression by inhibiting the activity of T cells.Moreover, one
of the key mechanisms involved with MDSC-mediated suppression is
via the recruitment of Tregs. We investigated whether decreases in
tumor-derived MDSCs in Wnt5A�/� animals had an impact on
infiltration of lymphocytes including CD4þ, CD8þ T cells, and Tregs.
In keeping with MDSC biology, there was a significant decrease in
tumor Tregs in theWnt5A�/� animals (Fig. 3B). This finding was also
validated through TCGA data, which suggested that Wnt5A-low
melanoma tumors have decreased expression of the predominant
Treg marker, FOXP3, whereas, Wnt5A-high tumors have increased
expression of this gene (shown in Fig. 1A). Despite no changes in
CD4þ or CD8þ T cells (Fig. 3C), the decrease in M-MDSC and Tregs
suggests that myeloid-derived Wnt5A knockdown can increase the
immunogenicity of tumors. These data suggest a more favorable
antitumor environment due to decreased infiltration of immunosup-

pressive cell populations. We looked at the correlation between
M-MDSCs and Tregs in tumors of animals from control and
Wnt5A�/� animals. In keeping with MDSC biology, control animals
had a strong positive correlation between intratumoralM-MDSCs and
Tregs; however, this correlation was completely lost in the Wnt5A�/�

animals (Fig. 3D).
In keeping with the notion that Wnt5A can influence immunologic

tolerance and promote metastasis, animals treated with rWnt5A had
decreased levels of T cells and increased Tregs in the lungs, which
correspond with significantly decreased ratios of CD4þ and CD8þ T
cells to Tregs in rWnt5A-treated animals (Supplementary Fig. S4C).
Inversely, we found that there was a significant increase in the CD8þ T
cells in peripheral blood of Wnt5A�/� animals, which resulted in an
increased CD8:M-MDSC ratio (Supplementary Fig. S4D).

Myeloid-specific knockdown of Wnt5A decreases T-cell
exhaustion markers PD-1 and LAG3 on cytotoxic T cells in
primary tumors

In addition to low infiltration of effector T-cell levels, inhibited
T-cell activation is a major factor in determining response to immu-
notherapy. High-level expression of immune checkpoint molecules
including PD-1 on T cells are associated with inhibited T-cell activa-
tion through interaction of PD-L1. High-level expression of PD-1 and
LAG3 on T cells is a key marker for exhausted T cells, which affect
tumor progression and therapy success. Despite observing no changes
in the levels of CD4þ or CD8þ T cells between the groups, a significant
decrease in PD-1 (Fig. 4A) and LAG3 (Fig. 4B) expression on CD8þT
cells was observed in Wnt5A�/� animals; however, only PD-1 expres-
sion decreased on CD4þ T cells, suggesting this is predominantly a
change in the cytotoxic T-cell subset. We analyzed the expression of
PD-1 and LAG3 on T cells within the spleens of tumor-bearing mice
and found considerably lower levels of these markers in the spleens,
with a modest increase in PD-1 on CD8þ T cells within Wnt5A�/�

animals (Fig. 4C andD), suggesting thatWnt5Aknockdowndecreases
T-cell exhaustion markers in a tumor-specific manner.

Wnt5A contributes to suppressive mechanisms of MDSCs
As described previously, the expression of Wnt5A in MDSCs was

predominantly expressed within the TME. The suppressive capacity of
MDSCs is also well known to be localized to the TME compared with
other sites such as the spleen and the bone marrow (29, 30). On the
basis of these findings, we wanted to see whether the site-specific
expression of Wnt5A in MDSCs was associated with the suppressive
mechanisms of these cells.

The secretion of TGFb and arginase 1 are established methods of
MDSC-mediated suppression that are well described in the liter-
ature. When we harvested the tumors and spleens of mice, we found
a significant decrease in the levels of TGFb1 within both MDSC
subtypes in tumors (Fig. 5A) but no changes within the spleen
(Fig. 5B). Similar results were observed for arginase 1 as both
M-MDSCs and PMN-MDSCs had significantly reduced arginase 1
expression only in tumor-derived MDSCs of the knockdown
animals (Fig. 5C and D).

It is reported that MDSCs express high levels of CXCR2 (31).
Data within the literature suggest that MDSCs may utilize the
CXCR2-CXCL1 axis as a method of site-specific chemokine-
mediated migration of MDSCs to metastatic sites such rich in
CXCL1 (32, 33). However, when we examined CXCR2 expression on
MDSCs, we found no changes in the expression of this chemokine
receptor, suggesting alteredMDSC infiltration was not driven through
a CXCR2 mechanism (Supplementary Fig. S5).
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To determine whether the suppressive capacity of MDSCs is
affected by Wnt5A knockdown, we isolated M-MDSC and
PMN-MDSCs from tumors of control and Wnt5A�/� animals and

measured the proliferation of antigen-specific splenocytes from
transgenic mice in culture. IsolatedM-MDSC and PMN-MDSCs were
independently cocultured with activated T cells stimulated with an

Figure 3.

Immunosuppressive changes in tumors following Wnt5A knockdown in myeloid cells. Wnt5A�/� and control animals were intradermally implanted with BSC9AJ2
cells. A–C, Changes in MDSCs (A), Tregs (B), and T cells (C) were assessed using FACS. Representative FACS plots included for each immune subset (n ¼ 8).
D,Correlation of Tregs andM-MDSCs infiltrating tumors. Tregs andM-MDSCswere normalized before significance was determined using Spearman rank correlation.
�� , P < 0.01.
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antigen-specific peptide for 48 hours.We found that the ability of both
PMN-MDSCs and M-MDSCs to suppress stimulated T cells was
decreased by approximately 50% when Wnt5A was knocked down
in these cells (Fig. 5E).

These data suggest that tumors ofWnt5A�/� animals not only have
decreased numbers of MDSCs, but that the function of MDSCs may
also be abrogated making them less responsive within tumors. Taken
together, these data suggest that Wnt5A may influence, at the least,
suppressive mechanisms such as arginase 1 and TGFb1 in MDSCs,
which could indirectly affect MDSC suppression via this cytokine
predominantly within the tumors, as well as directly decreasing T-cell
function and proliferation.

Discussion
In these studies, we investigated the role of MDSC-derived Wnt5A

on melanoma proliferation and metastasis via noncanonical Wnt

signaling in melanoma and the role it plays in the immune component
of the TME. BothMDSCs andWnt5A have independently been linked
to aggressive forms of metastatic melanoma promoting therapy resis-
tance. Using novel transgenic animal models, we made the surprising
finding that a major source of Wnt5A in the TME comes from
suppressive myelocytes. This increase in Wnt5A from exogenous
sources results in increased expression of Wnt5A within the tumor
cell through a positive feedback signaling mechanism (described by
O’Connell and colleagues; ref. 34). This can largely be attributed to the
fact thatWnt5A signals via Fzd5 andROR2 to activate protein kinaseC
and calcium signaling. Activation of protein kinase C results in the
ultimate stabilization of Wnt5A mRNA, resulting in increased tumor
cell–specific Wnt5A (3). While control animals retain expression of
Wnt5A in melanoma cells, which slows their growth rate, increases
their metastatic capacity, and decreases the immunogenicity of these
tumors (summarized as a schematic in Fig. 6A), depleting Wnt5A in
theMDSCs inhibits Treg infiltration and inhibits metastasis (Fig. 6B).

Figure 4.

Wnt5A knockdown in myeloid cells decrease T-cell exhaustion markers on CD8� T cells in tumors. A and B, FACS analysis of PD-1 (n ¼ 5; A) and LAG3 (n ¼ 7; B)
expression on tumor-infiltrating T cells from animals implanted with BSC9AJ2 cells. C and D, FACS analysis of PD-1–expressing (C) and LAG3-expressing (D) T cells
within spleens from animals bearing BSC9AJ2 tumors. � , P < 0.05; �� , P < 0.01.
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Figure 5.

Effects ofWnt5AonMDSC suppressivemechanisms.A–D,FACS analysis ofMDCSs frommice implantedwith BSC9AJ2 cellswere assessed using FACS for changes in
TGFb1 expression in tumors (A) and spleen (n¼ 5; B) and arginase 1 in tumors (C) and spleen (n¼ 8; D). E,MDSCs from tumors of animals implanted with BSC9AJ2
cells were isolated and cocultured with antigen-stimulated T cells from PMEL animals. Results were plotted as a percentage of T-cell suppression based on positive
controls consisting of stimulated T cells only (n ¼ 6). � , P < 0.05; �� , P < 0.01.

Douglass et al.

Cancer Res; 81(3) February 1, 2021 CANCER RESEARCH666

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/3/658/2806360/658.pdf by guest on 19 M

ay 2023



These findings are important in several contexts. First, they expand
the role of MDSCs from being uniquely suppressive myeloid cells
providing tumor immunosuppression, to directly affecting the growth
rate and invasive capacity of cancer cells in vivo through the secretion of
Wnt5A. Second, we show here thatWnt5A is important in directing the
recruitment of MDSCs into tumors. Recent data have suggested that
cytokines such as IL6 are important in both the generation and function
of MDSCs (35). Analysis of TCGA data demonstrated that there was a
significant association between Wnt5A and IL6 in melanoma patient
samples (Fig. 1A). In addition to this, both CXCR2, which is a potent
chemokine receptor expressed on MDSCs and involved in site-specific
migration, and itsmain ligandCXCL1were significantly associatedwith
Wnt5A expression in melanoma tumors (Fig. 1A). Third, we found
myeloid-Wnt5Awas also an important factor in regulating the immune
axiswithin the TME.Not only doesWnt5A secretion frommyeloid cells
act directly on melanoma cells, we found that Wnt5A is important in
MDSC-mediated suppression of T cells. When Wnt5A was knocked
down in myeloid cells, there was a decrease in the number of the M-
MDSCs and Tregs, thus, decreasing immunosuppression within the
TME. Significant changes were not observed in the spleen, suggesting
the primary effect ofWnt5A onMDSCs is to affect their recruitment to
the microenvironment of the tumor.

MDSCs have several mechanisms of immunosuppression, including
the recruitment of Tregs. Interestingly, we found that in control animals
the levels ofM-MDSCspositively correlatedwith the number ofTregs in
tumors; however, whenWnt5A was knocked down the correlation was
ablated.WeaskedwhetherWnt5Awas required forTreg recruitment by

MDSCs. However, we found that rWnt5A did not cause a change in
Treg migration in vitro (Supplementary Fig. S6), suggesting that
instead, Wnt5A has indirect effects on Treg migration. Interest-
ingly, TGFb1 expression was significantly decreased within both
MDSC subsets following myeloid Wnt5A knockout. TGFb1 has
been demonstrated to induce an adaptive Treg phenotype in na€�ve
CD4þ T cells (36, 37). Therefore, these data could imply that TGFb1
release from MDSCs could promote the development of adaptive
Tregs, whereas decreased TGFb1 from Wnt5A�/� animals poten-
tially decreases Treg induction from na€�ve CD4þ T cells. MDSC-
mediated Treg migration may be related to Wnt5A via changes in
TGFb1 production. We also found that arginase 1 was decreased in
MDSCs following Wnt5A knockdown. Both arginase 1 and TGFb
have been reported to have strong interplay with Wnt5A, suggesting
that these could both be regulated via Wnt5A (5, 38).

The decrease in TGFb1 and arginase 1 in Wnt5A-depleted
MDSCs also suggest that the suppressive function could be dimin-
ished. This notion was confirmed using an antigen-specific T-cell
proliferation assay. When M-MDSCs and PMN-MDSCs were
cocultured with antigen-stimulated T cells, both Wnt5A-depleted
MDSC subsets had significantly decreased ability to suppress T-cell
proliferation in vitro. These data suggest Wnt5A has a dual effect on
MDSC-mediated TME suppression, first, by inhibiting the number
of tumor-infiltrating suppressive cells, and second, by decreasing
the suppressive capacity of MDSCs. It should be noted that MDSCs
have a wide variety of reported suppressive mechanisms including
the secretion of nitric oxide synthase, reactive oxygen species,

Figure 6.

Effects of myeloid-Wnt5A knockdown
in melanoma phenotype and immune
TME. A, Control animals with Wnt5A-
secreting MDSCs have high-level
expression of Wnt5A in the TME.
Wnt5A expression drives a slow-
cycling phenotype but increases met-
astatic capacity. Tumor-infiltrating
MDSCs also cause a recruitment of
Tregs increasing the level of immuno-
suppression while increasing CD8þ T-
cell exhaustion markers. B,Wnt5A�/�

animals with Wnt5A-negative MDSCs
have markedly decreased expression
of Wnt5A in the TME that decreases
metastasis to the lung. Decreased
tumor-Wnt5A leads to significantly
decreased MDSC-infiltrating tumors.
Wnt5A knockdown in MDSCs also
decreases tumor immunosuppression
by reducing MDSCs suppressive
capacity on T cells, decreasing TGFb1
and arginase 1 expression, decreasing
Treg recruitment, and decreasing
CD8þ T-cell exhaustion markers.
Image created with BioRender web
application.
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depletion of L-arginine and cystine, and various cell–cell contact
mechanisms (39). Therefore, the decreased suppression may be
attributed to other mechanisms.

We found that myeloid-derivedWnt5A has a dual effect on tumor-
infiltrating lymphocytes decreasing tumor immunosuppression. First,
due to a decrease in the number of immunosuppressive MDSCs and
Treg cells infiltrating the tumor, the TMEmay go from a less-favorable
cold tumor characterized by high levels of Tregs, MDSCs, andWnt5A,
to a hot tumor with significantly decreased immunosuppression.
These data have key translational significance as depletion of
MDSCs (31) and Tregs (40, 41) improves responses to immunother-
apy. Second, following MDSC-Wnt5A knockdown levels of PD-1 and
LAG3 were both significantly decreased on cytotoxic T cells. This
decreases the ability of T cells to utilize inhibitory immune checkpoints
via PD-L1þ cells such as tumor cells, increasing the potential of these
effector T cells to elicit an antitumor response. High-level expression of
both PD-1 and LAG3 are strongly associated with T-cell exhaustion,
therefore a decrease in thesemarkers on cytotoxic T cells could suggest
a modest reversal in T-cell fatigue.

The secretion of cytokines including IFNg is associated with
antigen-stimulated T cells (42). Within a complex TME, IFNg is
known to have potent antitumor effects particularly within the
immune system where it can activate antitumor myeloid cells includ-
ing macrophages and neutrophils, as well as upregulating MHC class
II. We found that patients with melanoma with high expression of
IFNg had increased survival, whereas survival decreased when the
levels of IFNg declined (Supplementary Fig. S7A). As T cells become
more exhausted, their levels of PD-1 and LAG3 increase, whereas
the production of proinflammatory cytokines including IFNg
diminishes (43). In addition to decreases in PD-1 and LAG3, we
foundWnt5A�/�MDSCs had amodest increase in IFNg expression in
CD4þ and CD8þ T cells (Supplementary Fig. S7B). As well as having
potent antitumor effects, the role of IFNg can be a double-edged sword.
Melanoma cells can utilize this cytokine as a mechanism to evade the
immune system by upregulating PD-L1. We treated BSC9AJ2 mela-
noma cells with 50 ng/mL of IFNg for 16 hours. Untreated melanoma
cells had moderately high levels of PD-L1; however, treatment with
IFNg greatly increased the levels of PD-L1 (Supplementary Fig. S7C,
left). IFNg treatment demonstrated no proapoptotic effects on these
cells in vitro as there was no change in annexin V staining (Supple-
mentary Fig. S7C, right). These data suggest that the regulation of IFNg
within a TME may require a fine balance of control, which was
achieved within our model, between the activation of innate and
adaptive immunity, and cancer cell immune evasion. The potential
reversal of T-cell exhaustion is not believed to be dictated directly by
the effects of Wnt5A on T cells, but due instead to the decrease in the
TME of immunosuppressive cells such asMDSCs, which are known to
promote T-cell exhaustion (44, 45).

Poorly immunogenic tumors are well known to be negatively
associated with immunotherapy success. These data could positively
contribute to the potential success of therapies designed to inhibit
MDSCs. MDSCs are an extremely heterogenous population of cells
that cannot be identified with one or two markers, but are generally
classified by their ability to suppress immune reactions and express
immunosuppressive cytokines. Given the importance of MDSCs in
many cancers, innovativemethods to target these cells have emerged in
numerous clinical trials. Studies show that the exhaustion and func-
tional impairment of T cells in the TME is a defining feature in the
prognosis ofmany cancers. Infiltrating antitumor CD8þT cells coexist
with a wide variety of other factors including cancer cells, immuno-
suppressive leukocytes, and a combination of proinflammatory and

antiinflammatory cytokines. Immunosuppressive leukocytes such as
MDSCs are key contributors to antiinflammatory TME cytokines
including arginase 1, IL10, and TGFb augmenting CD8þ T-cell
exhaustion while decreasing IL2 and IFNg secretion from these cells.
Targeting antiinflammatory cytokines secreted from tolerogenic leu-
kocytes have been used in numerous therapies to help reduce T-cell
exhaustion. The use of IL10 inhibitors have been shown to increase the
efficiency of PD-1 blockade in patients with advanced melanoma
enhancing the activity of antigen-specific CD8þ T cells (46). STAT3
is a transcription factor responsible for most immunosuppressive
factors in myeloid cells (47). STAT3 inhibitor, AZD9150, was used
in combination with checkpoint blockade in patients with hepatocel-
lular carcinoma (NCT01839604), pancreatic, non–small cell lung, and
colorectal (NCT02983578) and squamous cell carcinoma of head and
neck (NCT02499328). Another study targeted TLR7 as a method of
decreasing immunosuppressive functions of MDSCs in CT26 mod-
els (48). As exhausted T cells lose their secretion and responsiveness to
T-cell expansion factors such as IL2, trials have also investigated using
high doses of IL2 as an adjuvant in PD-1 immunotherapy to overcome
anti-PD1-resistant metastatic melanoma and renal cell carcinoma
(NCT03991130). A strong objective of this trial was to correlateMDSC
and T-cell subsets in the peripheral blood during therapy. Other
methods targeting MDSCs prevent their differentiation through tar-
geting the inflammatory cytokines frequently found to cause their
activation and their migration to distal sites by blocking chemokine
receptors implicated in site-specific chemokine-mediated migration.
These trials are described in more detail by Fleming and collea-
gues (49). Targeting Wnt5A might provide one more mechanism by
which to disrupt the immunosuppressive effects of MDSCs and
increase the efficacy of immunotherapy.
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