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Abstract 

Tumor-associated macrophages (TAMs) are an abundant tumor-promoting cell type in the tumor microenvironment (TME). Most 
TAMs exhibit a pro-tumor M2-like phenotype supportive of tumor growth, immune evasion, and metastasis. IL-4 and IL-13 are major 
cytokines that polarize macrophages to an M2 subset and share a common receptor, IL-4 receptor alpha (IL-4R alpha). Treatment 
of human ex vivo polarized M2 macrophages and M2 macrophage precursors with IL-4R alpha antagonist antibody Dupilumab 

(Dupixent R ©) reduces M2 macrophage features, including a shift in cell surface marker protein expression and gene expression. In 

animal models of prostate cancer, both pharmacologic inhibition of IL-4R alpha and genetic deletion of IL-4R alpha utilizing an Il4ra 
-/- mouse model result in decreased CD206 on TAMs. These data support IL-4R alpha as a target to reduce the pro-tumor, M2-like 
macrophage phenotype as a novel adjunct cancer therapy. 

Neoplasia (2022) 32, 100830 

Keywords: Prostate cancer, Macrophage, IL-4R alpha, IL-4, Dupilumab, Dupixent 

 

 

 

 

 

 

 

 

d
h

o  

m
m
f  

m
t  

l  
Introduction 

Macrophages can comprise over 50% of solid tumors and play vital
roles in cancer progression [1 , 2] . In patients, high infiltration of tumor-
associated macrophages (TAMs) is correlated with poor prognosis [3–7] .
While macrophages can be stimulated by their environment to adopt different
phenotypes, the majority of TAMs are polarized towards a phenotype that
promotes cancer progression and confers treatment resistance [1 , 6 , 8-14] . In
prostate cancer, higher pro-tumor macrophage infiltration in patient tumors
is correlated with poorer prognosis [2] . Inflammatory disease research has
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eveloped successful strategies for macrophage targeting, but these strategies 
ave yet to be tested as TAM-targeting agents in cancer [15] . 

Macrophages originate from either blood-circulating monocytes 
riginating in the bone marrow or from proliferating tissue resident
acrophages [16] . Intravasated monocytes that have differentiated into 
acrophages and tissue macrophages will adopt different phenotypes and 

unctions to participate in various immune responses. It is recognized that
acrophages exist on a continuous spectrum of differentiated phenotypes 

hat are generally classified as anti-tumor (M1-like) or pro-tumor (M2-
ike). The phenotype that a macrophage adopts is determined by the
timulants in its local environment. Macrophages that encounter bacterial 
roducts (e.g. lipopolysaccharide) or inflammatory cytokines (e.g. IFN γ ) 
re stimulated, or polarized, toward an M1 phenotype and participate
n clearing intracellular infections [17] . Macrophages that encounter the
ytokines interleukin 4 (IL-4) and interleukin 13 (IL-13) are polarized to a

2 phenotype and participate in processes such as wound healing [17–19] .
2 macrophages contribute to wound healing processes by remodeling the

xtracellular matrix, stimulating angiogenesis, and promoting cell growth 
nd proliferation [17] . Unlike M1-like macrophages, M2-like macrophages 
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do not employ free radical mechanisms to induce cell death of a target
cell. Additionally, M2 macrophages prevent immune responses against the
remodeling tissue by recruiting regulatory T cells and suppressing cytotoxic
T cell function [20] . M2 macrophages contribute to many inflammatory
diseases, such as asthma and atopic dermatitis, as well as pathogen immune
evasion [21–23] . 

Most TAMs in solid tumors exhibit an M2-like phenotype and mirror
the functions of M2 macrophages in normal tissue [1 , 8 , 9] . In the context
of cancer, these functions contribute to uncontrolled proliferation of cancer
cells and disease progression. Normal tissue remodeling signals produced
by M2 macrophages are exploited to promote dysregulated tumor growth
and survival of cancer cells. Additionally, the immunosuppressive signals
produced by M2 macrophages prevent immune responses that would
induce cancer cell death [20] . These functions also contribute to treatment
resistance through various mechanisms [1 , 6 , 10-12 , 24] . In particular, M2
TAMs counteract the effect of cytotoxic agents on cancer cells through
secretion of survival signals and cathepsins [11 , 12] . Additionally, they
counteract immunotherapies by secreting immunosuppressive cytokines,
upregulating alternative immune checkpoint ligands, and sequestering
checkpoint blockade agents [11-13 , 25] . The overwhelming evidence of M2
TAM contribution to cancer progression makes them a promising anti-cancer
target [26 , 27] . 

The cytokines IL-4 and IL-13 are the predominant drivers of M2
polarization. These cytokines have significant overlap in signaling pathways
and induce transcription of similar target genes [17 , 28] . The receptor
complexes for both IL-4 and IL-13 include the IL-4 receptor alpha (IL-4R
alpha) subunit and both receptor complexes are expressed on macrophages.
Both pathways act through various JAK proteins (including JAK1, JAK2,
and JAK3) and STAT6 to downregulate M1 genes, such as inflammatory
cytokines IL1B and TNF , while upregulating transcription of M2 genes,
such as MRC1 (CD206) and ARG1 [17 , 29] . Due to the involvement of IL-4
and IL-13 in inflammatory diseases, a number of therapeutic strategies have
been developed to target these pathways [15] . A monoclonal antibody against
IL-4R alpha, Dupilumab (Dupixent R ©), is FDA approved for the treatment
of atopic dermatitis and asthma [15 , 30] . Studies have also implicated IL-4
and IL-13 signaling in pro-tumor mechanisms including direct signaling to
cancer cells overexpressing IL-4 or IL-13 receptors [1 , 15 , 31-36] . However,
the impact of these signaling pathways on macrophage function in the tumor
remains unknown. 

Despite the pro-tumor functions of M2 TAMs, evidence for pro-tumor
effects of the IL-4R alpha pathway in cancer, and the success of IL-4R alpha-
targeting strategies in inflammatory diseases, little research has described the
effects of these strategies in M2 TAMs or tested them clinically against cancer.
We found that disrupting IL-4R alpha signaling either pharmacologically
with Dupilimab or with an Il4ra –/– mouse model reduces the pro-tumor
M2-TAM phenotype. This data suggests that t argeting IL-4R alpha is a
promising strategy for undermining the tumor-promoting capabilities of M2-
TAMs that may have utility in combination with conventional anti-cancer
therapy. 

Materials and methods 

Human macrophage culture 

Human peripheral blood mononuclear cells (PBMCs) were acquired from
the New York Blood Center (New York, NY). Monocytes were isolated
and M1 and M2 macrophages were generated using previously published
methods [37] . Unpolarized macrophages (M0s) were generated using the
same protocol except without addition of any cytokines. Prior to polarization
or analysis, isolated monocytes were cr yopreser ved in 95% FBS (VWR) 5%
DMSO. 
acrophage gene expression analysis 

Expression levels of 770 immune-related mRNAs were assessed by human 
Counter Myeloid Innate Immunity Panel and custom 30 gene Panel 
lus (NanoString Technologies). Hybridization of human samples were 
erformed using 75-100 ng of RNA. Hybridization of mouse samples were 
erformed using 20 ng of RNA. Gene expression was analyzed with nSolver 
oftware 4.0 (NanoString Technologies). The expression levels of each gene 
ere normalized to those of control genes. Heat maps and unsupervised 
ierarchical clustering were generated in nSolver with agglomerative cluster 
nalysis using average Euclidean distance. 

upilumab treatment of human macrophages 

Three Dupilumab (Dupixent R ©, Sanofi and Regeneron Pharmaceuticals, 
nc.) conditions were used: M2-polarized macrophages that were treated with 
upilumab at the monocyte stage (Dup-mono; 20 ug/ml Dupilumab when 

lated on Day 0 and when fresh media was supplied on Day 5 one hour
rior to IL-4 and IL-13 cytokine addition), at the unpolarized macrophage 
tage (Dup-unpol; administered 20 ug/ml Dupilumab when fresh media was 
upplied on Day 5 one hour prior to IL-4 and IL-13 cytokine addition), and
nce polarized to M2 macrophages (Dup-M2; 20 ug/ml Dupilumab when 
resh media without cytokines was supplied on Day 9 after full polarization). 
he “No IL-4/13” conditions followed M2 macrophage polarization protocol 
ut were not given IL-4 or IL-13. 

mmunoblot analysis 

Cells were washed in PBS and centrifuged. Pellets were resuspended 
n Frackelton lysis buffer (2.5 mM Tris-HCl, 7.5 mM Na 4 P 2 O 7 pH
.1, 12.5 mM NaCl, 12.5 mM NaF, 0.25% Triton X-100 supplemented 
ith 10 μg/mL leupeptin, 2 μg/mL aprotinin, 1 μg/mL pepstatin A, 1 
M phenylmethanesulfonyl fluoride, 0.5 mM Na 3 VO 4 , and 0.2 mM 

TT) supplemented with Halt Protease and Phosphatase Inhibitor Cocktail 
78442, ThermoFisher). Protein concentration was determined by BCA assay 
23225, ThermoFisher) and protein lysates were prepared for electrophoresis 
y adding 4x Laemmli Sample Buffer (161-047, BioRad) supplemented 
ith fresh 2- β-mercaptoethanol (161-0710, BioRad) at 1:10. Samples were 

un on a 4-20% SDS-PAGE gel (456-1093, BioRad) and protein was 
ransferred onto a nitrocellulose membrane (1704158, BioRad). Membranes 
ere blocked with 1X Casein Blocking Buffer (B6429, Sigma-Aldrich) and 

ncubated with STAT6 (9362S, Cell Signaling, diluted 1:1,000 in Casein) 
nd β-actin (A5441, Sigma-Aldrich, diluted 1:5,000 in Casein) or p-STAT6 
Y641) (9361T, Cell Signaling, diluted 1:5,000 in Casein) and β-actin 
A5441, Sigma-Aldrich, diluted 1:5,000 in Casein) antibodies overnight at 
 °C under agitation. Membranes were washed in TBS with 0.1% Tween and
ncubated with HRP-conjugated anti-rabbit (7074P2, Cell Signaling, diluted 
:3,000 in Casein) and HRP-conjugated anti-mouse (7076, Cell Signaling, 
iluted 1:3,000 in Casein) antibodies for 1 hour at room temperature under 
gitation. Blots were imaged using SuperSignal TM West Dura Extended 
uration Substrate (34076, ThermoFisher) and film processing. 

low cytometric analysis of in vitro experiments 

Cells were dissociated using enzyme-free Cell Dissociation Buffer 
13151014, ThermoFisher) with scraping. In vitro human macrophages were 
tained with CD206-FITC (130-100-085, Miltenyi Biotec), CD163-PE- 
y7 (clone GHI/61, 333614, BioLegend), CD86-PE (305406, BioLegend), 

nd propidium iodide (PI, 00-6990-50, eBioscience). Data was collected 
sing a BioRad S3 TM Cell Sorter and analysis was performed using FlowJo R ©.
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Cell line culture and MycCaP-luc cell line generation 

HEK293T (CRL-3216 TM , ATCC) and MycCaP (CRL-3255 TM , ATCC)
cells were maintained in DMEM (11995073, Gibco) supplemented
with 10% FBS (97068-085, Avantor) and 1% Penicillin-Streptomycin
(11995073, Gibco). For MycCaP-luc cell line generation, HEK293T cells
were transfected with 0.5ug pQCX1B CMV/TO LUC, 0.444ug pUMCV3,
0.0556ug pMD2.G and 2uL X-tremeGENE 

TM HP (6366236001,
Roche) in DMEM without supplements. pQCXIB CMV/TO LUC
(w431-1) was a gift from Eric Campeau & Paul Kaufman (Addgene
plasmid # 17475; http://n2t.net/addgene:17475; RRID:Addgene_17475)
[38] , pUMVC was a gift from Bob Weinberg (Addgene plasmid #
8449; http://n2t.net/addgene:8449; RRID:Addgene_8449) [39] , and
pMD2.G was a gift from Didier Trono (Addgene plasmid # 12259;
http://n2t.net/addgene:12259; RRID:Addgene_12259). Virus containing
media from HEK293T cells was transferred for MycCaP cells with polybrene
(H9268, Sigma-Aldrich). Target cells were selected with Blasticidin (R21001,
Invitrogen) and remained under selection until mock-transduced cells died.
Luciferase expression in MycCaP-luc cells was validated with Luciferase
Assay System (E1500, Promega). All cell lines were cultured at 37 °C and 5%
CO 2 . All cell lines were authenticated and tested for mycoplasma (Genetica).

Il4ra KO mouse model 

The Johns Hopkins Institutional Animal Care and Use Committee
approved all experiments involving mice (protocol # MO19M41).
FVB/N mice were purchased from The Jackson Laboratory (Bar
Harbor, ME). FVB/N Il4ra em1/em1 ( Il4ra KO) mice were created by
The Jackson Laboratory (Stock No. 037518) by whole animal gene
knockout using CRISPR/Cas9 to remove exon 4 of Il4ra . Genotyping
was performed by tail snip DNA extraction and PCR using forward
primer 5’- AGCCTGAGCCGTACAGATTG-3’ (common) and
reverse primers 5’-ACAGAACGGCCAGATCAGTG-3’ (WT) and 5’-
TAACAGAACGCAGGGTCATC-3’ (Mutant). To confirm IL-4R alpha
protein knockout, mouse spleen cells were stained with anti-mouse CD124-
PE (clone mIL4R-M1, 561695, BD Biosciences) or isotype rat IgG2a, κ-PE
(553930, BD Biosciences) and PI. Data was collected using a BioRad S3 TM

Cell Sorter and analysis was performed using FlowJo R ©. 

In vivo tumor models 

Male FVB/N mice (6-8 weeks old) were injected subcutaneous in the
right flank with 1 million MycCaP cells in 100uL Matrigel Matrix Basement
Membrane (Corning 35623) diluted in 100uL sterile Hank’s Balanced
Salt Solution (H6648, Sigma-Aldrich). Twice per week, mice were injected
IP with either 0.2 mg anti-mouse IL-4R alpha clone MIL4R-M1(BD
624094) or 0.2 mg Rat IgG2a,k isotype control clone R35-95 (BD 624094),
and either 0.5 mg InVivoMAb anti-mouse IL-4 (BioXCell BE0045) or
0.5 mg InVivoMAb rat IgG1 isotype control, anti-horseradish peroxidase
(BioXCell BE0088). All antibodies were diluted in InVivoPure Dilution
Buffer (BioXCell IP0070) to a final volume of 200μL per mouse. Caliper
measurements were used to monitor tumor volume, calculated as 0.5 x L x
W 

2 with L measured as the largest tumor diameter and W as perpendicular.
Mice were euthanized at 24 days post-inoculation and tumors were removed
and stained with the flow cytometry panels (Myeloid panel Version 1,
Supplementary Table 2; Lymphocyte panel, Supplementary Table 3). 

Male Il4ra KO and Il4ra WT (6-8 weeks old) were injected subcutaneous
in the right flank with 1 million MycCaP-luc cells in 100uL Matrigel Matrix
Basement Membrane (Corning 35623) diluted in 100uL sterile Hank’s
Balanced Salt Solution (H6648, Sigma-Aldrich). Mice were injected IP with
100uL of 30 mg/mL luciferin (360222, Regis) in DPBS, anesthetized, and
were imaged 5 minutes later using the IVIS Spectrum In Vivo Imaging System
PerkinElmer). Whole body total flux (photons/sec) was quantified using 
iving Image R © 4.4. Tumor volume was calculated as 0.5 x L x W 

2 with L
easured as the largest tumor diameter and W as perpendicular via caliper
easurements. Mice were euthanized at 20 days post-inoculation and tumors
ere removed and stained with flow cytometry panels (Myeloid panel Version
, Supplementary Table 2; Lymphocyte panel, Supplementary Table 3). 

low-cytometric immune cell analysis 

Tumor tissue was subjected to single cell dissociation using the MACS
ouse Tumor Dissociation Kit protocol and gentleMACS Dissociator 

Miltenyi). Suspended cells were blocked with rat serum (012-000-120, 
ackson ImmunoResearch), stained with FVS570 viability dye (1 ul/ml, 
64995, BD Biosciences) or LIVE/DEAD Fixable Yellow (1 ul/ml, L34959,
hermo Fisher Scientific) in the dark for 15 minutes at room temperature.
amples were washed with PBS and incubated with Myeloid extracellular
ntibody panel (Supplementary Table 2), Lymphocyte extracellular antibody 
anel (Supplementary Table 3), or corresponding isotype panels diluted in
rilliant Stain Buffer (566349, BD Biosciences) in the dark for 30 minutes
t 4 °C. Cells were washed with FACS buffer (1x PBS, 1% BSA, 2mM
DTA), fixed with 1x Fixation Buffer (420801, BioLegend) in the dark

or 20 minutes at room temperature, and stored overnight in Flow Buffer
t 4 °C. Samples were incubated in 1x FoxP3 Fix/Perm Solution (421401,
ioLegend) in the dark for 20 minutes at room temperature and washed with
x FoxP3 Perm Buffer (421402, BioLegend). Cells were resuspended with
yeloid intracellular antibody panel (Supplementary Table 2), Lymphocyte 

ntracellular antibody panel (Supplementary Table 3), or corresponding 
sotype panels diluted in Flow Buffer in the dark for 30 minutes at room
emperature under gentle agitation. Cell suspensions were washed with Flow
uffer and analyzed with a Gallios flow cytometer (Beckman Coulter Life
ciences) or Attune NxT flow cytometer (Thermo Fisher Scientific) and
nalysis was performed with Kaluza Analysis Software (Beckman Coulter). 
mmune cell population markers are defined in Supplementary Table 4. 

tatistical Analysis 

Differentially expressed gene analyses were performed in nSolver software 
.0 (NanoString Technologies) using the Differential Expression Call Error 
odel. Outliers were identified by Grubbs’ test with a false discovery rate

q) = 0.05. All results are expressed as means ± SD. Data were analyzed using
-test, one- or two-way ANOVA as specified. Differences were considered
ignificant at p < 0.05. Figures denote statistical significance of p < 0.05
s ∗, p < 0.01 as ∗∗, p < 0.001 as ∗∗∗, and p < 0.0001 as ∗∗∗∗. 

esults 

harmacologic blockade of IL-4Ra during M2 macrophage 
ifferentiation skews human macrophages away from the M2 phenotype 

To assess the role of IL-4R alpha in initiating the pro-tumor M2-like
acrophage phenotype, cultures were treated with IL-4R alpha antagonist 

ntibody Dupilumab at multiple stages of macrophage differentiation and 
2 polarization. Dupilumab was added at time of monocyte seeding and

ontinued until M2 polarization was complete (Dup-mono) or at initiation of
2 polarization (Dup-unpol). Following M2 polarization without addition 

f Dupilumab, STAT6 phosphorylation indicated activation and signaling 
hrough IL-4R alpha ( Figure 1 A). In all Dupilumab-treated conditions,
TAT6 phosphorylation was undetectable indicating that the signaling 
athway was not activated, phenocopying cultures without addition of IL-
R alpha ligands IL-4/13. 

Canonical pro-tumor M2 macrophage markers and anti-tumor M1 
acrophage markers were assessed to assess the impact of Dupilumab 
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Figure 1. Effects of Dupilumab on monocyte, M0, M1, and M2 signaling and protein expression. (A) A representative immunoblot of M2 macrophages, 
macrophages polarized with the M2 protocol except without IL-4 or IL13 (“No IL-4/13”), and Dupilumab-treated conditions. (B) Flow cytometry and (C) 
corresponding delta median fluorescence intensities (MFIs) of Dupilumab-treated M2 precursors (Dup-mono and Dup-unol). (D) Flow cytometry and (E) 
corresponding delta median fluorescence intensities (MFIs) of Dupilumab-treated M2 macrophages (Dup-M2). 



Neoplasia Vol. 32, No. xxx 2022 Targeting interleukin 4 receptor alpha on tumor-associated macrophages A.E. de Groot et al. 5 

Figure 2. Gene expression changes with Dupilumab treatment. Dupliumab was added to M2 precursors prior to polarization: M2, No IL-4/13, Dupmono, 
and Dup-unpol conditions were prepared from 3 separate donors (Donors 2, 4, and 5). (A) Heat map and dendrograms comparing each condition across all 
expressed genes in the nCounter Myeloid Innate Immunity Panel. (B) Heat map and dendrograms comparing each comparing each condition across canonical 
pro- and anti-tumor genes. Dupliumab was added after M2 polarization: M2, No IL-4/13, and Dup-M2 conditions were prepared from 4 separate donors 
(Donors 1, 2, 4, and 5). (C) Heat map and dendrograms comparing each condition across all expressed genes in the nCounter Myeloid Innate Immunity 
Panel. (D) Heat map and dendrograms comparing each condition across canonical pro- and anti-tumor genes. (E) Heat map and dendrograms comparing 
Dupilumab treated M2 precursors and macrophages with M1s, M0s and monocytes across canonical pro- and anti-tumor genes. Heat maps were generated 
using unsupervised hierarchical clustering with centered Pearson Correlation. 
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Figure 2. Continued 
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blockade of IL-4R alpha during M2 polarization. Flow cytometry analyses
showed a decrease in pro-tumor M2 marker CD206, an increase in pro-
tumor CD163, and a decrease in anti-tumor CD86 protein expression in
Dupilumab treated conditions, consistent with the phenotype observed in
the “No IL-4/13” conditions ( Figure 1 B-C). 

To assess the impact of IL-4R alpha blockade on macrophage
plasticity of polarized M2 macrophages, human macrophage cultures
were treated with Dupilumab following M2 polarization (Dup-M2).
IL-4R alpha blockade in treated cultures was confirmed by absence
of STAT6 activating phosphorylation ( Figure 1 D). Classical markers
of pro-tumor and anti-tumor macrophages were assessed to determine
effects on macrophage plasticity. All Dupilumab-treated M2 macrophages
mimicked the “No IL-4/13” conditions with decreased expression of
both pro-tumor CD206 and anti-tumor CD86 expression ( Figure 1 E-
F). CD163 expression was unchanged in the Dupilumab treated cultures,
though it was elevated in macrophages cultured in the absence of
IL4/13. 

Dupilumab treatment skews macrophages away from a pro-tumor 
M2-like gene signature and towards an unpolarized M0 gene signature 

Macrophage phenotype is often characterized by the expression of one
or two genes, but this offers a limited view of actual macrophage biology
and phenotype plasticity. To more holistically capture the phenotypic
plasticity observed with IL-4R alpha blockade, gene expression of 800
genes was assessed using the nCounter technology. The Myeloid Innate
Immunity panel supplemented with an additional custom 30 gene panel is
sufficient to distinguish human monocytes, unpolarized M0 macrophages,
M1 macrophages, and M2 macrophages with each cell type clustered
ndependently from the other macrophage phenotypes, demonstrating a 
nique transcriptomic signature for each differentiation or polarization state 
Supplementary Figure 1A). To investigate the expression of genes commonly 
sed to define M1-like or M2-like tumor-associated macrophages, canonical 
ro-tumor genes and anti-tumor genes were interrogated (Supplementary 
able 5). This limited gene set was sufficient to distinguish each macrophage 
ubtype (Supplementary Figure 1B). 

Gene expression patterns of human macrophage cultures treated with 
upilumab during macrophage differentiation (Dup-mono) and M2 

olarization (Dup-unpol) and control cultures without IL-4/13 (“No IL- 
/13”) and unmanipulated M2 culture conditions were assessed using 
nsupervised hierarchical clustering. Across all donors, M2 macrophages 
lustered independently from Dupilumab-treated and “No IL-4/13”
onditions. In cultures in the absence of IL-4R alpha signaling, samples 
lustered independently by donor ( Figure 2 A). This pattern persisted when 
he analysis was limited to canonical pro- and anti-tumor macrophage genes 
Supplementary Table 1), including genes encoding for proteins assessed by 
ow cytometry: CD163, CD86 , and MRC1 (CD206) ( Figure 2 B). 

When Dupilumab was introduced to polarized M2 macrophages (Dup- 
2), the myeloid gene expression profiles taken as a whole did not cluster

ndependently from the M2 controls ( Figure 2 C). Unlike the effects of
upilumab on M2 precursors, the effects of Dupilumab on fully polarized 
2s were more subject to donor variation. For Donors 1 and 4, Dup-
2 gene expression more closely resembled their respective “No IL-4/13”

onditions. However, Dup-M2 from Donors 2 and 5 more closely resembled 
yeloid gene expression profiles of donor-matched M2s rather than donor- 
atched “No IL-4/13” conditions. 

When limited to canonical pro- and anti-tumor macrophage genes, 
ntreated M2 polarized macrophages from three donors clustered 
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Figure 3. Tumor growth and immune characteristics with IL-4R alpha signaling inhibition. FVB/N mice were inoculated with subcutaneous MycCaP tumors 
and treated twice per week with combinations of anti-IL-4R alpha, anti-IL-4 antibodies, or corresponding isotype controls. (A) Tumor growth measured 
by caliper measures and (B) endpoint tumor weight. Immune cell populations were determined by flow cytometry for (C) macrophages, (D) CD206 + 

macrophages, (E) CD206 relative MFI on tumor macrophages, (F) CD8 + T cells, and (G) CD4 + T cells. Relative mean fluorescence intensity (MFI) 
was determined by setting the average MFI of the WT cohort to 1. Significance of bar graphs were determined by one-way ANOVA followed by pairwise 
comparison with ∗ p < 0.05, ∗∗ p < 0.01 and ∗∗∗ p < 0.001. 
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independently from the Dupliumab-treated and “No IL-4/13” conditions
( Figure 2 D). Gene expression of M2 polarized macrophages from Donor 5
clustered with the Dupilumab-treated and “No IL-4/13” cultures. In general,
Dupilumab-treated cultures had a most similar gene expression profile to
their matched “No IL-4/13” controls. Supplementary Figure 2 summarizes
the key findings of significantly upregulated and downregulated genes across
multiple Dupilumab-treated conditions. All significantly upregulated and
downregulated genes with Dupilumab treatment from all experiments are
listed in Supplementary Tables 6-11. Independent validation of changes in
gene expression using immunological reagents are needed to strengthen these
findings. 

To assess how Dupilumab-treated macrophages compared other
macrophage subtypes (i.e. monocytes, M0s, and M1s), gene expression
data of canonical pro- and anti-tumor macrophage genes in these cell types
was analyzed alongside data from the Dupilumab treatment experiments
( Figure 2 E). Polarized M1 macrophages and monocytes clustered
independently by macrophage subtype, regardless of donor. In general,
Dupilumab-treated M2 cultures (and the “No IL-4/13” conditions) were
most similar to each other and to unpolarized M0 cultures with a high degree
of relatedness within multiple subtypes/conditions each donor. The next
closest relatedness was to M2 macrophage samples that in general clustered
independently from M0 samples, Dupilumab-treated M2s samples, and “No
IL-4/13” M2 samples (with the exception of Donor 2 M2 noted above). 
harmacologic blockade of the IL-4R alpha pathway decreases 
ro-tumor TAM infiltrate in vivo 

The effects of IL-4R alpha blockade in prostate cancer were investigated
n vivo using a syngeneic prostate cancer tumor model. Mice were inoculated
ith MycCaP cells and treated with both IL-4 receptor and cytokine IL-4

argeting antibodies were used to ensure total IL-4R alpha signaling blockade.
here was no change in tumor growth monitored via caliper measurements
r in end tumor weight in antibody treated groups compared to isotype
ntibody controls ( Figure 3 A-B). To assess the immune cell infiltrate of the
umors, including TAMs, flow cytometry was performed. Although there was
o change in total macrophage infiltration, IL-4R alpha inhibition decreased
he percentage of M2-like CD206 + macrophages ( Figure 3 D) and decreased
acrophage CD206 expression ( Figure 3 E). T cell, NK cell and B cell

opulations remained unchanged ( Figure 3 F-G, Supplementary Figure 3A-
). 

enetic deletion of Il4ra decreases pro-tumor TAM infiltrate in vivo 

To further study the effects of IL-4R alpha inhibition, we generated an
VB/N Il4ra –/– mouse model. Flow cytometry of mouse spleens confirmed
hat the cells were null for IL-4R alpha ( Figure 4 A). Il4ra –/– ( Il4ra KO)
nd wild type (WT) mice were injected with MycCaP-luc prostate cancer
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Figure 4. Il4ra KO versus WT tumor growth and immune characteristics. FVB/N Il4ra knockout (KO) and wild type (WT) mice were inoculated with 
subcutaneous MycCaP-luc tumors. (A) IL-4R alpha protein expression in FVB/N WT and FVB/N Il4ra KO spleens. (B) Tumor growth measured by BLI and 
(C) quantified at Day 18. (D) Tumor growth measured by caliper measurements. (E) Endpoint tumor weight. Immune cell populations were determined by 
flow cytometry for (F) macrophages, (G) CD206 + macrophages, (H) CD206 relative MFI on tumor macrophages, (I) CD8 + T cells, and (J) CD4 + T cells. 
Relative mean fluorescence intensity (MFI) was determined by setting the average MFI of the WT cohort to 1. Significance of bar graphs were determined by 
oneway ANOVA followed by pairwise comparison with ∗ p < 0.05 and ∗∗ p < 0.01. 

 

 

 

 

 

 

 

 

 

 

 

D

a
w
h
i
p
s
m
C
C
e

cells to generate a subcutaneous tumor. Cancer cell burden monitored by
bioluminescent imaging and tumor size by caliper measurements. I l4ra KO
mice had a lower BLI signal at the final timepoint on Day 18 ( Figure 4 C) but
no significant difference in tumor volume assessed by caliper measurements
( Figure 4 D) or end tumor weight ( Figure 4 E). 

To assess the characteristics of immune cell infiltration flow cytometry
was performed ( Figure 4 F-J, Supplementary Figure 3D-F). While there was
no difference in total numbers of TAM infiltrate ( Figure 4 F), macrophage
expression of pro-tumor M2-like marker CD206 was decreased in TAMs
from Il4ra KO mice ( Figure 4 G-H). In the T cell compartment, cytotoxic
CD8 T cell infiltrate was unchanged and there was an increase in percentage
of CD4 T cells ( Figure 4 I-J). Regulatory T cells, NK cell and B cell infiltration
did not change (Supplementary Figure 3D-F). 
iscussion 

Targeting TAMs and specifically the pro-tumor M2-like phenotype 
re emerging areas of interest for novel cancer therapeutics. Previously, 
e have shown that M2-like macrophages are increased in murine and 
uman prostate cancer [2 , 40] . We investigated whether IL-4R alpha 

nhibition via Dupilumab treatment diminishes the M2-like macrophage 
henotype in human macrophages in vitro . Overall, Dupilumab treatment 
kewed pre-polarized M2s and M2 precursors (monocytes and unpolarized 
acrophages) away from an M2 phenotype. With Dupilumab treatment, 
D206 expression decreased and changes in cell surface markers CD206, 
D163 and CD86 closely mimicked “No IL4/13” conditions. A greater 

ffect was achieved when Dupilumab was introduced prior to polarization 
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rather than to macrophage cultures already polarized to an M2-like state.
This suggests that Dupilumab treatment may be more effective in altering
actively infiltrating and polarizing macrophages rather than established pro-
tumor TAMs. 

To achieve a more holistic understanding of the role of IL-4R alpha in
macrophage phenotype beyond canonical “M1-like” and “M2-like” markers,
unbiased macrophage phenotype gene analysis was performed with the
NanoString Human nCounter Myeloid Innate Immunity Panel and custom
Panel Plus. This analysis showed that Dupilumab treatment in both M2
precursors and polarized M2s skewed macrophage characteristics away from
a polarized M2-like phenotype and towards an unpolarized M0 phenotype,
but did not induce adoption of an M1-like phenotype. Dupilumab-treated
macrophages more closely resembled the gene expression of M1 macrophages
than undifferentiated monocytes, suggesting that they share a common
“macrophage differentiation” phenotype rather than that of a macrophage
precursor. 

Many canonical pro- and anti-tumor genes did not change as expected
with Dupilumab treatment and exhibited high variation between donors
( Figure 2 E). For example, Donor 4 appears predisposed to high ARG2
expression and Donors 2 and 5 are predisposed to high CCL2 and TNF
expression. While these genes are often accepted as strong macrophage
subtype classifiers, these data show that they are subject to individual
biological variation and uncontrolled confounding factors such as age, sex,
genetic differences affecting immune responses, and environmental exposure
to various pathogens. 

Altogether, these in vitro data show that IL-4R alpha blockade with
Dupilumab skews macrophages away from a pro-tumor subtype making it
a promising strategy for altering M2-like TAMs. The drug did not repolarize
macrophages towards an anti-tumor M1-like phenotype, however this is not
surprising given that it does not involve an anti-tumor stimulant. By simply
attenuating the pro-tumor capabilities of TAMs without amplifying the
anti-tumor capabilities, we circumvent any anticipated autoimmune effects
from systemic M1 stimulation while still weakening TAM tumor support.
Therefore, targeting TAMs with Dupilumab in combination with a cytotoxic
agent to target cancer cells shows promise as an effective cancer treatment
strategy. 

A tumor is in an incredibly complex and dynamic microenvironment that
cannot be fully recapitulated in vitro . We investigated the effect of IL-4R alpha
inhibition on tumor growth and immune characteristics in prostate cancer
mouse models. In the MycCaP subcutaneous model, there was no difference
in tumor growth with pharmacologic inhibition of IL-4R alpha. However, in
the Il4ra KO mice, final tumor burden by BLI (a measure of only cancer cells)
is decreased, suggesting that there may be a decrease cancer cell proliferation
at later stages of tumor growth in this model. Differences in tumor growth
between experiments with the MycCaP model may be due to cell line injected
(luciferase versus no luciferase), IL-4R alpha inhibition on tumor cells in the
antibody treatment model or mouse strain background. Additional model
systems are needed to assess targeting IL-4R alpha to inhibit tumor growth. 

IL-4R alpha inhibition by both antibody treatment and genetic deletion
decreased CD206 expression in TAMs. CD206 is the most well characterized
marker of the M2-like macrophage phenotype. These in vivo results support
that findings from our in vitro studies showing that IL-4R alpha inhibition
with Dupilumab skews macrophage phenotype away from a pro-tumor M2-
like phenotype. In depth phenotype analyses of in vivo prostate cancer TAMs
(expanded cell surface marker expression, gene expression) will investigate
this further. 

To better understand the effects of targeting macrophage IL-4R alpha on
other immune cell compartments of the tumor, we investigated changes in
CD4 and CD8 T cell infiltration. With genetic knockout of Il4ra there is an
increase in CD4 T cells tumor infiltration ( Figure 4 J). It remains of interest
whether there is an increase in infiltration of a CD4 T cell subset (Th1,
Th2, etc.) or a global increase in all CD4 T cell subsets. Given the published
vidence that M2-like macrophages inhibit T cells [41 , 42] , we anticipated
 decrease in CD8 T cells with IL-4Ra blockade. With inhibition of IL-4R
lpha, there is no significant difference in CD8 T cell infiltration ( Figures 3 F
nd 4 I). These data suggest that targeting macrophage IL-4R alpha is not
ufficient for increasing CD8 T cell infiltration in these models. Future studies
ill combine IL-4R alpha inhibition with a T cell targeting agent (e.g. anti-
D1/PDL1) as well as looking at T cell activation and checkpoint markers
CD25, CD69, PD1, Lag3, etc.) to investigate targeting IL-4R alpha to
nhibit tumor growth. 

onclusions 

Despite the tumor-supporting role of M2-like TAMs, these cells have yet
o be effectively targeted to improve cancer treatments. As an IL-4R alpha-
argeting agent, Dupilumab both reduced the pro-tumor gene expression 
f M2 macrophages and also promoted key anti-tumor characteristics.
nvestigating the effects of IL-4R alpha signaling in M2-like TAMs in pre-
linical models has further elucidated the mechanism by which they enact
heir tumor-promoting functions and implicated IL-4R alpha as a candidate
herapeutic target in cancer. Inhibiting IL-4R alpha in vivo demonstrates
he promise of IL-4R alpha as a target for decreasing the pro-tumor

2-like phenotype. Further studies combining IL-4R alpha inhibition in 
ombination with a cytotoxic therapy and/or immune checkpoint therapy 
e.g. anti-PD1/PDL1 or anti-CTLA4) will investigate using Dupilumab as 
n adjunct therapy to fill an unmet need in prostate cancer treatments. 
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