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IL-10R inhibition reprograms tumor-associated macrophages
and reverses drug resistance in multiple myeloma
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Multiple myeloma (MM) is the cancer of plasma cells within the bone marrow and remains incurable. Tumor-associated
macrophages (TAMs) within the tumor microenvironment often display a pro-tumor phenotype and correlate with tumor
proliferation, survival, and therapy resistance. IL-10 is a key immunosuppressive cytokine that leads to recruitment and
development of TAMs. In this study, we investigated the role of IL-10 in MM TAM development as well as the therapeutic
application of IL-10/IL-10R/STAT3 signaling inhibition. We demonstrated that IL-10 is overexpressed in MM BM and mediates M2-
like polarization of TAMs in patient BM, 3D co-cultures in vitro, and mouse models. In turn, TAMs promote MM proliferation and
drug resistance, both in vitro and in vivo. Moreover, inhibition of IL-10/IL-10R/STAT3 axis using a blocking IL-10R

monoclonal antibody and STAT3 protein degrader/PROTAC prevented M2 polarization of TAMs and the consequent TAM-induced
proliferation of MM, and re-sensitized MM to therapy, in vitro and in vivo. Therefore, our findings suggest that inhibition of IL-10/IL-
10R/STAT3 axis is a novel therapeutic strategy with monotherapy efficacy and can be further combined with current anti-MM

www.nature.com/leu

Check for updates

therapy, such as immunomodulatory drugs, to overcome drug resistance. Future investigation is warranted to evaluate the

potential of such therapy in MM patients.
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INTRODUCTION
Multiple myeloma (MM) is a cancer of plasma cells within the bone
marrow (BM) and has a five-year survival of 55%, and despite
development of a wide range of novel therapies, the majority of MM
patients relapse, with each remission becoming shorter in duration
[1]. The MM tumor microenvironment (TME) houses a complex range
of elements that together support tumor progression, immunosup-
pression, and drug resistance [2, 3]. Thus, targeting elements in the
TME has recently been a popular venue of exploration [4, 5].
Macrophages are part of the innate immune system and
represent up to 30-50% of infiltrating immune cells in certain
cancers [6]. Macrophages are highly plastic and polarize to different
phenotypes on M1/M2 spectrum in response to environmental
stimuli [7]. M1 macrophages are pro-inflammatory, participate in
phagocytosis and activation of adaptive immunity, and are

perceived as anti-tumor. On the other hand, M2 macrophages are
anti-inflammatory, participate in wound healing and angiogenesis,
and are perceived as pro-tumor. Tumor-associated macrophages
(TAMs) are prominent in the TME and support tumor pathogenesis
in many types of cancers, such as breast cancer, hepatocellular
carcinoma, glioma, and leukemia, and present similar properties as
M2 macrophages [8-11]. TAMs were shown to play a critical role in
tumor growth and drug resistance[12, 13], and to be associated
with negative prognosis in MM [14].

IL-10, which is a key immunosuppressive cytokine, has been
found to play a critical role in polarizing macrophages to the M2
phenotype [15]. IL-10 has been reported to be highly secreted by
many types of cancers including MM [16]. Macrophages have
been shown to respond to IL-10 via the IL-10 receptor (IL-10R) on
their surface. Activation of IL-10/IL-10R pathway leads to

'Department of Radiation Oncology, Cancer Biology Division, Washington University in St. Louis School of Medicine, St. Louis, MO, USA. 2Department of Biomedical Engineering,
Washington University in St. Louis McKelvey School of Engineering, St. Louis, MO, USA. 3Charles Oakley Laboratories, Department of Biological and Biomedical Sciences, Glasgow
Caledonian University, Glasgow, UK. *Department of Biomedical Engineering, University of Texas Southwestern Medical Center, Dallas, TX, USA. *Department of Radiology,
Washington University in St. Louis School of Medicine, St. Louis, MO, USA. ®Alvin J. Siteman Cancer Center, Washington University School of Medicine and Barnes-Jewish Hospital,
St. Louis, MO, USA. "Department of Medicine, Oncology Division, Washington University in St. Louis School of Medicine, St. Louis, MO, USA. ®Department of Internal Medicine
University of Michigan, Ann Arbor, Michigan, USA. °Department of Pharmacology, University of Michigan, Ann Arbor, Michigan, USA. '°Department of Medicinal Chemistry,
University of Michigan, Ann Arbor, Michigan, USA. ''Simmons Comprehensive Cancer Center, UT Southwestern Medical Center, Dallas, TX, USA.

HMemail: abdelkareem.azab@utsouthwestern.edu

Received: 16 September 2022 Revised: 19 July 2024 Accepted: 19 August 2024

Published online: 30 August 2024

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41375-024-02391-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41375-024-02391-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41375-024-02391-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41375-024-02391-8&domain=pdf
http://orcid.org/0000-0002-5990-806X
http://orcid.org/0000-0002-5990-806X
http://orcid.org/0000-0002-5990-806X
http://orcid.org/0000-0002-5990-806X
http://orcid.org/0000-0002-5990-806X
http://orcid.org/0000-0003-3008-966X
http://orcid.org/0000-0003-3008-966X
http://orcid.org/0000-0003-3008-966X
http://orcid.org/0000-0003-3008-966X
http://orcid.org/0000-0003-3008-966X
http://orcid.org/0000-0002-3909-0096
http://orcid.org/0000-0002-3909-0096
http://orcid.org/0000-0002-3909-0096
http://orcid.org/0000-0002-3909-0096
http://orcid.org/0000-0002-3909-0096
http://orcid.org/0000-0001-7496-9648
http://orcid.org/0000-0001-7496-9648
http://orcid.org/0000-0001-7496-9648
http://orcid.org/0000-0001-7496-9648
http://orcid.org/0000-0001-7496-9648
http://orcid.org/0000-0002-0208-5023
http://orcid.org/0000-0002-0208-5023
http://orcid.org/0000-0002-0208-5023
http://orcid.org/0000-0002-0208-5023
http://orcid.org/0000-0002-0208-5023
http://orcid.org/0000-0002-8311-4390
http://orcid.org/0000-0002-8311-4390
http://orcid.org/0000-0002-8311-4390
http://orcid.org/0000-0002-8311-4390
http://orcid.org/0000-0002-8311-4390
http://orcid.org/0000-0003-1114-1418
http://orcid.org/0000-0003-1114-1418
http://orcid.org/0000-0003-1114-1418
http://orcid.org/0000-0003-1114-1418
http://orcid.org/0000-0003-1114-1418
http://orcid.org/0000-0002-6371-2780
http://orcid.org/0000-0002-6371-2780
http://orcid.org/0000-0002-6371-2780
http://orcid.org/0000-0002-6371-2780
http://orcid.org/0000-0002-6371-2780
https://doi.org/10.1038/s41375-024-02391-8
mailto:abdelkareem.azab@utsouthwestern.edu
www.nature.com/leu

J. Sun et al.

activation of STAT3, resulting in the transcription of M2-related
genes and inhibiting M1-related genes [17, 18]. Moreover,
secretion of IL-10 leads to a highly immunosuppressive feed-
forward loop [19].

In this study, we aimed to elucidate the role of IL-10 in the
development of TAMs in MM, as well as the therapeutic
application of IL-10/IL-10R/STAT3 signaling inhibition. We
hypothesized that (1) secretion of IL-10 from MM induces
polarization of the TAMs to M2-like phenotype; (2) TAMs will in
turn induce MM proliferation and drug resistance; and (3)
inhibition of the IL-10 pathway will prevent M2-like TAMs and
re-sensitize MM cells to the killing effects of therapy.

MATERIALS AND METHODS

Drugs

All drugs were available from commercial sources including: Phorbol 12-
myristate 13-acetate (PMA) from Cayman Chemical Company (Ann Arbor,
MI); recombinant human IL-10 cytokine (rhIL-10) and macrophage colony-
stimulating factor (rhM-CSF) from Sino Biological (Beijing, China);
Lenalidomide (LEN) and dexamethasone (DEX) from Selleck Chemicals
(Houston, TX); Monoclonal Rat IgG2a Anti-human CD210 (IL-10R, clone 3F9)
blocking antibody from BioLegend (San Diego, CA) (anti-IL-10R mAb). The
STAT3 PROTAC was kindly provided/gifted by Professor Shaomeng Wang
(University of Michigan).

Ethics statement for human tissues and animal experiments
MM patient and healthy donor BM aspirates were obtained from Siteman
Cancer Center at Washington University in St. Louis School of Medicine.
Informed consent was obtained from all patients with approval from the
Washington University Medical School Institutional Review Board commit-
tee (protocol number: 201102270) and in accordance with the Declaration
of Helsinki. All animal studies were conducted according to guidelines
established and approved by the Ethical Committee for Animal Experi-
ments at Washington University in St. Louis School of Medicine.

Luminex multiplex cytokine screen

C57BL/KaLwRij (6-11 weeks old) immunocompetent mice were injected
with 5TGM1-GFP murine myeloma cells (1 x 10%/mouse, iv.,, n=5), and
age-matched naive mice were used as controls (n=5) [20]. Mice were
euthanized 28 days post tumor innoculation, BM was harvested, and BM
supernatants were collected. BM supernatants were analyzed with
Luminex immunoassay consisted of a custom ThermoFisher Procartaplex
15-plex Panel having Th1/Th2 Cytokine 11-plex (EPX110-20820-901) beads
with sRANKL (EPX01A-26037-901), IL-10 (EPX01A-20614-901), M-CSF
(EPX01A-26039-901), and VEGF (EPX01A-20619-901). Samples were ana-
lyzed using a FLEXMAP3D machine (Luminex Corp, Austin, TX), and data
was analyzed using Milliplex Analyst 5.1.0 software (EMD Millipore, Billerica,
MA) using a 5-parameter log curve fit algorithm.

Cell culture

MM.1S, RPMI-8266, and U266 cell lines were purchased from the American
Type Culture Collection (ATCC, Rockville, MD); THP-1 cell line was kindly gifted
from Dr. Lori Setton’s Lab (Washington University in St. Louis); MM.1S-CBR-GFP
and THP-1-CBR-GFP cell lines were kindly gifted by Dr. John DiPersio’s Lab
(Washington University School of Medicine). All cell lines were cultured with
RPMI-1640 media (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal
bovine serum (FBS; Gibco, Life Technologies, Grand Island, NY), 1% L-
Glutamine, and 1% Penicillin-Streptomycin (Corning, Tewksbury, MA). Cells
were cultured at 37 °C in 5% CO, incubator (NuAire, Plymouth, MN).

Primary human samples

BM aspirates from healthy donors and MM patients were centrifuged,
supernatant was collected, and cell pellets were treated with red blood cell
lysis buffer (Invitrogen; Waltham, MA) to obtain BM mononuclear cells
(BMMCs) [21]. Similar process was performed to obtain peripheral blood
mononuclear cells (PBMCs).

Macrophage differentiation. PBMCs were culture with 25 ng/ml rhM-CSF

for two days, non-adherent cells were removed, and the remaining
adherent cells were used as PBMC-derived MO-macrophages. In some
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cases, (Figs. 1D, 3A, C, and 4B), PBMC-derived MO-macrophages were
purchased from Stem Cell Technologies, Cambridge, MA. For THP-1-
derived macrophages, THP-1-CBR-GFP monocyte cell line was differen-
tiated with 50 ng/ml PMA for 2 days.

Human IL-10 cytokine level

Determination of the IL-10 concentration in BM supernatant was
performed using the MAX Human IL-10 enzyme-linked immunosorbent
assay (ELISA) kit (BioLegend, San Diego, CA), according to the manufac-
turer's instructions. Absorbance was read at 450 nm (signal) and 570 nm
(background) with SpectraMax i3 multimode microplate spectrophot-
ometer (Molecular Devices, San Jose, CA).

Additionally, cytokine secretion by MM.1S cells was detected by Human
Cytokine Antibody Array (Abcam, Waltham, MA). Patient BM negative
fraction (NF) were cultured with or without MM.1S for 2 days. The
supernatants were incubated with the array membranes, washed, and
analyzed for chemiluminescence, and signal intensities were analyzed by
ImageJ, background corrected, and normalized against medium controls.

Patient and cell line macrophage M2 polarization

GFP + THP-1-derived macrophages co-cultured with or without MM cell
lines, or primary M0-macrophages, were treated with 100 ng/ml human
recombinant IL-10, with or without anti-IL-TOR mAb (5 pg/ml), in 3DTEBM
for 3 days, as previously described [22-25]. In some cases, cells were
treated with the STAT3 degrader, SD-36 (2.5uM final concentration) for
24 h before IL-10 stimulation. 3DTEBM cultures were digested, cells were
retrieved, fixed and permeablized (BD, Franklin Lakes, NJ), stained with
antibodies against human or mouse CD68-FITC, CD80-APC, and CD163-
BV421, and analyzed by flow cytometry. Macrophages were identified as
CD68 + (or GFP+ in cell lines), M1 as CD80+ and M2 as CD163 4.
Macrophage polarization was represented as ratio of the relative mean
fluorescence intensities (MFI) of M2/M1in CD68+ cells.

In vivo macrophage M2 polarization

huCD34-NCG humanized mice (female, 21-31 weeks old, single donor,
strain 695, Charles River Laboratories, Wilmington, MA) were inoculated
with MM.1S-CBR-GFP cells (2x10%/mouse, i.v., n =6) and allowed to grow
for 3 weeks until sufficient tumor burden was detected by IVIS
bioluminescence imaging (BLI) system (PerkinElmer, Waltham, MA), as
described before [26]. Mice were treated with anti-IL-10R mAb (5 mg/Kg,
i.p, n=3) or with PBS (i.p.,, n=3), twice a week for two weeks. Naive
huCD34-NCG mice without MM inoculation were used as control (n = 3).
Mice were sacrificed, BM was obtained, and macrophage polarization was
determined by flow cytometry.

Western blotting

For STAT3 signaling quantification, THP-1-derived macrophages were
stimulated for 30 minutes with control media, rhIL-10 (10 ng/ml or 100 ng/
ml), or MM conditioned media (CM, at 50% or 100%). CM was collected from
MM cell lines cultured at 1 x 10° cells/ml for 24 hours. For conditions involving
IL-10R inhibition, THP-1-derived macrophages were pretreated with anti-IL-
10R mAb (5 pg/ml) for 4h before stimulation. Then, media was washed,
macrophages trypsinized, lysed, and proteins collected for western blotting.

For proliferation and cell cycle signaling in MM cells, THP-1-derived
macrophages were pretreated with or without anti-IL-10R (5 pg/ml) for 4 h,
followed by addition of MM.1S (ratio THP-1:MM was 1:5) for 24 h. MM.1S
cells were harvested for western blotting,

Blotting was performed, as previously described [27], for anti-pSTAT3
(Cat#9145) on macrophage lysate, and for anti-pAKT (Cat#4060), anti-pS6R
(Cat#4858), anti-pRB (Cat #9308) for MM lysate, and anti-GAPDH (Cat#2118)
in macrophages and B-Actin (Cat#8457) in MM cells, followed by anti-
rabbit IgG HRP secondary antibody (Cat#7074P2) ( all from Cell Signaling
Technology, Danvers, MA). Detection was performed by chemilumines-
cence kit (Thermo Fisher Scientific, Waltham, MA), using Biorad Gel Doc
Imaging System (Biorad, Hercules, CA).

Cell survival by flow cytometry

MM.1S5-CBR-GFP cells were cultured alone or co-cultured with THP-1-derived
macrophages in the 3DTEBM. Cultures were treated for 3 days with anti-IL-
10R mAb (5 pug/ml), lenalidomide (1 uM), or dexamethasone (1 uM). Cultures
were digested and number of MM (GFP+) cells was counted and normalized
to counting beads (Invitrogen, Carlsbad, CA) using flow cytometry.

Leukemia (2024) 38:2355 - 2365
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Fig. 1 MM induces M2 polarization in macrophages in patients, in vivo, and in vitro. A Effect of MM on macrophage phenotype in human
BM. Macrophage polarization, in BM macrophages in (i) healthy (n=5) or MM (n = 20) subjects, was represented as M2/M1 ratio. (ii)
Macrophage polarization stratifying for newly diagnosed MM (NDMM, n = 10) or relapsed refractory MM (RRMM, n = 10) patients. B Effect of
MM on macrophage phenotype in a humanized CD34 + NCG mouse model. Macrophages polarization in naive (n = 3) or MM-inoculated
(n = 3) humanized CD34 + NCG mice. Macrophage polarization was tested by flow cytometry and represented as M2/M1 ratio. C Effect of MM
co-culture on THP-1-derived macrophage M2 polarization in vitro. THP-1-derived macrophages were cultured alone, or co-cultured with
MM.1S, RPMI8266, or U266 cells at 1:1 ratio in the 3D tissue-engineered bone marrow (3DTEBM) for 3 days. Macrophage polarization was
tested by flow cytometry and represented as M2/M1 ratio. D Effect of MM co-culture on human primary macrophage polarization in vitro.
Human PBMC-derived macrophages (from 3 independent donors) were cultured alone, or co-cultured with MM.1S, RPMI8266, or U266 cells at
1:1 ratio in the 3DTEBM for 3 days. Macrophage polarization was tested by flow cytometry and represented as M2/M1 ratio. E Effect of MM
conditioned media on STAT3 signaling in macrophages. THP-1-derived macrophages were cultured for 30 min with increasing concentrations
of conditioned media which was used from MM cell lines (MM.1S, RPMI8266, or U266) culture for 24 h (CM). Macrophages were lysed and
levels of pSTAT3 were detected by western blotting. (Bars = Average = SD *p < 0.05; **p < 0.01; ***p < 0.001).

In vivo efficacy

NSG-SGM3 mice (n =28, female, 7 weeks old, Strain #013062, Jackson
Laboratories, Bar Harbor, Maine) were inoculated with MM.1S-CBR-GFP
cells (i.v., 2 x 108/mouse), and 3 days post-inoculation, human monocytes
were injected (iv., 1x 10%/mouse). Treatments began at 14 days post-
inoculation:

For the first experiment, 2 groups (n=7 each) were treated with
PBS vehicle control, or anti-IL-10R mAb (5 mg/kg, i.p., twice/week) (Supp.
Fig. S1). For the second experiment, 2 groups (n =7 each) were treated
with lenalidomide (5 mg/kg, Per Os, daily) alone, or lenalidomide and anti-
IL-10R mADb (2.5 mg/kg, i.p., twice/week) (Supp. Fig. S2). Tumor burden was
evaluated at days 14, 28, and 42, using BLI.

Leukemia (2024) 38:2355 - 2365

Statistical analysis

Experiments were carried out in quadruplicates and repeated at least three
times. Statistical significance is determined by student’s t test, unless
otherwise stated. P-value < 0.05 represents statistically significant.

RESULTS

Induction of MM in the BM induces increased M2-like
polarization of macrophages

We evaluated TAM phenotype in the BM of healthy and MM
subjects by flow cytometry. We identified macrophages as CD68+

SPRINGER NATURE
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and represented TAM phenotype as M2 (CD163) versus M1 (CD80)
marker ratio (Supp. Fig. S3). We demonstrated that TAMs in the BM
of MM patients (n =20) displayed elevated M2-like polarization
(2.9-fold) compared to macrophages from healthy subjects (n = 5)
(Fig. 1Ai). We further found that the levels of M2 polarization
correlated with the stage of the disease, in which macrophages
from the BM of relapsed refractory patients showed more M2
phenotype compared with these from newly diagnosed patients
(Fig. 1Aii). Additionally, we examined TAM phenotype in vivo in a
humanized mouse model bearing human MM. Compared to naive
mice, BM macrophages in MM-inoculated mice also displayed
higher M2-like polarization (Fig. 1B).

To elucidate the effect of MM on TAMs in an in vitro/ex vivo
setting, we utilized 3DTEBM to perform co-cultures of MM cells and
macrophages. The 3DTEBM is a patient BM-derived 3D system that
mimics the pathophysiology of the BM, and unlike traditional 2D
cultures, 3DTEBM supports ex vivo primary cell proliferation and
better recapitulate drug resistance, nutrient gradients, and interac-
tions seen in patients [22, 25, 28]. Additionally, 3DTEBM allowed
unique activation of macrophages compared to 2D cultures [29].
THP-1-derived macrophages (Fig. 1C) and PBMC-derived macro-
phages from three different healthy donors (Fig. 1D) co-cultured
with three MM cell lines (MM1S, RPMI8226, and U266) exhibited
about 2-fold and 2- to 6-fold, respectively, higher M2 polarization
compared to cultures of macrophages alone. These results are
consistent with findings from patient biopsies and mice BM.

SPRINGER NATURE

We hypothesized that a secreted factor from myeloma cells played
a role in inducing M2-phenotype in macrophage in the co-cultures.
To test our hypothesis, THP-1-derived macrophages were cultured
with increasing concentrations of MM conditioned media (CM) from
three different MM cell lines (MM1S, RPMI8226, and U266), and the
phosphorylation of key downstream signaling mediator of cytokine
signaling (pSTAT3) was measured. There was a dose-dependent
effect of MM conditioned media on STAT3 signaling in macrophages
(Fig. 1E). These results confirm our hypothesis that a secreted factor
from MM was responsible for the effect on macrophages.

Induction of MM in the BM induces increased secretion of IL-
10

Next, we aimed to investigate which cytokine was responsible for
the induction of the M2-polarization in the MM TME. We first
examined the cytokine profile within the BM of immunocompe-
tent MM-bearing C57BL/KaLwRij mice compared to naive control.
Multiplex immunoassay revealed that the induction of MM in mice
lead to a 5-to 10-fold increase of several cytokines including IL-2,
IL-5, IL-6, IL-18 and GM-CSF; however, the most significant
cytokine change was observed with IL-10, in which it showed a
dramatic increase of about 2,000-fold compared to naive mice
(Fig. 2A, B). Similarly, in vitro co-culture of human MM.1S cells and
normal BM revealed that MM resulted in increased IL-10
production and was the most profound among the 42 cytokines
tested (Supp. Fig. S4). In addition, analysis of BM supernatant from

Leukemia (2024) 38:2355 - 2365



MM patients (n = 10) revealed IL-10 levels to be 3.9-fold higher
than healthy subjects (n = 3) (Fig. 20).

IL-10 induced TAM M2 polarization and STAT3
phosphorylation in macrophages

To further investigate the role of IL-10 in macrophage polarization,
THP-1-derived macrophages or macrophages derived from PBMCs
of three different donors were cultured with or without exogenous
recombinant human IL-10, and their polarization was analyzed by
flow cytometry. IL-10 induced a 2-fold increase M2 polarization in
THP-1-derived macrophages compared to untreated cells, and an
even more robust 3-5-fold increase in PBMC-derived macro-
phages (Fig. 3A). Mechanistically, IL-10 induced an increase of
STAT3 signaling in THP1-derived macrophages in a dose-
dependent manner (Fig. 3B). Inhibition of IL-TOR by a anti-IL-
10R mAb reversed the IL-10-induced M2 polarization, in THP1-
derived and in PBMC-derived macrophages (Fig. 3C). It is
important to note that treatment with a Rat IgG2a isotype
antibody did not reduce the IL-10-induced M2 polarization
(Supplementary Fig. S5). Mechanistically, anti-IL-TOR mAb down-
regulated the IL-10-induced STAT3 signaling (Fig. 3D). Further-
more, selective degradation of STAT3 protein by SD-36, a
previously reported STAT3 PROTAC/degrader [30], diminished IL-
10-induced M2 polarization, demonstrating that IL-10/IL-10R/
STAT3 signaling axis is a key regulator of macrophage M2
polarization (Fig. 3E).

IL-10R inhibition reverses MM-induced TAM M2 polarization
With evidence showing that MM induces M2 polarization of
macrophages, and that IL-10 is a highly upregulated cytokine in
the MM TME with a critical role in TAMs M2 polarization, we
hypothesized that inhibition of IL-10/IL-10R signaling will reverse
the MM-induced M2-polarization of macrophages in the TME. To
test our hypothesis, ex vivo 3DTEBM cultures derived from patient
primary BM samples, with the whole BM microenvironment
including MM cells and macrophages, were treated with or
without an anti-IL-10R mAb. After 3 days, cultures were digested,
and the polarization of macrophages was tested using flow
cytometry. IL-10R inhibition significantly reduced M2 polarization
in macrophages from patient-derived BM, ex vivo (Fig. 4A).

We further confirmed these findings in 3DTEBM co-cultures of
macrophages with MM cell lines. THP-1-derived and PBMC-
derived macrophages were co-cultured with different MM cell
lines (MM1S, RPMI8226, and UT66) in the 3DTEBM model, with or
without of anti-IL-10R mAb. Inhibition of IL-10/IL-10R significantly
decreased M2 polarization compared to untreated control (Fig. 4B).
It is important to note that an isotype control antibody did not
reduce the MM-induced M2 polarization (Supp. Fig. S5), and it is
worth noting that treatment with anti-IL-10R mAb did not result in
any toxicity toward macrophages (Supp. Fig. S6).

We then examined the effect of IL-10/IL-10R axis inhibition on
the polarization of TAMs in vivo. Humanized NCG mice were
inoculated with human MM and treated with or without anti-IL-
10R mAb twice a week for two weeks. The BM was then extracted,
and TAM polarization was analyzed by flow cytometry. Similar to
the observation in primary MM and in co-cultures of macrophages
with MM cell lines, TAMs from MM-bearing mice treated with anti-
IL-TOR mAb displayed a decrease in M2 polarization compared to
macrophages from untreated mice (Fig. 4C).

IL-10R inhibition reverses TAM-induced proliferation of MM

After characterizing the effect of MM on TAM polarization in vitro
and in vivo, in the next part of this study, we aimed to investigate
the effect of TAMs on MM proliferation and drug resistance. Co-
culturing of MM cells with macrophages in the 3DTEBM elevated
proliferation of MM cells compared to MM cell monoculture, by
14- and 2.0-fold, at day 3 and day 7, respectively (Fig. 5A).
Mechanistically, co-culture of MM cells with macrophages
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increased MM cell cycle and proliferation cell signaling, as
demonstrated with increased pRb expression for G1 to S phase
cell cycle transition, as well as pAKT and pS6R for proliferation.
Moreover, inhibition of IL-10/IL10R by anti-IL-TOR mAb reversed
macrophage-induced overexpression of pRb, pAKT and pS6R in
MM cells (Fig. 5B). Furthermore, treatment with anti-IL-10R mAb
reversed the macrophage-induced MM proliferation advantage,
but did not exert a change in MM cell proliferation when cultured
alone (Fig. 5Q). It is important to note that an isotype control
antibody did not reduce the macrophage-induced proliferation of
MM (Supp. Fig. 7).

Then, we explored the effect of anti-IL-1T0R mAb as mono-
therapy on MM proliferation in vivo. NCG mice were inoculated
with human MM and PBMC-derived macrophages, and 14 days
later, treated with vehicle control or anti-IL-10R mAb, and tumor
burden was measured by BLI. Treatment with anti-IL-10R mAb
dramatically reduced MM tumor progression in mice compared to
vehicle control (Fig. 5D).

IL-10R inhibition reverses TAM-induced drug resistance in MM
Next, we investigated the effect of macrophages and the
inhibition IL-10/IL-10R axis on MM drug resistance to frontline
anti-MM therapies, in vitro and in vivo. In MM monocultures in the
3DTEBM, lenalidomide induced 60% killing of MM cells, and the
combination of lenalidomide with anti-IL-10R mAb did not change
the sensitivity of MM cells to lenalidomide (Fig. 6A). On the other
hand, co-culture of MM cells with macrophages in the 3DTEBM
resulted in significant resistance to lenalidomide therapy, in which
lenalidomide induced only 20% of MM killing (compared to 60%
killing in monocultures). Moreover, inhibition of the IL-10/IL-10R
axis with anti-IL-10R mAb re-sensitized MM cells to lenalidomide,
in which the combination of anti-IL-10R mAb and lenalidomide
synergized and induced killing of 83% of MM cells, reversing TAM-
induced drug resistance in MM in vitro (Fig. 6A). Similarly, anti-IL-
10R mAb reversed TAM-induced drug resistance to dexametha-
sone in MM cells but had no effect on drug sensitivity in MM
monocultures without the presence of macrophages (Supp.
Fig. $8).

Lastly, we investigated the effect IL-10/IL-10R axis inhibition on
resistance to lenalidomide, in vivo. NCG mice were inoculated with
human MM and PBMC-derived macrophages, and 14 days later,
treated with lenalidomide alone or lenalidomide in combination
with anti-IL-TOR mAb, and tumor burden was measured by BLI. In
our previous in vivo experiment, mice treated with 5 mg/kg o-IL-
10R mAbs exhibited slow tumor growth, therefore we decreased
the dose to 2.5mg/kg in this experiment to explore the
combination effect. Consistent with our in vitro observation,
treatment with anti-IL-10R mAb sensitized MM tumors to
lenalidomide and enhanced its effect compared to lenalidomide
monotherapy (Fig. 6B).

DISCUSSION

Immunotherapeutic strategies are expanding to better elicit
activation of various components of the immune system [31].
Many studies has been focused on engagement and activation of
the adaptive immune system [32-34]. Recently, attention has
been shifted to potentiate activity of the innate immune system in
general [35] and macrophages in particular [36]. In the context of
cancer, TAMs are a prominent population within the TME [37],
especially in MM, TAMs constitute around 10% of the BM, and
correlate negatively with patient survival [14, 38]. Several
strategies have been explored to target TAMs in a variety of
cancers, including reducing TAMs, reprogramming TAMs, inhibit-
ing the CD47/SIRPa checkpoint, and overcoming immunosuppres-
sion [13]. IL-10 was previously shown to have an
immunosuppressive role in the TME, especially in TAM polarization
to M2 [39-42]; however, IL-10/IL-10R pathway has not been
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for 30 min, and STAT3 activation was measured by western blotting. C Effect of anti-IL-10R mAb on macrophage polarization in vitro. THP-1-
derived and primary monocyte-derived macrophages (from 3 independent donors) treated with rhiL-10 (100 ng/ml) in combination with anti-
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derived macrophages were pretreated with or without anti-IL-10R mAb (5 pg/ml) for 30 min before addition of rhiL-10 (100 ng/ml), and STAT3
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explored as an immunotherapeutic target in the field of TAMs, and biological role of IL-10 in the progression of MM, and the first to
limited data is available regarding IL-10/STAT3 in the biology of target the IL-10/IL-TOR/STAT3 as a therapeutic strategy for the
MM. One study showed that high levels of IL-10 in serum reprograming of macrophages in MM or any other type of cancer.
correlated with poor prognosis in newly diagnosed MM patients The results demonstrate an increased prevalence of M2-like
[16]. To our knowledge, this is the first study to investigate the TAMs in the MM TME, a phenomenon we observed in BM samples
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increase of the anti-inflammatory cytokine IL-10. We further
confirmed that IL-10 levels were also increased in the BM

of MM patients compared to normal subjects, which correlated
with the progression of the disease in patients, as well as in vivo

and in vitro models of MM. M2-like TAM phenotype was a direct
result of introducing MM to the BM microenvironment, including
the induction of this phenotype by MM-conditioned media. This
suggested that the effect was driven by a secreted cytokine.
Therefore, we investigated the changes in secreted cytokines in
the BM of MM-bearing mice and found a dramatic 2000-fold

Leukemia (2024) 38:2355 - 2365

supernatants of MM patients compared to normal subjects. Then,
we investigated the role of IL-10 in TAMs in the MM TME. The
results showed that IL-10 induced an M2-like phenotype in
macrophages through STAT3 signaling and that the inhibition of
the IL-10/IL-10R axis using an anti-IL-TOR mAb or a STAT3 protein
degrader, significantly reduced the IL-10 driven M2 polarization.
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compared between anti-IL-TOR mAb and NT. (Bars = Average + SD, **p < 0.01; ***p < 0.001).

Anti-IL-10R mAb reversed M2 polarization in primary MM patient
cultures ex vivo, in MM models in vivo, and in MM cell line-based
models in vitro. These results provide direct evidence that IL-10 is
overexpressed in the TME due to MM progression, and that it
induces an M2-like phenotype in TAMs, which emphasizes that
targeting and inhibiting IL-10/IL10R/STAT3 axis can be used to
reprogram TAMs, as a potential novel immuno-therapeutic
strategy.

We have previously demonstrated that MM progression and
drug resistance is heavily dependent on the interaction with
different compartments of the TME [43] including stromal
cells [2, 44-46], endothelial cells [44, 47, 48], and others[49-52].
We have also shown that inhibition of the interaction of MM
with the TME increases the sensitivity of MM cells to different
therapies, including proteasome inhibitors[2, 25, 27, 44, 48],
immunomodulators[23, 25, 47], and others[23, 25, 49, 51-53]. This
study demonstrates that macrophages induce MM proliferation
through activation of proliferative cell signaling in MM cells,
including the PI3K pathway and cell cycle. Importantly, inhibition
of the IL-10/IL-10R axis reversed the macrophage-induced MM
proliferation in vitro, while it had no direct effect on MM cells

SPRINGER NATURE

themselves, without the presence of macrophages. Furthermore,
inhibition of IL-10/IL-10R dramatically reduced the rate of
progression of MM, in vitro and in vivo. It also demonstrates that
macrophages induced resistance to immunomodulatory drugs
(lenalidomide and dexamethasone) in MM, which is in agreement
with previous reports showing that macrophages drive resistance
to dexamethasone in MM [54]. Most importantly, the inhibition of
IL-10/IL-10R axis significantly restored the sensitivity of MM cells to
lenalidomide in vitro and in vivo (and dexamethasone in vitro).
Interestingly, BM macrophages from relapsed/ refractory MM
patients were found to be significantly more skewed to the M2
phenotype compared to newly diagnosed MM, which presents
additional evidence for the tumor-supportive and resistance-
promoting role of MM-associated TAMs, and warrants further
studies to target MM-TAM interactions in drug resistant MM.
Our findings present a novel strategy to reprogram TAMs,
inhibiting a tumor-supporting property to harness their killing
capabilities to supplement current MM treatment. Additionally,
macrophage- infiltrating solid tumors, such as breast cancer,
have also been shown to be a source of IL-10 production, which
is associated with drug resistance [55]. Thus, therapeutic
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blockade of the IL-10/IL-10R/STAT3 axis could be a promising
strategy beyond MM.

In conclusion, we have shown that MM cells release high levels
of IL-10, which induces polarization of macrophages to a pro-
tumor M2-like phenotype. In turn, macrophages support pro-
liferation and drug resistance in MM cells, creating a vicious cycle
of tumor progression that leads to immuno-supression in the
form of M2-like macrophage polarization that leads to more
tumor progression. Targeting the IL-10/IL-10R/STAT3 axis with an
anti-IL-10R mAb reversed MM-induced M2-polarization of TAM,
which further inhibited TAM-induced proliferation and drug
resistance in MM. We therefore suggest targeting IL-10/IL-10R/
STAT3 as a novel therapeutic strategy in MM, and beyond.
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