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ABSTRACT
◥

Myeloid-derived suppressor cells (MDSC) are immaturemyeloid
cells that accumulate in the tumor microenvironment (TME).
MDSCs have been shown to dampen antitumor immune responses
and promote tumor growth; however, the mechanisms of MDSC
induction and their role in promoting immune suppression in
cancer remain poorly understood. Here, we characterized the
phenotype and function of monocytic MDSCs (M-MDSC) gener-
ated by coculture of human peripheral blood mononuclear cells
with SK-MEL-5 cancer cells in vitro. We selected the SK-MEL-5
human melanoma cell line to generate M-MDSCs because these
cells form subcutaneous tumors rich in myeloid cells in humanized
mice. M-MDSCs generated via SK-MEL-5 coculture expressed low
levels of human leukocyte antigen (HLA)-DR, high levels of CD33
and CD11b, and suppressed both CD8þ T-cell proliferation and
IFNg secretion. M-MDSCs also expressed higher levels of immu-

noglobulin-like transcript 3 (ILT3, also known as LILRB4) and
immunoglobulin-like transcript 4 (ILT4, also known as LILRB2) on
the cell surface compared with monocytes. Therefore, we investi-
gated how ILT3 targeting could modulate M-MDSC cell function.
Treatment with an anti-ILT3 antibody impaired the acquisition
of the M-MDSC suppressor phenotype and reduced the capacity of
M-MDSCs to cause T-cell suppression. Finally, in combinationwith
anti-programmed cell death protein 1 (PD1), ILT3 blockade
enhanced T-cell activation as assessed by IFNg secretion.

Implications: These results suggest that ILT3 expressed on M-
MDSCs has a role in inducing immunosuppression in cancer and
that antagonism of ILT3 may be useful to reverse the immunosup-
pressive function ofM-MDSCs and enhance the efficacy of immune
checkpoint inhibitors.

Introduction
T-cell checkpoint immunotherapies demonstrate significant clini-

cal benefits and durable responses only in a subset of patients with
certain tumors, such as melanoma and lung cancer (1, 2). However,
most patients fail to respond to T-cell checkpoint immunotherapies.
Several clinical studies have shown that high infiltration of suppressive
myeloid cells in solid tumors correlates with poor response to check-
point blockade therapies in most cancers (3–6). Using high-
dimensional profiling technologies and single-cell RNA sequencing,

tumor-infiltrating myeloid populations have been identified in mul-
tiple cancer indications, such as clear cell renal cell carcinoma (ccRCC)
and lung tumors, which are linked to immunosuppression, and in
ccRCC to shorter progression-free survival (7, 8). Targeting the
suppressive myeloid compartment is emerging as a compelling
approach to overcome limitations of T-cell checkpoint inhibitors.

MDSCs comprise immature myeloid cells that are diverse in nature.
They originate from myeloid progenitor cells and have been reported
to expand and reside in the blood, lymphoid organs, and tumor tissues
in several diseases, such as cancer, autoimmune diseases, and chronic
inflammatory conditions (9–12). MDSCs can impact both innate and
adaptive immune responses and cause immunosuppression. Clinical
observations from patients with cancer showed a positive correlation
between number of MDSCs in peripheral blood/tumor masses with
tumor burden and clinical stage in several cancers (13, 14). In
melanoma, circulating MDSCs are associated with the failure of T-cell
checkpoint inhibitor therapy (6). Previously treated patients with
metastatic urothelial carcinoma with comparable levels of tumor IFNg
experienced differential survival benefit with nivolumab depending on
the MDSC levels detected in the treatment-na€�ve state. Interestingly,
patients with high baseline circulating monocytic MDSC (M-MDSC)
levels had a lower overall survival rate after treatment with nivolumab
comparedwith those with lower circulatingMDSC levels (15). A better
understanding of the immunosuppressive functions of MDSCs can
identify novel therapeutic targets for combination treatments thatmay
improve clinical outcomes.

Tumor development may be associated with the accumulation
of MDSCs in the tumor microenvironment (TME; ref. 16). These
cells also promote tumor cell invasion, angiogenesis, and tumor
growth (17). MDSCs reside in the peripheral blood mononuclear cell
(PBMC) fraction in humans. Polymorphonuclear (PMN)-MDSCs are
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CD14�CD11bþCD15þ or CD14�CD11bþCD66bþ and M-MDSCs
are CD14þ CD33þCD11bþ human leukocyte antigen (HLA)-
DR�/low (18). Most importantly, MDSCs are functionally defined by
their ability to inhibit T-cell activation and proliferation (12). MDSCs
inhibit T-cell effector functions through a range of mechanisms that
include expression of arginase (Arg-1), inducible nitric oxide synthase
(iNOS), TGFb, IL10, deprivation of L-cysteine, activation, and pro-
liferation of regulatory T cells (Treg), synthesis of suppressive factors,
including nitric oxide (NO), and generation of reactive oxygen species
(ROS; refs. 12, 19). Numerous tumor-secreted factors have been
implicated to induce MDSCs, including GM-CSF, IL6, PGE2, VEGF,
IL10, and IL1b (12, 20, 21). A few studies have shown that MDSCs
might be induced by coculturing humanPBMCs or CD14þmonocytes
in vitro with different cancer cell lines (22, 23); however, the mech-
anism ofMDSC accumulation/expansion is poorly understood. In our
study, we report for the first time thatM-MDSCs induced by SK-MEL-
5 cancer cells expressed high levels of inhibitory receptors ILT3 and
ILT4 and low levels of HLA-DR, produced IL10, and suppressed T-cell
activation and proliferation.We selected the SK-MEL-5 tumor cell line
to generate M-MDSCs based on the data from in vivo mouse mod-
els (24; A.M. Torres-Adorno; submitted for publication).

Some studies suggest that MDSCs induce an anti-inflammatory,
immunosuppressive, and protumorigenic environment by expressing
immunoinhibitory receptors such as ILT3 and ILT4 (25, 26). Previous
studies have shown that during pregnancy, HLA-G promotes MDSC
accumulation in the placenta and suppressive activity via the ILT4
receptor (27). ILT3 is a related cell surface molecule of the immuno-
globulin superfamily, which is expressed on monocytic myeloid cells
such asmonocytes, dendritic cells, macrophages, andMDSCs (28, 29).
ILT3 functions as an inhibitory receptor, and its intracellular domain
contains putative immuno-receptor tyrosine-based inhibitory (ITIM)
motifs (30, 31). It is hypothesized that ILT3 keeps myeloid cells in an
immature and suppressive state (32); however, the role of ILT3 in the
acquisition and maintenance of immature and suppressive phenotype
of M-MDSCs has not been studied. Our previous internal data from
MSD with a human IgG4 chimeric variant of anti-ILT3, clone 52B8
(c52B8), in an SK-MEL-5–educated M-MDSC model led us to inves-
tigate ILT3 blockade in detail (33). We evaluated ILT3-specific mono-
clonal antibodies (mAbs) and found that ILT3 antagonism altered
the suppressive function of M-MDSCs induced by soluble factors
produced by SK-MEL-5 cells. SK-MEL-5–educatedM-MDSCs treated
with anti-ILT3 antibody have decreased levels of IL10 and CD163
and increased levels of programmed cell death protein 1 (PD-1)
compared with the isotype control–treated cells. In addition, anti-
ILT3 treatment enhanced TNFa secretion and increased the expres-
sion of an activation marker, CD86, in SK-MEL-5–educated
M-MDSCs. ILT3 antagonism also relieved the suppressive effect of
SK-MEL-5–educatedM-MDSCs on T-cell proliferation and combines
with PD1 blockade to enhance immune cell function.

Materials and Methods
SK-MEL-5 cell culture

The tumor cell line SK-MEL-5 was obtained from ATCC. The cells
were grown in RPMI1640 supplemented with 10% heat-inactivated
FBS (Hyclone, Inc.), 2 mmol/L L-glutamine, 50 U/mL each of peni-
cillin/streptomycin, in a humidified incubator maintained at 37�C
with 5% CO2. After thawing, cells were used for up to 8–10 passages
and their authenticity was checked by short tandem repeat analysis at
IDEXX Laboratories, Inc. The cells were routinely checked for Myco-
plasma contamination using a polymerase chain reaction method that

included primers that hybridize with a conserved region of the
Mycoplasma genome. The most recently confirmed negative test
result for Mycoplasma contamination was on September 3, 2020, at
Analytical Biological Services Inc.

Measurement of tumor-derived factors by ELISA
For quantifying cytokines and growth factors secreted by SK-MEL-5

cells, 1 million cells were seeded in a 6-well tissue culture plate with
2 mL RPMI supplemented with glutamine and 10% heat-inactivated
FBS. After 3 days, conditioned media were collected and passed
through a 0.2-mm syringe filter unit to remove cell debris and
stored in aliquots at �20�C prior to the analysis. For assessing the
concentrations of IL1b, IL6, IL8, IL10, IL13, and TNFa, the V-PLEX
Proinflammatory Panel 1 Human Kit (Meso Scale Discovery) was
used according to the manufacturer’s instructions. For quantifying
GM-CSF and VEGF concentrations, a customized kit (Meso Scale
Discovery) was used. All kits were developed on the basis of a multi-
plexed electrochemiluminescence system, and light intensity was
measured by SECTOR Imager S 6000.

Peripheral blood mononuclear cell isolation
Peripheral blood mononuclear cells (PBMC) were isolated from

healthy human peripheral blood leukopaks using Lymphopreps
(STEMCELL Technologies) via density-gradient centrifugation
according to the manufacturer’s instructions.

Generation of human myeloid-derived suppressor cells and
macrophages

To generate cancer cell line–educated M-MDSCs, healthy human
PBMCs from individual donors were cultured in cell culture medium
(20 � 106 cells in 25 mL RPMI1640 supplemented with 10% heat-
inactivated FBS, 2 mmol/L L-glutamine, 50 U/mL each of penicillin/
streptomycin) with SK-MEL-5 tumor cells (4 � 105 cells in a final
volume of 25 mL) in the presence of 20 ng/mL GM-CSF (R&D
Systems) at 37�C for 7 days. For cytokine-induced MDSCs, healthy
human PBMCs were cultured (20 � 106 cells in 25 mL volume) in
media containing GM-CSF (20 ng/mL; R&D Systems) and IL6
(20 ng/mL; R&D Systems) for 7 days. PBMCs cultured in medium
alone served as a negative control for each donor.Media supplemented
with fresh cytokines was replaced on day 4. After coculturing for
7 days, cells were harvested using Detachin solution (Genlantis), and
CD33þ myeloid cells were isolated using anti-CD33 magnetic
microbeads and LS column separation (Miltenyi Biotec) according
to the manufacturer’s instructions. More than 90% of isolated cell
populations tested positive for CD33 expression by flow cytometry
analysis. The viability of isolated cells was confirmed usingTrypan blue
dye exclusion assay. M2 Macrophages were differentiated using
ImmunoCult-SFMacrophage media (STEMCELL Technologies) sup-
plemented with M-CSF (50 ng/mL; STEMCELL Technologies) for
5 days. On day 5, macrophages were polarized by adding IL4 (10 ng/
mL; STEMCELL Technologies) for 48 hours.

Phenotyping of human myeloid-derived suppressor cells
In vitro–generated M-MDSCs were characterized for expression of

myeloid, antigen-presenting, and suppressor cell markers using flow
cytometry. The cells (2 � 105) from cocultures were detached from
flasks using Detachin and stained with Fixable viability stain 510 (BD
Biosciences) in DPBS in the dark on ice for 20 minutes and washed
with 1�wash buffer (10% BSA, 40mmol/L EDTA, 1� PBS). Next, the
cells were incubated with human Fc receptor blocking solution FcX
(diluted in staining buffer, 1:250, BDBiosciences) in the dark on ice for
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10 minutes, and stained with a cocktail of fluorescently conjugated
antibodies (0.2 mg each of CD14, CD11b, CD66b, 0.04 mg of CD33,
0.025 mg of HLA-DR, 0.1 mg each of anti-ILT3 clone ZM4.1, anti-ILT4
1E1, CD86, and CD45 in 100 mL staining buffer; Supplementary
Table S1) for 30 minutes on ice in the dark. After the incubation, the
cells were washed and resuspended in 1� DPBS. All samples were
acquired on an LSR II flow cytometer using FACSDiva software (BD
Biosciences). All flow cytometry data was analyzed using FlowJo
software (FlowJo LLC) and GraphPad Prism 8. Binding signals were
calculated as median fluorescence intensity (MFI) for each antibody.

Measurement of surface expression of ILT3 in SK-MEL-5 tumors
in humanized (hu) NSG mice

All animal workwas reviewed and approved byMSD IACUCbefore
experiments were conducted. Female hu-NSG mice from 2 different
human donors were purchased from The Jackson Laboratory. SK-
MEL-5 cells (1� 106/mouse) were injected subcutaneously (SC) in hu-
NSGmice at approximately 20 weeks of age. Study was randomized by
tumor size and donor and tumors were measured in blinded fashion.
SK-MEL-5 tumors in hu-NSGmice (n¼ 5)were collected 11 days after
tumor cell implantation. Tumors wereminced finely with a scalpel and
digested using digestion medium containing 8 mL of RPMI1640
medium, 40 mL of 100 mg/mL collagenase I (Thermo Fisher Scientific
Inc.,), and 320 mL of 10,000 U/mL DNase I (Thermo Fisher Scientific
Inc.) for 30 minutes at 37�C to obtain single-cell suspensions. Samples
were filtered, red blood cells were removed by ACK lysis (Lonza), and
cell numbers were counted using the ViCell Cell Viability Analyzer
(Beckman Coulter).

One million (106) viable cells per tube were stained for viability
using Fixable viability dye eFluor 506 (BD Biosciences) in DPBS
followed by fluorescently labeled antibodies [0.25 mg of CD11b, 1 mg
each of CD3, CD66b, CD33, 0.5 mg each of CD45, CD56, CD14, anti-
ILT3 clone ZM4.1, or mouse IgG1 isotope control in FACS staining
buffer on ice (Supplementary Table S2)]. The samples were analyzed as
described previously for phenotyping of human M-MDSCs. Expres-
sion of ILT3 was calculated as the frequency of cells showing greater
fluorescence signal when incubated with anti-ILT3 clone ZM4.1 than
those incubated with the mouse IgG1 isotype control antibody.

Assessment of T-cell proliferation and IFNg levels in myeloid-
derived suppressor cell/T-cell coculture

Autologous CD8þ T cells were isolated from healthy human
PBMCs using Easy Sep Human CD8þ T cell Enrichment Kit (negative
selection) using the automated Robosep protocol (STEMCELL Tech-
nologies) according to themanufacturer’s instructions. Purified CD8þ

T cells (1 � 105 cells per well) were cultured alone or cocultured with
CD33þ M-MDSCs isolated using anti-CD33 magnetic microbeads
and LS column separation (Miltenyi Biotec) as described previously at
the ratio of 8:1, 4:1, 2:1, and 1:1 (T cell:MDSC) or monocytes at the
ratio of 4:1 (T cell:monocyte) in cell culture medium in 96-well
U-bottom plates. T-cell proliferation was induced with anti-CD3/
CD28 dynabeads (Thermo Fisher Scientific Inc.) or plate-bound anti-
CD3 (OKT3, Thermo Fisher Scientific Inc.) and anti-CD28 (Fitzger-
ald) antibody and 100 U/mL IL2 (Thermo Fisher Scientific Inc.) and
incubated at 37�C for 3 days. IFNg levels in culture supernatants were
determined using Mesoscale Discovery kits following the manufac-
turer’s protocol. T-cell proliferation was analyzed using 3H-thymidine
uptake assay. 0.5 pCi/welI 3H-thymidine (NEN Life Sciences) diluted
in RPMI1640was added to cells. After incubating the plates at 37�C for
4 hours, cells were harvested onto filter papers using an automated cell
harvester (Perkin Elmer; ref. 34). Following this, scintillation fluid was

added, and counting was performed using a Beckman LS 6000IC
scintillation counter. Results are expressed in counts/minute (CPM;
ref. 34).

Real-time RT-PCR for gene expression of human myeloid-
derived suppressor cells and monocytes

For real-time PCR analysis, SK-MEL-5–educated live CD45þ

CD14þ CD33þ cells were isolated from tumor cell PBMC cocultures
and human PBMCs from healthy individual donors by FACS, and
mRNA was isolated from cells using the PicoPure RNA isolation
method, according to the manufacturer’s protocol (Thermo Fisher
Scientific Inc.). mRNA was treated with DNase and reverse-
transcribed using QuantiTect Reverse Transcription according to the
manufacturer’s instructions (Qiagen). TaqMan assays were obtained
commercially (Thermo Fisher Scientific) and gene specific preampli-
fication was performed on 10 ng cDNA using TaqMan PreAmp
according to themanufacturer’s instructions (Thermo Fisher Scientific
Inc). Real-time quantitative PCR was then performed on the Fluidigm
Biomark using 20� TaqMan assays with TaqMan Fast Universal PCR
Master Mix with no AmpErase UNG. Samples and primers were run
on a 96.96 Dynamic Array according to the manufacturer’s instruc-
tions (Fluidigm). Ubiquitin levels weremeasured in a separate reaction
and were used for normalizing the data by the DCt method. Normal-
ized valueswere calculatedwith the following equation, using themean
cycle threshold value for ubiquitin and the gene of interest for each
sample.

1:8 ^ Ct ubiquitinminus Ct gene of interestð Þ � 104s

Log2 transformed expression values were used to perform a t test
yielding fold change and corrected P values [false discovery rate,
Benjamini–Hochberg; “Padj (BH)”] using Omicsoft Array Studio
(v10.0.1.118; monocytes, n¼ 10 samples; M-MDSC, n¼ 12 samples).

Generation of highly selective antibodies
Human IgG4 chimeric variant of anti-ILT3 clone 52B8 (c52B8) or a

humanized IgG4 variant (h52B8) and isotype control human IgG4
were generated internally at MSD (33). Human IgG4 variant of anti-
ILT4 clone 1E1 was generated in-house and described in U.S. Patent
no. 2018/0298096 A1. Pembrolizumab is a humanized anti-PD1
antibody described in U.S. Patent no. 8354509 and WO2009/114335.

Transcriptome analysis of human myeloid-derived suppressor
cells treated with anti-ILT3

Human PBMCs from healthy individual donors (2 � 106 cells per
well) were cocultured with tumor cell line SK-MEL-5 (4� 104 cells per
well) in 6-well flat-bottom tissue culture plates in cell culture medium
in the presence of 20 ng/mL GM-CSF (R&D Systems) at 37�C for
7 days. The cells were treated with isotype control hIgG4 or anti-ILT3
antibody c52B8 (1mg/mL) for 7 days. SK-MEL-5–educated liveCD45þ

CD14þ CD33þ cells were isolated from tumor cell PBMC cocultures
by FACS, and mRNA was isolated from cells using the PicoPure RNA
Isolation method, according to the manufacturer’s protocol (Thermo
Fisher Scientific Inc.). For RNA sequencing, the Agilent TruSeq
stranded total RNA kit (catalog no. RS-122-2201) was used for library
preparation (Illumina). The resulting cDNA libraries were sequenced
as previously described by Zhou and colleagues on an Illumina
(HiSeqTM 4000) using a 50-base paired-end run (35). Cleaned reads
were aligned to the Human.B38 genome reference using the Omicsoft
Aligner (Qiagen) and using Ensembl.R86 gene models. Normalization
of gene counts and differential expression analysis were performed
using the R package DESeq2 (v1.22.2) yielding fold change and
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corrected P values (false discovery rate, Benjamini–Hochberg;
FDR_BH). A cutoff of 50 normalized counts in any replicate group
was applied when identifying a gene signature to remove genes with
very low expression. Heatmaps and box plots were created using
Omicsoft Array Studio (Qiagen). GEO accession number GSE160401
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc¼GSE160401).

Modulation of proinflammatory cytokine secretion by anti-ILT3
in human PBMC and SK-MEL-5 cocultures

Human PBMCs isolated from healthy individual donors (1 � 105

cells per well) were cocultured with tumor cell line SK-MEL-5 (2� 103

cells per well) in 96-well flat-bottom tissue culture plates in cell culture
medium in the presence of 20 ng/mLGM-CSF (R&D Systems) at 37�C
for 5 days. The cells were treated with isotype control hIgG4 or anti-
ILT3 antibody c52B8 (1 mg/mL) for 5 days. The supernatants were
collected, and proinflammatory cytokine production was determined
usingMSDELISA according to themanufacturer’s instructions (Meso
Scale Discovery).

Activation of costimulatory molecule CD86 by anti-ILT3 in
human PBMC and SK-MEL-5 cocultures

Human PBMCs and SK-MEL-5 cocultures were set-up as described
in the section “transcriptome analysis of human myeloid-derived
suppressor cells treated with anti-ILT3”. The cells were stained and
analyzed for expression of CD86 as described previously for pheno-
typing of human M-MDSCs.

In vitro activity of anti-ILT3 and anti-PD1 and their combination
in myeloid-derived suppressor cell and T-cell assay

To assess the single-agent activity of anti-ILT3 on reversal of T-cell
suppression induced by MDSCs, PBMC- SK-MEL-5 cocultures were
repeated in the presence of 1 mg/mL hIgG4 or 1 mg/mL anti-ILT3
antibody. Autologous CD8þT cells (1 � 105 cells per well) were
cultured alone or cocultured with purified CD33þ myeloid-
suppressive cells at the ratio of 2:1, 4:1, and 8:1 (T cell:MDSC) in
96-well U-bottom plates for 30 minutes, in the presence of hIgG4
(1 mg/mL) or anti-ILT3 antibody c52B8 (1 mg/mL). After the pre-
incubation, T-cell proliferation was induced with anti-CD3/CD28
beads (Thermo Fisher Scientific Inc.) and 100 U/mL IL2 (Thermo
Fisher Scientific Inc.) and incubated at 37�C for 3 days. IFNg levels in
culture supernatants were determined using Mesoscale Discovery kits
according to the manufacturer’s protocol. To assess the potential of
anti-ILT3 antibody h52B8 or pembrolizumab, alone or in combina-
tion, to enhance T-cell function, autologous CD8þT cells (1� 105 cells
per well) were cultured alone or cocultured with CD33þ myeloid-
suppressive cells at the ratio of 8:1 (T cell:MDSC) in 96-well plates for
30 minutes, in the presence of either hIgG4 (1 mg/mL) or pembro-
lizumab (2 mg/mL) or h52B8 (1 mg/mL) or h52B8 (1 mg/mL) and
pembrolizumab (2 mg/mL). After the preincubation, T-cell prolifer-
ation was induced as described above. Culture supernatants were
harvested on day 2 for ELISA analysis of IFNg secretion.

Statistical analysis
The half maximal effective concentration (EC50) values were

calculated using GraphPad Prism 7 (GraphPad software, Inc.).
Nonlinear regression (4-parameter) fitting was used for graphing
and calculation. Average and SD values were calculated using
Microsoft Excel. Data were compared using t test or one-way
ANOVA followed by Tukey multiple-comparisons test or one-
way ANOVA followed by Dunnett correction when all data were
compared with a control group. All analyses were conducted using

GraphPad Prism 8. Data were considered statistically significant at a
P value less than 0.05.

Results
SK-MEL-5 cells express multiple MDSC-promoting factors

To identify and explore the role of soluble factors produced by
tumor cells and their association withMDSC differentiation in the SK-
MEL-5 and human PBMC coculture model (Fig. 1A), we assessed a
panel of cytokines in the conditioned media using the Meso Scale
Discovery immunoassay platform. We found increased levels of IL6,
VEGF, IL8, and GM-CSF in the conditioned media from SK-MEL-5
cells compared with media control (Fig. 1B and C). IL13 and IL1b
levels were low in the conditionedmedia. Aprevious study showed that
treatment of human PBMCs with GM-CSF and IL6 induced CD33þ

MDSCs with potent suppressive capacity in vitro (21). They were also
able to generate CD33þ MDSCs when human PBMCs were cultured
with GM-CSF and IL1b or VEGF (21).

SK-MEL-5 tumor cells promote the differentiation of M-MDSC
population from human PBMCs in vitro

To explore the impact of SK-MEL-5 tumor cells on MDSC differ-
entiation, we cocultured human PBMCs isolated from healthy donors
with SK-MEL-5 cancer cells in the presence of GM-CSF (Fig. 1A). The
resulting myeloid cell fraction was characterized with respect to cell
surface phenotype, T-cell suppression, and gene expression profile.
After 7 days of coculture, SK-MEL-5–educated myeloid cells demon-
strated a monocytic MDSC-like phenotype, characterized by similar
cell surface expression of CD14, increased levels of CD33 and CD11b,
and decreased expression ofHLA-DR comparedwith PBMCs cultured
in medium alone for 7 days. (Fig. 1D and E; Supplementary Fig. S1A–
S1C). The absence of CD66b, a bona fide granulocytic marker,
confirmed that SK-MEL-5–educated cells were M-MDSCs (Supple-
mentary Fig. S1C). To compare the phenotype of SK-MEL-5–educated
M-MDSCs with cytokine-induced M-MDSCs, we differentiated
human PBMCs in the presence of cytokines GM-CSF and IL6. We
found SK-MEL-5–educated M-MDSCs exhibited a similar phenotype
to the cytokine-inducedM-MDSCs with low-level expression of HLA-
DR; however, cytokine-induced M-MDSCs expressed lower levels of
CD14 (Supplementary Fig. S1D). These results are consistent with
previous findings that GM-CSF and IL6 reduce CD14 expression on
M-MDSCs (21). SK-MEL-5–educated M-MDSCs exhibited signifi-
cantly lower expression of HLA-DR compared withM2macrophages,
suggesting that SK-MEL-5–educated monocytes do not differentiate
intomacrophages (Supplementary Fig. S1E). These results corroborate
previous findings that the monocytes differentiated using conditioned
media from the renal cell carcinoma cell line 786.O had lower
expression of HLA-DR compared with M2 macrophages (12). In
addition, we looked at the expression of two inhibitory receptors,
ILT3 and ILT4, because previous studies reported the expression of
these twomarkers onMDSCs (27, 29, 36).Moreover, it is hypothesized
that ILT3 plays a role in maintaining immature and suppressive
phenotype in MDSCs, although the latter has not been experimentally
proven. We found that ILT3 and ILT4 expression was elevated on SK-
MEL-5–educated M-MDSCs compared with monocytes (Fig. 1F
and G). In addition, SK-MEL-5–educated M-MDSCs had higher
expression of ILT3 compared with CD14þ monocytes from PBMCs
cultured in medium alone for 7 days (Supplementary Fig. S1C). Our
data, therefore, suggests that SK-MEL-5–educated monocytes pheno-
typically resemble M-MDSCs. We have developed and previously
reported an in vivomodel using human SK-MEL-5 tumor cells grown
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in mice with a humanized immune system (24). We observed that
SK-MEL-5 tumors from all the different donormice are rich in CD14þ

myeloid cells that express ILT3 (Supplementary Fig. S2A and S2B) and
ILT4 (A.M. Torres-Adorno; submitted for publication). Furthermore,
we curated the Zilionis and colleagues’ single-cell RNA-sequencing
dataset from human lung tumors for the expression of the gene for
ILT3, LILRB4 and ILT4, LILRB2 and found that LILRB4 is predom-
inantly expressed onmonocytic myeloid cells, while LILRB2 is expres-
sed on bothmonocytic and granulocytic myeloid cells (Supplementary
Fig. S3A–S3C; ref. 7). We analyzed the expression of LILRB4 in The

Cancer Genome Atlas (TCGA) database using in silico deconvolution
of bulk RNA-sequencing data (37) to establish the association between
LILRB4 expression and myeloid gene signature. We found that
LILRB4 is highly expressed on monocytic myeloid cells in several
solid tumors including head and neck, kidney clear cell, lung adeno-
carcinoma, and pancreatic cancer (Supplementary Fig. S4). Previous
studies have shown that M-MDSCs can suppress polyclonal (non-
antigen–specific) T-cell responses (17, 38) and suppression of T-cell
function is the definitive characteristic of MDSCs. We, therefore,
assessed whether SK-MEL-5–educated M-MDSCs can suppress

Figure 1.

SK-MEL-5–derived soluble factors promote monocyte to M-MDSC differentiation. A, Schematic illustration of the SK-MEL-5-PBMC coculture system and in vitro
differentiation of monocytes into monocytic MDSCs. B and C, Soluble factors in SK-MEL-5 tumor cell line supernatants. The results are expressed as average� SD
from two independent studies with two technical replicates each and one-way ANOVA followed by Dunnett correction was used to calculate P value (� , P < 0.05;
�� ,P <0.005; ��� ,P <0.0005; n.s., not statistically significant).D and E,Mean fluorescence intensity (MFI) of cell surface expression of CD33, CD11b, CD14 andHLA-DR
on SK-MEL-5-educated M-MDSCs and normal myeloid counterparts from PBMCs cultured in medium alone. Representative data of one out of two PBMC donors are
shown.At least 2 independent experimentswereperformedwith twoPBMCdonors. Bar plots are represented as average�SDand t testwas used to calculateP value
(� , P < 0.05; n.s., not statistically significant). F and G, ILT3 and ILT4 expression on CD45þ/CD33þ/CD14þ MDSCs and monocytes using flow cytometry. Cells that
were stainedwith all fluorochromes except anti-ILT3 or anti-ILT4were used as a negative control (Fluorescence minus one “FMO”). The results are expressed as MFI
from 2 PBMC donors.
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Figure 2.

Suppression of autologous CD8þ T-cell proliferation by M-MDSCs (T cell:MDSC ratio: 8:1, 4:1, 2:1, 1:1). CD8þ T cells were stimulated with anti-CD3/CD28 beads and
incubatedwith orwithoutM-MDSCs for 3 days.A andB,T-cell proliferationwas analyzedusing 3H-thymidine uptake assay. The results are expressedas average�SD
from two technical replicates (n¼ 2 PBMC donors), and one-way ANOVA followed by Dunnett correction was used to calculate P value (� , P < 0.05; ��� , P < 0.0005;
���� , P < 0.0001). C and D, The concentration of IFNg was determined in supernatants collected from aforementioned CD8þ T-cell and M-MDSC cocultures. Data are
shown from two independent experiments and are presented as average � SD from two technical replicates each (n ¼ 2 PBMC donors), and one-way ANOVA
followedbyDunnett correctionwasused to calculateP value (���� ,P<0.0001; n.s., not statistically significant).E,CD8þT cellswere stimulatedwith plate-bound anti-
CD3/CD28 antibody and incubated with or without M-MDSCs at 4T:1MDSC ratio for 3 days and IFNg concentration was determined in supernatants. The results are
expressed as average � SD from three technical replicates, and paired t test was used to calculate P value (�� , P < 0.005). F, Activation of autologous CD8þ T-cell
proliferation bymonocytes (T cell:monocyte ratio 4:1). CD8þ T cells were stimulated with anti-CD3/CD28 beads and incubated with or without monocytes for 3 days
and IFNg concentration was determined in supernatants. The results are expressed as average� SD from two technical replicates in each experiment (n¼ 3 PBMC
donors; � , P < 0.05; paired t test).
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Figure 3.

Differentially expressed genes (DEG) between SK-MEL-5–educated M-MDSCs and monocytes. A, qRT-PCR analysis of selected genes in M-MDSCs and monocytes
(n¼ 4 PBMC donors). The results are derived from three technical replicates at the level of the M-MDSC differentiation. The color gradient represents the normalized
values (normalized to Ubiquitin B, center-scaled, Log2). Gray, missing data. � , Donor 3835 one sample. B–K, Gene expression levels (normalized values, Log2)
of CSF2-GM-CSF, CSF1-M-CSF, FLT1-VEGFR1, MMP9, IL-6, IDO1-INDO, IDO, STAT1, CD274-PDL1, B7H1, PDCD1LG2-PDL2, LILRB4-ILT3 in M-MDSCs and monocytes
(n ¼ 4 PBMC donors). All with P < 0.0001 (t test).
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autologous T-cell proliferation (assessed by incorporation of tritiated
thymidine) and IFNg secretion in response to polyclonal stimulation.
We cocultured autologous CD8þ T cells stimulated with anti-CD3/
CD28 antibody-coupled beads and IL2withM-MDSCs at a ratio of 8:1,
4:1, 2:1, and 1:1. SK-MEL-5–educated M-MDSCs suppressed both
autologous T-cell proliferation and IFNg secretion with increasing
number of M-MDSCs (Fig. 2A–D). SK-MEL-5–educated M-MDSCs
suppressed CD8þ T-cell proliferation by more than 80% at the 1:1
(T cell: M-MDSC) ratio, 70% at the 2:1 ratio, 60% at the 4:1 ratio, and
15% at the 8:1 ratio in both PBMC donors (Fig. 2A and B). Similar
trends were observed with respect to IFNg secretion (Fig. 2C and D).
In comparison, GM-CSF/IL6 alone yielded a CD33þ cell population
that was only mildly suppressive. We found that cytokine-induced
M-MDSCs did not suppress CD8þ T-cell proliferation at the 8:1
(T cell: M-MDSC) ratio and caused milder CD8þT-cell suppression
<50% at the 4:1 ratio in both the donors when compared with the
SK-MEL-5–educated M-MDSCs. (Supplementary Fig. S5A and S5B).
We found that CD33þ cells from PBMCs cultured in medium alone
were not suppressive (Supplementary Fig. S6A and S6B).

In case M-MDSCs were phagocytosing the anti-CD3/CD28 anti-
body-coated beads before T-cell activation, which would lead to a false
positive result, we stimulated the T cells with plate bound anti-CD3/
CD28 antibody and IL2 instead of anti-CD3/CD28 antibody-coupled
beads and IL2 during coculture with the M-MDSCs. SK-MEL-5–
educated M-MDSCs demonstrated similar potent T-cell suppression
(70%) in the presence of plate bound anti-CD3/CD28 antibody at 4 T
cell:1 M-MDSC ratio (Fig. 2E). In contrast, robust T-cell activation
and IFNg secretion were observed when monocytes were cocultured
with anti-CD3/CD28 stimulated T cells (Fig. 2F) and this highlights
the fact that the suppressive function is acquired during coculture, not
simply a general effect of adding monocytic cells to the T-cell assay.

Following phenotypic and functional characterization of SK-MEL-
5–educated M-MDSCs, we profiled this cell population to identify
molecular markers that distinguish M-MDSCs from monocytes on a
transcriptional level using human immune and myeloid-based panels
of 458 probes (representing 385 genes). Of these, 98 probes (repre-
senting 85 genes) were at least 10-fold (up or down) differentially
expressed (Padj < 0.01) between the two cell types. Selected genes
playing a role in MDSC differentiation are shown in Fig. 3. We found
that SK-MEL-5–educated M-MDSCs showed significant upregulation
of CSF2 (GM-CSF) and CSF1 (M-CSF) compared with monocytes
across all 4 donors tested (Fig. 3A–C). These results are in line with
previous findings that the expansion of immature myeloid cells is
mediated largely by CSF2, CSF1, and other growth factors produced by
tumor cells and tumor stroma (17). In addition, SK-MEL-5–educated
M-MDSCs expressed the FLT1 receptor (VEGFR1), previously iden-
tified to enable VEGF to function as a chemoattractant for MDSCs
(Fig. 3A andD; ref. 39). Consistent with previous findings, we identi-
fiedMMP9, a matrix-degrading enzyme highly expressed in SK-MEL-
5–educated M-MDSCs compared with monocytes, that promotes

angiogenesis and metastasis (Fig. 3A and E; ref. 40). In addition, we
found that SK-MEL-5–educated M-MDSCs have increased levels of
IL6 and indole amine 2,3 dioxygenase (IDO1), which have been
reported to induce the immunosuppressive effects of MDSCs
(Fig. 3A, F, and G; ref. 41). The expression of STAT1 mRNA was
also upregulated in SK-MEL-5–educated M-MDSCs compared with
monocytes. Several studies have linked the activation of STAT1 with
suppressive phenotype of MDSCs (Fig. 3A and H; ref. 42). Accumu-
lation of M-MDSC has been reported to be dependent on STAT1, as
reduced MDSC levels were observed in tumor-bearing mice deficient
in STAT1 (43). We found that SK-MEL-5–educated M-MDSCs exhib-
ited significantly higher expression of CD274 (PDL1) and PDCD1LG2
(PDL2) compared with monocytes (Fig. 3A, I and J). A 2016 study
reported that PDL1þM-MDSCs accumulate in human cancers, includ-
ing colorectal cancer, and might inhibit activation and function of
tumor-infiltrating CTLs in the TME because of higher expression of
PDL1 (44). We found that ILT3 (LILRB4), CXCL10, CCL2 (MCP1), and
CCL22 (MDC) expression was significantly elevated in SK-MEL-5-
educated M-MDSCs compared with monocytes (Fig. 3A and K; Sup-
plementary Fig. S7A–S7C). IL10 levels were upregulated (�two-fold) in
SK-MEL-5–educatedM-MDSCs in 2 of 4 donors (data not shown), and
costimulatory molecule CD86 and STAT6 levels were downregulated in
M-MDSCs comparedwithmonocytes (Fig. 3A; Supplementary Fig. S7D
and S7E). CD163 has been reported to be a marker associated with
human M2 macrophages (45). Our results show that compared with
monocytes, SK-MEL-5–educated M-MDSCs had higher expression of
CD163 (Fig. 3A; Supplementary Fig. S7F).

ILT3 antagonism alters maturation and activation of M-MDSC
Recently, much effort has been made to understand how MDSCs

exert immunosuppressive effects, including the concept that ILT3
expression can serve to keep myeloid cells in an immature and
suppressive state (32). To investigate this in our model, we assessed
the binding of anti-ILT3 antibody c52B8 to ILT3 expressed on the cell
surface by flow cytometry in human CD14þ cells from whole blood,
frozen PBMCs, and SK-MEL-5–educated M-MDSCs. An IgG4 chi-
meric variant of clone 52B8 binds with high affinity to M-MDSCs
(range EC50 55–60 ng/mL), similar to its binding of human peripheral
blood CD14þ monocytes (EC50 13–41 ng/mL; Table 1).

We next explored whether this antibody could impact M-MDSC
maturation during differentiation (Fig. 4A). The cells were differen-
tiated in the presence of isotype control hIgG4 or anti-ILT3 antibody
c52B8.We found thatM-MDSCs differentiated in the presence of anti-
ILT3 have modest and consistent increases in the activation marker
CD86 as observed by increased staining compared with cells treated
with isotype control hIgG4 (Fig. 4B). We then examined proinflam-
matory cytokine secretion in conditioned media from M-MDSC
cocultures. In comparison with the control antibody, anti-ILT3
increased TNFa levels in conditioned media from M-MDSC cocul-
tures in 3 of 4 PBMC donors (Fig. 4C). We found that anti-ILT3 could

Table 1. Binding of anti-ILT3 to human primary cells and in vitro differentiated SK-MEL-5–educated human M-MDSCs.

Test Article (Lot no.) Samples tested Donor ID EC50 (ng/mL)

Fresh CD14þ monocytes from whole blood Human donor #851 41
c52B8 (42APB) CD14þ monocytes from frozen PBMC Human donor #3608 13

Monocyte-derived suppressor cells Human donor #3507 55
Human donor #3180 60

Abbreviation: EC50, half-maximal effective concentration(s).
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modulate the phenotype of these suppressive myeloid cells to promote
amature and activated phenotype, determined byCD86 activation and
increased levels of secreted TNFa.

Furthermore, we examined the transcriptional changes in immu-
nosuppressive SK-MEL-5–educated M-MDSCs treated with anti-
ILT3 antibody c52B8 or isotype control hIgG4 antibody to identify
differentially expressed genes (DEG) using RNA-seq analysis.
Comparison of anti-ILT3-treated vs. hIgG4-treated SK-MEL-5–
educated M-MDSCs identified 623 DEGs (219 upregulated and
404 downregulated) when combining all 4 donors [at least �1.5-
fold change with Padj (FDR) <0.01, and removing low expressed
genes, see Methods; Fig. 4D and E; Supplementary Table S3]. To
determine potential biological process related to immunosuppres-
sive phenotype of SK-MEL-5–educated M-MDSCs, we performed
gene ontology (GO) enrichment pathway analysis on 623 genes. We
found immune response GO terms were enriched in this signature
(Supplementary Table S4). Anti-ILT3 increased PDCD1 (PD1) and
TNFSF14 expression in SK-MEL-5–educated M-MDSCs compared
with isotype control (Fig. 4F and G). The expression of suppressive
molecules, such as IL10 and CD163, were diminished in SK-MEL-5–
educated M-MDSCs in response to anti-ILT3 compared with iso-
type control (Fig. 4H and I).

Several mechanisms by which IL10 inhibits T-cell–mediated anti-
tumor immune responses in the TME has been proposed, including
suppression of IFNg-dependent activation of APCs with decreased
expression ofMHC II andCD86 and inhibition of CD28 costimulatory
pathway (46, 47).

We observed an upregulation of the costimulatory molecule
CD86 levels in M-MDSCs treated with anti-ILT3 when compared
with isotype control, but it was not significant (Fig. 4J). Similarly, we
observed a trend toward downregulation of STAT1 expression fol-
lowing treatment with anti-ILT3 in SK-MEL-5–educated M-MDSCs
(Fig. 4K).

ILT3 antagonism reverses M-MDSC–induced suppression of
effector T cells

Previous studies have shown thatMDSCs can inhibit effector T-cell
responses, using a variety of mechanisms, including IL10 secretion,
PDL1/L2 expression, and cytokine-dependent Treg conversion (48).
Because ILT3 is expressed on these cells, we hypothesized that ILT3þ

MDSCs may cause suppression of T-cell activation and proliferation.
To test the effect ofMDSCsmatured in the presence of anti-ILT3 onT-
cell responses, we performed MDSC/T-cell suppression assays. We
cultured human PBMCs with SK-MEL-5 tumor cells and GM-CSF for
7 days. SK-MEL-5–educated CD33þ cells were collected by positive
antibody-based magnetic bead selection and then cocultured with
purified autologous CD8þ T cells at a ratio of 2:1, 4:1, and 8:1 (T cell:
MDSC) for 3 days in the presence of a polyclonal stimulus. Similar
concentration of anti-ILT3 antibody c52B8 or isotype control antibody

was added in both the coculture and T-cell suppression steps. The
suppressive effect of anti-ILT3 matured MDSCs on T cells was
evaluated by IFNg levels in the supernatants secreted by T cells. The
MDSCs generated in the presence of anti-ILT3 showed modest but
consistent effect in reversal of T-cell suppressionmeasured by increase
in IFNg secretion, indicating that anti-ILT3 reduced the suppressive
capacity of M-MDSCs as compared with isotype control treatment.
Overall, the effects were most noticeable at 4 T cell:1 MDSC ratio in
three-quarters of PBMC donors (Fig. 5A–D). We showed that ILT3
antagonism induced the phenotype of more mature myeloid cells that
enhanced effector T-cell response.

Next, we examined whether anti-ILT3 has an effect during acqui-
sition ofMDSCs or during T-cell suppression or both. To address these
questions, antibody was added to the cocultures of SK-MEL-5 and
PBMCs at different stages of experimentation: (i) during differenti-
ation, but not during T-cell suppression, (ii) during T-cell suppression
but not during MDSC differentiation, and (iii) during both steps
(MDSC differentiation and T-cell suppression).

We found that the addition of anti-ILT3 antibody c52B8 to the
coculture of PBMCs and SK-MEL-5 cells during the differentiation
step resulted in only a modest but consistent decrease in the suppres-
sive capacity of CD33þ cells purified from those cocultures. Addition
of anti-ILT3 during only the T-cell suppression step was not effica-
cious, and addition of anti-ILT3 during both the differentiation and T-
cell suppression steps showed similar effect as observed with the
addition of antibody during only the differentiation step (Table 2).

Addition of antibody during only the differentiation step caused
22% T-cell suppression at 4 T cell:1 MDSC ratio compared with 43%
T-cell suppression when antibody was added during only the T-cell
suppression stage. Also, addition of anti-ILT3 during both the differ-
entiation and T-cell suppression steps caused 17% T-cell suppression
compared with 55% with hIgG4 isotype control (Table 2). We,
therefore, concluded that anti-ILT3 impaired the acquisition of the
suppressive phenotype of SK-MEL-5–educated M-MDSCs.

Anti-ILT3 combines with pembrolizumab to enhance effector
T-cell function

We observed that PD1 and PDL1 protein expression is upregulated
on the surface of human CD8þT cells stimulated with anti-CD3/CD28
antibody-coupled beads, suggesting potential for a combination with
pembrolizumab (Fig. 6A and B). We also noted that PD1 mRNA
expression is upregulated in SK-MEL-5–educated M-MDSCs follow-
ing treatment with anti-ILT3 antibody (Fig. 4F). These findings were
similar to those in a recent study by Strauss and colleagues (49). They
showed that even with conserved PD1 expression in T cells, myeloid
cell–specific PD1 knockout resulted in an increase of T effector
memory cells with enhanced functionality and mediated antitumor
protection (49). The combination effect of anti-ILT3 antibody with
pembrolizumab on function of M-MDSCs was assessed in MDSC and

Figure 4.
ILT3 antagonism promotes maturation and activation of SK-MEL-5–educated M-MDSCs. A,Method for evaluating effect of anti-ILT3 antibody on the acquisition of
functional phenotypes in monocytic MDSCs. B, Analysis of activation marker CD86 on M-MDSCs analyzed by flow cytometry MFI (mean fluorescence intensity),
following treatment with hIgG4 or anti-ILT3 c52B8 (n¼ 6 PBMC donors), and P value was calculated using paired t test (�� , P < 0.005). C, Representative histogram
showing secreted TNFa levels in PBMC/SK-MEL-5 cocultures following treatment with hIgG4 (green bar) or anti-ILT3 c52B8 (yellow bar). The results are expressed
as average � SD from two technical replicates (n ¼ 4 PBMC donors), and P value was calculated using paired t test (� , P < 0.05). D and E, ILT3 blockade alters the
M-MDSC transcriptome. Shown in the heatmap in D are the 623 genes significantly regulated by anti-ILT3 c52B8 treatment compared with isotype control hIgG4
treatment in M-MDSCs (1.5� and FDR<0.05, GrpMaxNormCount>50). The color gradient represents the log2 fold change of each individual sample (each column)
treated with anti-ILT3 c52B8 compared with the corresponding pooled control samples treated with isotype control hIgG4 as baseline (�log2(3) fold). A subset of
genes are highlighted in the heatmap in E. F–K, Gene expression levels (FPKM, log2) of PDCD1 (PD1), TNFSF14, IL10, CD163, CD86, and STAT1 in M-MDSCs
in the presence of hIgG4 or anti-ILT3 c52B8 (n¼ 4 PBMC donors). Adjusted P value was calculated using R package DESeq2 (v1.22.2). ��, P < 0.005; ��� , P < 0.0005;
���� , P < 0.0001; n.s., not statistically significant.
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T-cell cocultures. We cultured autologous CD8þ T cells isolated from
healthy human PBMCs with SK-MEL-5–educated CD33þ MDSCs at
the ratio of 8:1. The cocultures were treated with isotype control
antibody hIgG4, pembrolizumab only, or anti-ILT3 antibody h52B8
(humanized IgG4 variant) only, or the combination of anti-ILT3 and
pembrolizumab. Analyses of supernatants from cocultures showed
that treatment with anti-ILT3 plus pembrolizumab caused a signifi-
cant increase in IFNg levels compared with cultures treated with either
anti-ILT3 or pembrolizumab only. We concluded that anti-ILT3
synergized with pembrolizumab to enhance effector T-cell secretion
of IFNg (Fig. 6C).

Discussion
In recent years, MDSCs have gained importance with respect to

influencing the outcome of checkpoint inhibition therapy because they
have been reported to suppress T-cell responses in patients with
cancer (6, 50). The mechanisms of their accumulation and ability to
suppress immune cell function, however, are poorly understood.
Human MDSCs comprise a diverse group of suppressive cells that
have been difficult to characterize owing to their plastic nature.

In this study, we demonstrate that highly immunosuppressive
human M-MDSCs can be generated in vitro by coculturing healthy

Figure 5.

SK-MEL-5–educated M-MDSCs differentiated in the presence of anti-ILT3 antibody c52B8 are less suppressive compared with isotype control hIgG4 antibody–
treated cells.A–D,Representative histogram showing secreted IFNg levels in anti-CD3/CD28 stimulatedM-MDSC/T-cell cocultures following treatment with isotype
control hIgG4 (light green bar) or anti-ILT3 (orange bar). The data shown are average and SD of n¼ 3 technical replicates at the level of the T-cell assay step (n¼ 4
PBMC donors), and paired t test was used to calculate P value (� , P < 0.05; �� , P < 0.005; n.s., not statistically significant).

Table 2. Effect of anti-ILT3 on the acquisition of SK-MEL-5–educated human M-MDSCs.

(4:1) T cell: MDSC ratio During differentiation (7d) During T-cell assay (3d) % Suppressiona

Anti-ILT3 7d þ IgG4 3d Anti-ILT3 IgG4 22 � 2.05
IgG4 7d þ Anti-ILT3 3d IgG4 Anti-ILT3 43 � 10.69
Anti-ILT3 10d Anti-ILT3 Anti-ILT3 17 � 3.46
IgG4 10d IgG4 IgG4 55 � 1.69

aThe data shown are average, and SD of n ¼ 3 technical replicates at the level of the T-cell assay step. (n ¼ 2 PBMC donors).
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human PBMCs with a tumor cell line SK-MEL-5. The SK-MEL-5–
educated M-MDSCs exhibited decreased cell surface expression of
HLA-DR and the ability to functionally inhibit CD8þT-cell activation
and proliferation.

Moreover, in our study, SK-MEL-5–educatedM-MDSCs expressed
VEGFR1 and MMP9, essential mediators of neoangiogenesis and
tissue invasion at the tumor site. This supports findings from previous
studies stating that MDSCs are capable of supporting tumor growth

Figure 6.

Anti-ILT3 combineswith pembrolizumab in reversingM-MDSC–induced T-cell suppression.A,Analysis of PD1 expression on CD8þT cells analyzed by flow cytometry
MFI (mean fluorescence intensity), following stimulation with anti-CD3/CD28 beads. B, Analysis of PD-L1 expression on CD8þT cells analyzed by flow cytometry
(MFI) following stimulation with anti-CD3/CD28 beads. C, Representative histogram showing secreted IFNg levels in anti-CD3/CD28 stimulated M-MDSC/T-cell
cocultures following treatment with hIgG4 (gray bar) or pembrolizumab (light green bar) or anti-ILT3 antibody h52B8 (dark green bar), or combination of anti-ILT3
h52B8 and pembrolizumab (orange bar). Data are representative of 4 PBMC donors. The results are expressed as average� SD from four technical replicates in each
experiment, and one-way ANOVA followed by Tukey multiple-comparisons test was used to calculate P value (� , P < 0.05; ��� , P < 0.0005; ���� , P < 0.0001).
D, Proposed potential mechanism of MDSC-mediated T-cell suppression through ILT3 (LILRB4). Tumor-derived factors induce differentiation of monocytes to
immunosuppressive MDSCs. Tumor-educated MDSCs express inhibitory receptor ILT3-promoting myeloid cell tolerance and immunosuppression. Targeting ILT3
can reprogram inhibitory tumor-associated suppressive myeloid cells into anticancer immune response stimulators.
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through remodeling of the TME (5, 16, 17). Emerging data indicates
that MDSCs can confer resistance to antiangiogenic therapies (51).
Recent studies have shown a decrease in the number of circulating
MDSCs that were found in patients with cancer, when treated with
sunitinib, a multikinase inhibitor with antiangiogenic activity (52). It
has been demonstrated in preclinical studies that sunitinib can deplete
MDSCs both in circulation and in tumors (53).

Activation of immune cells involves a cascade of signaling events
downstream of receptor engagement with the appropriate ligand(s).
Receptor activity is often controlled by the presence of cytoplasmic
immunoreceptor tyrosine-based activation or inhibitory motifs
(ITAMs or ITIMs). A class of surface receptors belonging to the
immunoglobulin superfamily called the ILTs or LILRs have been
reported to be regulated in a similar way. One such family member,
ILT3, is expressed onmyeloidAPCs and has been shown to function as
an inhibitory receptor owing to the putative ITIMs on its cytoplasmic
tail. Particularly in the context of cancer, ILT3 has been reported to be
expressed by tolerogenic dendritic cells (DC) and MDSCs and neg-
atively correlates with patient survival (29). The main mechanisms
reported to date are T-cell suppression and induction of regulatory T
cells (54–57). In line with these findings, we show for the first time that
SK-MEL-5–educatedM-MDSCs express high levels of the immunoin-
hibitory receptor ILT3.

Our data show that ILT3 antagonism by a specific mAb promotes
inflammatory responses and mature phenotypes in SK-MEL-5–
educated M-MDSCs. We found that TNFa levels in PBMC and
SK-MEL-5 coculture supernatant were higher after treatment with
anti-ILT3 compared with isotype control antibody (Fig. 4C). This
observation was consistent with a more activated, less suppressive
phenotype of the anti-ILT3–treated M-MDSCs. ILT3 blockade
decreased the expression of suppressive molecules CD163 and IL10
while promoting activation marker CD86 in SK-MEL-5–educated M-
MDSCs during differentiation, suggesting that ILT3 antagonismdrives
MDSCs toward a mature activated phenotype. It appears that STAT1
levels are downregulated following treatment with anti-ILT3 in SK-
MEL-5–educated M-MDSCs (Fig. 4K), and this trend has been
proposed to have a role in MDSC accumulation in tumors. Hix and
colleagues reported that ectopic overexpression of constitutively active
STAT1 in breast cancer cells promoted infiltration of MDSCs and
inhibition of tumor-specific T cells, resulting in aggressive tumor
growth in tumor-transplanted, immune-competent mice (43). In
addition, ILT3 antagonism partially reversed the immunosuppressive
functions of SK-MEL-5–educated M-MDSCs across donors. Two
recent studies have shown similar findings in AML, in which ILT3-
mediated T-cell suppression was reversed by anti-ILT3 blocking
antibodies (58, 59). Most importantly, we showed that ILT3 antago-
nism in combination with anti-PD1 enhanced T-cell activation as
assessed by IFNg secretion in vitro. It would be interesting to further
explore anti-ILT3 in combination with chemotherapies, T-cell and
myeloid checkpoint blockers, and other immune therapies. In addi-
tion, we found that CCL22 expression was elevated in SK-MEL-5–
educated M-MDSCs compared with monocytes. Recent studies have
shown that regulatory T cells are recruited through CCL22/CCR4 in
tumors resulting in the prevention of effector T-cell activation,

immune escape, and tumor progression (60). Because the expression
of CCL22 is further increased in SK-MEL-5–educated M-MDSCs
following treatment with anti-ILT3, maybe blockade of CCL22 in
combination with anti-ILT3 and anti-PD1 would increase the number
of tumor infiltrating activated CD8þT cells and improved antitumor
immune responses. This combination will be tested in the future.

From this study, we are able to propose a model for the induction
and function of monocytic MDSCs generated in tumors (Fig. 6D).
This model embodies a role for tumor-derived cytokines, the inhib-
itory receptor ILT3, and signaling of the suppressive molecules IL10,
CD163, and STAT1 in myeloid cells. We further show that ILT3
blockade inhibits the acquisition of the suppressive phenotype of
tumor-educated M-MDSCs. Blockade of ILT3 can reprogram immu-
nosuppressive tumor-associatedM-MDSCs to an immunostimulatory
phenotype and can be used in combination with checkpoint blockade
to improve the therapeutic outcome through modulation of the TME.
Finally, we suggest that the model of primary human M-MDSCs
described in this study is a useful platform for studying novel ther-
apeutic strategies focusing on M-MDSC–related effects in cancer.
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