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ABSTRACT
Tumors are infiltrated by cells of the immune system that interact through complex regulatory networks.
Although tumor-specific CD8C T cells can be found in peripheral blood and tumor samples from cancer
patients, their function is inhibited by immunosuppressive cells such as regulatory T cells, tumor-
associated macrophages, and myeloid-derived suppressor cells (MDSC). Recent clinical successes have
demonstrated that alleviating immunosuppression and T cell exhaustion translates into long-term clinical
benefits. Although tremendous progress has been achieved, tools that afford unbiased approaches and
screenings to uncover new potential inhibitors or gene targets are lacking. In this study, we describe a
system based on immortalized progenitors that allows straightforward investigation of myeloid cells. We
show that bone marrow progenitors immortalized through the transduction of NUP98-HOXB4 transgene
can be differentiated into CD11bCGr-1C MDSC that express Arginase-1 and PD-L1, produce reactive
oxygen and nitrogen species, and suppress T cell function in vitro. To uncover chemical probes that
interfere with MDSC biology, we performed a chemical phenotypic screening and identified
3-deazaneplanocin A as a novel modulator of MDSC functions. We characterized and compared the effect
of 3-deazaneplanocin-A and all-trans retinoic acid, a well-known modulator of MDSC activity, on the
expression of effector molecules and immunosuppressive functions of MDSC. Altogether, this proof-of-
principle opens new possibilities for the identification of drugs targeting myeloid cells with
immunosuppressive activities.

Abbreviations: DZNep, 3-Deazaneplanocin A; MDSC, myeloid-derived suppressor cells; RA, retinoic acid; ROS,
reactive oxygen species; RNS, reactive nitrogen species
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Introduction

Solid tumors are infiltrated by CD8C T cells that are specific for
mutated or overexpressed (germline) self-antigens presented by
cancer cells.1-3 Tumor-specific T cells can be engaged for thera-
peutic purposes through autologous transfer,4,5 engineering,6-8

vaccination,9,10 or administration of antibodies directed against
negative immune check point molecules such as cytotoxic
T-lymphocyte-associated protein-4 (CTLA-4),11 programmed
cell death protein-1 (PD-1)12 or programmed death-ligand 1
(PD-L1).13 Accumulating data suggest that a critical determi-
nant of therapeutic success is to overcome tumor-dependent
immunosuppression.14-17 Tumor-infiltrating T cells not only
encounter a hostile microenvironment characterized by low
oxygen and glucose conditions18,19 but also active suppression
by cells like regulatory T cells, tumor-associated macrophages
or myeloid-derived suppressor cells (MDSC).20,21

MDSC are a heterogeneous population of immature myeloid
cells inhibiting antitumor reactivity of T and NK cells.14,22

MDSC are absent under physiological conditions but are

increased in tumor lesions and lymphoid organs of tumor-bear-
ing mice or cancer patients.23 Interestingly, increase in MDSC
frequencies correlates with the disease stage.1,23,24 In mice,
MDSC can be phenotypically identified by CD11b and Gr-1
expression, and subdivided in polymorphonuclear (PMN) and
monocytic cells that are Ly6GCLy6Clow and Ly6G¡Ly6Chigh,
respectively.25 Functionally, MDSC are characterized by
increased arginase activity, PD-L1 expression, NADPH-oxidase
and inducible nitric oxide synthase activity (iNOS/Nos2) along
with an increased production of reactive oxygen/nitrogen spe-
cies (ROS/RNS),25-27 all of which have been shown to contribute
to their ability to suppress T cells.20 The development of func-
tional MDSC has been shown to require the activity of several
transcription factors, including C/EBPb,27,28 signal transducer,
and activator of transcription (STAT)20,29-32 as well as hypoxia-
inducible factor 1-a (HIF1-a).20,33 Importantly, numerous stud-
ies in mice have shown that the depletion of MDSC or interfer-
ence with their immunosuppressive activity improves antitumor
response and delays tumor growth.20,21,34-36 Nevertheless,
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although several compounds have been shown to decrease
MDSC frequencies in the peripheral blood and to restore T cell
functions measured ex vivo,37,38 only marginal clinical benefit if
any has been observed.

The discovery of drugs or target genes to alleviate immuno-
suppression will benefit from the use of unbiased approaches
such as chemical or genetic screenings. Although mouse and
human myeloid cell lines can be cultured and manipulated
readily, they lack differentiation potential and only poorly
reproduce the function of primary cells. MDSC and related
suppressive cells can be differentiated from bone marrow pre-
cursor in vitro using GM-CSF and IL-627 or isolated from can-
cer patients or tumor-bearing mice.32 However, only limited
number of these cells can be isolated ex vivo; they are highly
heterogeneous and cannot be easily manipulated genetically or
kept in culture. Interestingly, several studies have reported that
immortalized hematopoietic progenitors could be cultivated in
vitro, while retaining differentiation potential both in vitro and
in vivo.39,40 The use of immortalized progenitors should
facilitate the investigation of myeloid cell development through
chemical or genetic screenings.

In this study, we show that hematopoietic progenitors
immortalized using a NUP98/HOXB4 transgene (referred to as
“NUP” cells hereafter)39 can be differentiated into immunosup-
pressive MDSC and compare their phenotype and function to
MDSC differentiated from freshly isolated bone marrow.27

Through a phenotypic screening, we identified 3-deazaneplano-
cin A (DZNep) as a novel inhibitor of MDSC development and
function. We characterized and compared the effect of DZNep
as well as all-trans retinoic acid (RA)38,41 on MDSC develop-
ment and function. We demonstrate that both compounds
interfere differently with the expression of key transcription
factors and effector molecules, thereby, inhibiting MDSC
functions in a qualitatively different manner.

Results

NUP98/HOXB4 transduced murine progenitor cells can be
differentiated into fully functional MDSC

It was previously shown that hematopoietic progenitors trans-
duced with NUP98/HOXB4 fusion product could be kept in
culture while retaining in vitro and in vivo differentiation
potential.39 To investigate whether NUP cells could be differen-
tiated into MDSC, we monitored cells differentiation in the
presence of GM-CSF and IL-6 compared with bone marrow
cells.27 We analyzed expression of markers for MDSC (CD11b,
Gr-1, Ly6C, and Ly6G)25 as well as for dendritic cells (DCs)
(MHCII and CD11c) (Fig. 1A). At day 0, only a minority of
NUP cells expressed MDSC markers in contrast to bone mar-
row cells, which already contained a significant proportion of
CD11bCGr-1C granulocytic cells. After 4 d, a similar propor-
tion of differentiating NUP and bone marrow cells expressed
CD11b and Gr-1, although fewer NUP cells expressed Ly6G
compared with bone marrow cells (10.6% vs. 23.2%) (Fig. 1A,
middle panels). After 7 d of differentiation, the percentage of
CD11bCGr-1C cells decreased, whereas the proportion of
mature DCs increased (Fig. 1A, lower panels). A hallmark of
MDSC differentiation is the upregulation of IL-4Ra, STAT

signaling as well as the downregulation of IRF8.25,32 STAT sig-
naling occurred in both NUP and bone marrow cells as shown
by STAT3 and STAT5 phosphorylation (Fig. 1B). Similarly, we
observed an increase in IL-4Ra expression (Fig. 1C) as well as a
downregulation of IRF8 compared with DCs (Fig. 1D). Fur-
thermore, upon differentiation, NUP and bone marrow cells
produced increasing amount of ROS and RNS (Fig. 1E) and
upregulated arginase activity (Fig. 1F). Differentiated NUP and
bone marrow cells expressed MDSC-associated molecules
S100A8/S100A9 and secreted VEGF (Fig. 1G and H) albeit in
different amount or kinetic. Neither IL-10 nor TGFb could be
detected in the supernatant of differentiated NUP or bone mar-
row cells (data not shown). To investigate whether MDSC dif-
ferentiated from NUP cells were able to suppress T cell
proliferation and cytokine production, we stimulated CD8C T
cells in the presence or absence of undifferentiated NUP cells
or cells differentiated for 4 d with GM-CSF/IL-6 at different
cell to cell ratios and analyzed T cell proliferation as well as
IFNg and TNFa production (Fig. 2). Stimulated T cells did
proliferate extensively and secreted IFNg and TNFa, whereas
unstimulated T cells did not. NUP cells did not impair T cell
proliferation or cytokine production, whereas addition of
NUP-derived MDSC at a 1:1 ratio led to a strong suppression
of T cell proliferation (Fig. 2A) and a significant reduction in
IFNg and TNFa secretion (Fig. 2B) despite a clear increase in
cell size suggesting stimulation-induced blasting (Fig. 2A).
Increasing T cell to MDSC ratios led to a progressive loss of
T cell suppression.

Altogether, the differentiation of NUP cells with GM-CSF
and IL-6 for 4 d led to differentiation of Gr-1CCD11bC

MDSC-like cells (referred to as “NUP-MDSC” hereafter),
which phenotype and function very closely resemble MDSC
differentiated from bone marrow cells (“BM-MDSC”
hereafter).27

A phenotypic chemical screening identifies epigenetic
compounds that interfere with MDSC development

Several compounds have been shown to interfere with MDSC
development or suppressive function including RA,38,41 25-
hydroxyvitamin D3,42 tyrosine-kinase inhibitor sunitinib37 or
phosphodiesterase-5 inhibitors.43,44 A vast majority of these com-
pounds have been identified through hypothesis-driven
approaches; nevertheless, the use of scalable unbiased strategies
would accelerate the identification of potential drugs that modu-
late MDSC function. We explored the possibility of using the dif-
ferentiation of NUP cells into MDSC as a phenotypic screening
platform for the identification of potential drugs that modulate
MDSC function. To investigate whether functional changes cor-
relate with phenotypic ones, we characterized NUP-MDSC phe-
notype upon differentiation in the presence of RA that is known
to interfere with MDSC development.38,41 Since treatment with
RA led to clear alterations of the expression of Gr-1 (Fig. 3A),
we hypothesized that new inhibitors of MDSC biology could be
identified based on their ability to alter MDSC phenotype.
Therefore, we studied the differentiation of NUP cells into
MDSC in the presence of DMSO, RA or 95 compounds that tar-
get epigenetic regulators (Table S1), postulating that interfering
with epigenetic changes might lead to more drastic alterations
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during cell differentiation. A majority of these compounds target
class I and II histone deacetylases (HDAC) or enzymes mediat-
ing other DNA-modifications (methylation and acetylation)
(Fig. 3B). At 1 mM, 14 compounds showed high, 2 medium,
and 6 low toxicity, whereas the other 73 were not toxic

(Fig. 3C). To investigate if the phenotype of NUP-MDSC was
altered by the treatment with the compounds, we monitored the
expression of Gr-1, CD11b, F4/80, and MHCII as well as for-
ward scatter (FSC) and side scatter (SSC) parameters (Fig. 3D).
Based on changes in the expression of Gr-1, CD11b, F4/80 and

Figure 1. (For figure legend, see page 4.)
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MHCII, we selected 15 compounds (Fig. 3E) for additional anal-
ysis. Some compounds altered NUP-MDSC phenotype only
moderately, whereas others (Neplanocin A, DZNep, SAHA, and
Sod.-4-P.) significantly changed Gr-1 expression (Figs. 3E and
S1). We next analyzed the effect of these selected compounds on
arginase activity (Fig. 4A). As compared with DMSO, RA treat-
ment induced a strong increase (3.2-fold) in its activity, whereas
six compounds (2-PCPA, DZNep, M344, SAHA, Scriptaid, and
Sod.-4-P.) showed a significant reduction by 40–80%. To investi-
gate if the selected compounds interfered with the inhibition of
T cell stimulation, we compared suppressive activity of NUP-
MDSC differentiated in the presence of DMSO, RA or indicated
compounds. As shown in Fig. 3B, differentiation of NUP-MDSC
in the presence of RA or DZNep interfered with the ability of
cells to suppress IFNg secretion by stimulated T cells, whereas
other compounds had moderate (Neplanocin A and Sod.-4-P.)
or no effect (Fig. 4B). However, none of the tested compounds
altered MDSC-mediated suppression of TNFa secretion by
T cells (Fig. 4C). Finally, RA-treated NUP-MDSC did not inhibit
T cell proliferation, whereas DZNep-treated NUP-MDSC only
partially suppressed T cell proliferation (Fig. 4D). To exclude
that this newly identified compound inhibits the differentiation
of NUP-MDSC only, we investigated the effect of DZNep on
BM-MDSC differentiation. Our results demonstrate that DZNep
affected BM-MDSC differentiation, as shown by changes in Gr-1
expression and an increase in the percentage of CD11b¡Gr-
1¡cell (Fig. 5A). Importantly, DZNep reduced the ability of BM-
MDSC to suppress T cell proliferation (Fig. 5B) and IFNg secre-
tion (Fig. 5C). Moreover, DZNep decreased the proliferation of
NUP- and BM-cells during the differentiation in a similar fash-
ion (Fig. 5D).

Overall, the phenotypic screening presented here uncovered
newly identified compounds that alter MDSC phenotype as
well as arginase function. Importantly, DZNep inhibited the
ability of MDSC to suppress IFNg production by activated T
cells.

DZNep and RA interfere with the expression of suppressive
molecules in MDSC in a different manner

RA is a metabolite of vitamin A that plays an important role in
development and cell differentiation. DZNep inhibits S-adeno-
syl-L-homocysteine hydrolase.45 It induces accumulation of
S-adenosyl-L-homocysteine, a by-product of S-adenosyl methi-
onine (SAM)-dependent methylation, thereby, inhibiting meth-
yltransferases.45,46 It has also been shown to deplete EZH2
levels, thereby, inhibiting trimethylation of lysine 27 on histone

H3 by blocking the polycomb-repressive-complex 2 in primary
AML cells in a dose-dependent manner (0.2–1 mM).47,48

Although both RA and DZNep inhibit MDSC suppressive
functions, they did so in a qualitative and quantitative different
manner (Fig. 4B and D). It has been proposed that RA inhibits
suppressive activity of myeloid cells by inducing their matura-
tion into cells that sustain T cell activation such as DCs.38,41 To
test this hypothesis, we compared the suppressive activity of
NUP-MDSC differentiated in the presence of DMSO or RA for
4 or 7 d. The incubation of NUP cells with GM-CSF and IL-6
in the presence of RA did not induce the differentiation of a
higher proportion of mature CD11cCMHCIIC DCs compared
with DMSO (Fig. 6A). Although cells treated for 4 d with RA
partially lost suppressive activity, control cells differentiated for
7 d, which contained mature DCs, suppressed T cell prolifera-
tion (Fig. 6B). These results suggest that RA does not alter sup-
pressive functions by inducing the maturation of immature
myeloid cells into DCs. In order to investigate how RA and
DZNep interfered with MDSC properties, we monitored the
expression of inhibitory effector molecules as well as ROS and
RNS. The differentiation of NUP cells into MDSC led to pro-
gressive upregulation of Cd274 (PD-L1) at RNA and protein
levels (Fig. 6C). Although PD-L1 expression was unaffected by
RA or DZNep treatment during the first 4 d of differentiation
(Fig. 6C), RA- and DZNep-treated NUP-MDSC expressed 2-
to 5-fold less PD-L1 on their surface at day 7. Analysis of
Cd274 mRNA expression by real-time (RT)-PCR (Fig. 6C) sup-
ported this finding. RNS and ROS production of DMSO-
treated NUP-MDSC increased over time (Fig. 6D and E) but
the differentiation of NUP cells into MDSC in the presence of
RA and DZNep led to a decrease in RNS and ROS production.
To investigate how RA and DZNep affected the intracellular
ROS concentration, we analyzed the expression of proteins of
the NADPH-oxidase complex involved in ROS production49

and enzymes regulating the ROS clearance. Neither P47phox
nor Gp91phox or Sod expression was altered by RA or DZNep
(data not shown), but the transcripts for thioredoxin (Txn) and
thioredoxin-interacting-protein (Txnip) were significantly
increased and decreased respectively in DZNep-treated cells
(Fig. 6F), indicating an increased ROS-clearance. As the RNS-
levels were reduced in RA- and DZNep-treated NUP-MDSC
we also investigated the production of NO, which in MDSC, is
mainly produced by iNOS (Nos2). Nos2 was strongly induced
during NUP-MDSC development when incubated with DMSO
(100-fold), whereas RA-treated NUP-MDSC already showed
reduced onset of mRNA expression (48-fold) (Fig. 6F). DZNep
treatment completely blocked Nos2 mRNA upregulation,

Figure 1. (see previous page) NUP cells can be differentiated into MDSC. NUP cells or freshly isolated BM cells were incubated for 0, 4, or 7 d with 20 ng/mL GM-CSF and
20 ng/mL IL-6. (A) Phenotypic characterization of the NUP- and BM-cell differentiation process for Gr-1 vs. CD11b, MHCII vs. CD11c and Ly6C vs. Ly6G. FACS dot plots are
shown for NUP cells or freshly isolated BM cells (day 0) and cells differentiated for 4 or 7 d, respectively. Day 4 NUP-derived cells were used for the unstained control dot
plot. One representative experiment out of four independent experiments is presented. (B) Histograms are showing the amount of phosphorylated STAT3 or STAT5 for
NUP- or BM-derived MDSCs on days 0, 4, and 7. One representative experiment out of four independent experiments is presented. (C) Histograms are showing the expres-
sion of IL-4Ra for NUP- or BM-derived MDSCs on days 0, 4, and 7. One representative experiment out of four independent experiments is presented. (D) IRF8 expression of
NUP- or BM-derived DC (CD11cCMHCIIC) and MDSC (Gr-1CCD11bC) was detected by FACS staining. The bar diagram represents the mean of mean fluorescent intensity§
SD of four independent experiments. (E) ROS/RNS production by NUP- or BM-derived cells differentiated for 0, 4, and 7 d. The bars are expressed as x-fold of day 4 NUP-
derived MDSC and represent mean of mean fluorescent intensity § SD of four independent replicates. (F) Arginase activity was measured in protein lysates of NUP- or
BM-derived cells differentiated for 0, 4, and 7 d. The enzymatic activity was normalized to protein content (U/mg protein). (G) S100A8 and S100A9 protein levels were
analyzed in protein lysates of NUP- or BM-derived cells differentiated for 0, 4, and 7 d by Western blot analysis. A representative experiment out of 4 independent experi-
ments is presented. (H) VEGF protein levels were analyzed in supernatant of NUP- or BM-derived cells differentiated for 4 d with ELISA. The bar diagram represents the
mean § SD of four independent experiments in pg/mL. Asterisks represent statistical significance (two-tailed t-test with Welch’s correction) with ns: not significant,
�p < 0.05; ��p < 0.01; ���p < 0.001.
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supporting the observed reduced RNS production in DZNep-
treated NUP-MDSC. MDSC have been shown to inhibit T cell
proliferation by depleting nutrients from the extracellular envi-
ronment including amino acids, a process that requires import
of amino acids and their sequestration and/or enzymatic degra-
dation.50-52 In fact, the ability of MDSC to deplete arginine and
suppress T cells has been shown to be critically dependent on
the expression of the cationic amino acid transporter CAT2
(Slc7a2).53 Likewise, MDSC have been shown to deplete cyste-
ine by importing cystine through system Xc

¡ transporter,54,55

composed of 4F2hc and xCT (Slc7a11).56 The expression of
both Slc7a2 and Slc7a11 increased upon NUP-MDSC differen-
tiation (Fig. 7A and B). RA treatment did not affect Slc7a2
expression (Fig. 7A) but induced a strong decrease in Slc7a11
expression (Fig. 7B). In contrast, differentiation of NUP-
MDSC together with DZNep had a moderate impact on Slc7a2
expression (Fig. 7A) and no effect on Slc7a11 expression
(Fig. 7B). To investigate whether arginine and/or cysteine/cys-
tine depletion by NUP-MDSC inhibited T cell activation, we
incubated CD8C T cells together with NUP-MDSC and
medium supplemented with extra arginine or cysteine. Only
the addition of cysteine rescued T cell proliferation (Fig. 7C)

while supplementation with neither of the amino acids rescued
IFNg secretion (Fig. 7 D). In summary, RA and DZNep affect
the expression of NUP-MDSC effector molecules in a different
manner, including transporter and enzymes involved in amino
acid metabolism, and therefore impact NUP-MDSC
suppressive activity in a contrasting fashion.

DZNep alters expression of MDSC master regulators

MDSC differentiation and suppressive function have been shown
to be dependent on C/EBPb27,28, HIF1-a,33,57 and STAT29-32

transcription factors. Indeed, cells deficient for either of these
genes lack suppressive activity. Similarly, enforced expression of
IRF8 was shown to inhibit MDSC functions.32 We hypothesized
that deregulation of MDSC effector molecules and suppressive
functions might be due to alteration of the expression of key
transcription regulators. Our results show that C/EBPb expres-
sion was decreased upon DZNep treatment whereas RA had no
effect (Fig. 8A). Furthermore, DZNep treatment led to a decrease
in Hif1a transcription (Fig. 8B, left). HIF1-a protein is regulated
in a post-translational manner. It is kept at low levels at nor-
moxia through degradation and accumulates during hypoxia.33,57

Figure 2. NUP-MDSCs suppress T cell proliferation and cytokine production. (A) CFSE-histograms are shown for unstimulated and stimulated CD8C T cells that were incu-
bated for 3 d with or without NUP cells or MDSC at indicated ratios. Dot plots show FSC-A vs. SSC-A gated on CD8C T cells that did not proliferate based on CFSE staining
(unstimulated T cells: black, T cells co-cultured with MDSC at a 1:1 ratio: gray). The histograms are representative of four independent experiments. (B) IFNg and TNFa
concentrations in the supernatant of unstimulated and stimulated CD8C T cells, incubated with or without NUP cells or NUP-MDSC for 3 d, were analyzed by ELISA. Results
were normalized to 1:1 (T:MDSC) ratio as indicated by the black bar and the dotted line. Asterisks represent statistical significance (two-tailed t-test with Welch’s
correction) with ns: not significant, �p < 0.05; ��p < 0.01; ���p < 0.001.
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Figure 3. A NUP cell-based phenotypical screening identifies several epigenetic compounds that interfere with MDSC development. (A) NUP cells and NUP-MDSC incu-
bated with DMSO or retinoic acid (RA) for 4 d were characterized by FACS for surface expression of Gr-1, CD11b, MHCII, F4/80, CD11c, CD40, CD80, and CD86. Day 4 cells
were used for the unstained control. The histograms are representative of six independent experiments. (B) Pie chart of the main target classes of the used compounds.
(C, D) NUP cells were incubated for 4 d with 20 ng/mL GM-CSF and 20 ng/mL IL-6 in the presence of 0.1% DMSO or compounds at 1 mM. (C) Living cells counts were mea-
sured upon control (DMSO) or compound treatment after 4 d. Data are normalized to DMSO control (n D 6). Histogram shows number of compounds (indicated above)
showing high (< 30%), medium (30–60%), low (60–90%), or no toxicity (> 90%). (D) The mean fluorescence intensity values for Gr-1, CD11b, MHCII, F4/80, and FSC/SSC
were analyzed for NUP cells and day 4 NUP-MDSC, incubated with DMSO, RA, or tested compounds (Table S1), and normalized to DMSO-treated NUP-MDSC. The heatmap
shows the impact of compound on indicated readout (% to control, decreased: red, increased: green). Mean of six values from two independent experiments. (E) NUP cells
without treatment (NUP) or NUP cells, incubated with 20 ng/mL GM-CSF, 20 ng/mL IL-6 and 0.1% DMSO, 1 mM RA or indicated compounds (2-PCPA, M344, SAHA, Scrip-
taid, Sodium-4-Phenylbutyrate: 1 mM, Neplanocin-A, DZNep, MS-275: 0.1 mM) for 4 d were characterized by FACS for surface expression of Gr-1 and CD11b. The dot plots
are representative of six independent experiments.

e1258503-6 M. SCHR€ODER ET AL.



To investigate whether decrease in the Hif1a transcript would
affect protein accumulation during hypoxia, we differentiated
NUP cells into MDSC for 3 d in the presence or absence of RA
or DZNep and kept cells at normoxia or hypoxia for additional
20 h. Our results demonstrate that the level of HIF1-a in
DMSO- and RA-treated NUP-MDSC increased upon hypoxia
(Fig. 8B, right). In contrast, DZNep-treated cells failed to upregu-
late HIF1-a level (Fig. 8B, right). Nevertheless, DZNep did not
inhibit hypoxia-mediated upregulation of HIF1-a in B16 or LLC
cells suggesting cell-specific inhibition (data not shown). Finally,
DZNep had no significant effect on STAT3 phosphorylation but
increased the level of STAT5 phosphorylation and slightly down-
regulated IRF8 expression (Fig. 8C and D). Altogether, DZNep
treatment decreased the expression of MDSC master regulators
C/EBPb and HIF1-a but not proximal STAT signaling.

Discussion

In this work, we differentiated immortalized bone marrow
progenitors (NUP cells) into cells displaying all features of
MDSC including (1) upregulation of the master regulators
C/EBPb and HIF1-a; (2) expression of MDSC

immunosuppressive molecules such as PD-L1, Arginase-1,
arginine (CAT2), and cystine (xCT) transporters as well as
ROS and RNS; and (3) suppression of T cell proliferation and
cytokine production upon stimulation. In fact, all MDSC
characteristics could be switched on in a quasi-digital manner
when NUP cells were cultured in the presence of GM-CSF
and IL-6. These cells very closely resembled BM-MDSC coun-
terpart with very few noticeable differences including a lower
proportion of PMN-MDSC. The system has several advan-
tages. First, it provides a convenient and almost unlimited
source of progenitor cells that can be differentiated into sev-
eral myeloid cell subsets.39 Second, NUP cells are significantly
more homogenous as compared with mouse bone marrow
progenitors. Third, NUP cells can be manipulated genetically
far more easily than bone marrow cells (antibiotic selection,
expansion, etc.) and are therefore better suited for screening
purposes. We used this system to perform a screening using
95 compounds targeting epigenetic regulators. Phenotypic
alterations were clearly noticeable in the case of RA treatment
and subtler for several other compounds but could altogether
be easily identified using simple metrics such as mean fluores-
cence intensity or percentage positive cells (e.g., CD11b and

Figure 4. 3-Deazaneplanocin A and RA interfere with MDSC suppressive activity. (A) Arginase activity measured in lysate of NUP cells or NUP-MDSC differentiated in the
presence of DMSO, 1 mM RA, or indicated compounds (2-PCPA, M344, SAHA, Scriptaid, Sodium-4-Phenylbutyrate: 1 mM, Neplanocin-A, DZNep, MS-275: 0.1 mM) for 4 d.
Arginase activity was normalized to DMSO-treated NUP-MDSC (dotted line). (B) IFNg and (C) TNFa concentrations in the supernatant of unstimulated and stimulated
CD8C T cells, incubated with or without NUP cells or NUP-MDSC for 3 d, were analyzed by ELISA. NUP-MDSC were differentiated by adding 20 ng/mL GM-CSF, 20 ng/mL
IL-6 and DMSO or the indicated compounds to NUP cells for 4 d. Results were normalized to DMSO-treated NUP-MDSC (dotted line). (D) CFSE-histograms are shown for
unstimulated and stimulated CD8C T cells that were incubated for 3 d with or without NUP cells or NUP-MDSC as indicated. NUP-MDSC were treated with DMSO, 1 mM
RA, or 0.1 mM DZNep for 4 d prior to T cell co-culture. Histograms are representative of six independent experiments. Asterisks represent statistical significance
(two-tailed t-test with Welch’s correction) with ns: not significant, �p < 0.05; ��p < 0.01; ���p < 0.001.
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Gr-1). In fact, the nature of the data lends itself to more
sophisticated computer-assisted analytical methods.

Our screening identified DZNep as a new inhibitor of MDSC
immunosuppressive functions. We showed that RA and DZNep
interfere with the ability of MDSC to suppress T cell activity in
a different manner. RA treatment impaired predominantly
T cell proliferation suppression, whereas DZNep treatment
reduced the inhibition of IFNg secretion. These findings high-
light the multiplicity of suppression mechanisms and the fact
that they may affect T cells in a different manner. Our results
suggest that suppression occurs downstream of TCR signaling
as T cells did blast in the presence of MDSC but neither prolif-
erated nor produced cytokines. RA and DZNep treatment both
affected the expression of PD-L1 as well as ROS/RNS produc-
tion, although to a different extent. However, the compounds
altered amino acid transporter (CAT2/Slc7a2, xCT/Slc7a11) and
metabolic enzyme (Arg1, Nos2) expression in a different fashion.
Interestingly, RA but not DZNep decreased cystine transporter
expression (Slc7a11). Furthermore, the addition of cysteine to
T cell/MDSC co-culture rescued T cell proliferation but not
cytokine production. This finding might suggest that the conse-
quence of cysteine depletion affects mostly cell proliferation
rather than cytokine production. Similarly, others have shown
that increase of cysteine availability in the medium rescued
3H-thymidine uptake by T cells and hence proliferation.55

We conclude that RA and DZNep inhibit MDSC function
through downregulation of several key effector molecules as
well as master regulators (Cebpb, Hif1a) in the case of DZNep
treatment. It may be tempting to postulate that RA induces an
alternative pathway of differentiation given the drastic changes
in phenotype whereas DZNep prevents full differentiation into
MDSC by downregulating master regulators. Nevertheless, the
precise mechanism, by which compounds modify the expres-
sion of those genes, remains unknown. RA and DZNep treat-
ments are likely to induce a differential expression of numerous
genes in a direct and indirect fashion. Not surprisingly, the
inhibition of DNA methyltransferase activity by DZNep has
been shown to have pleiotropic effects on anti-tumor responses
as reported by several independent studies.46,47,58,59 5-aza-2-
deoxycytidine (5-AZA-dC) and DZNep have been shown to
improve anti-tumor response by increasing CXCL9 and
CXCL10 expression in cancer cells and tumor infiltration by T
cells60 or by inducing type I or III interferon responses through
reactivation of endogenous retrovirus transcription.61,62 On the
other hand, EZH2 deletion or inhibition has been reported to
negatively impact cytokine production and T cell survival.63

These contrasting results highlight many ways in which
epigenetic regulators can impact the immune system.

Taken together, small molecule inhibitors are likely to be
less specific than monoclonal antibodies; nevertheless, they

Figure 5. DZNep interferes with BM-MDSC suppressive functions. (A) Phenotypic characterization of NUP- and BM-cells incubated for 4 d with 0.1% DMSO or 0.1 mM
DZNep. FACS dot plots are shown for Gr-1 vs. CD11b and Ly6C vs. Ly6G. One representative experiment out of four independent experiments is shown. (B) CFSE-histo-
grams are shown for unstimulated and stimulated CD8C T cells that were incubated for 3 d with or without NUP cells, NUP-MDSC or BM-MDSC as indicated. Histograms
are representative of four independent experiments. (C) IFNg concentrations in the supernatant of unstimulated and stimulated CD8C T cells, incubated with or without
NUP cells, NUP-MDSC or BM-MDSC for 3 d, were analyzed by ELISA. Results were normalized to DMSO-treated NUP-MDSC (dotted line). (D) The impact of DZNep on the
proliferation of NUP-MDSC and BM-MDSC was analyzed by counting the number of cells after the 4-d differentiation process normalized to the input. The bar diagram
shows the mean § SD of four independent experiments. Asterisks represent statistical significance (two-tailed t-test with Welch’s correction) with ns: not significant,
�p < 0.05; ��p < 0.01; ���p < 0.001.
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offer greater possibilities in the number and subcellular locali-
zation of potential targets. The identification of compounds
that can modulate cell differentiation or function for the

purpose of immunotherapy requires the establishment of scal-
able assays. This study demonstrates the feasibility of such
approaches.

Figure 6. Effect of 3-Deazaneplanocin A and RA on PD-L1 expression, ROS/RNS production, and amino acid metabolism and transport. (A) NUP cells, incubated with 20 ng/
mL GM-CSF, 20 ng/mL IL-6 and 0.1% DMSO or 1 mM RA for 4 or 7 d were characterized by FACS for surface expression of MHCII and CD11c. Dot plots are representative of
three independent experiments. (B) The CFSE-histograms represent T cell proliferation of stimulated CD8C T cells that were incubated for 3 d with or without NUP-MDSC as
indicated. NUP-MDSC were treated during differentiation with 0.1% DMSO or 1 mM RA during the 4 or 7 d prior to - cell co-culture. Histograms are representative of three
independent experiments. (C-F) NUP cells were incubated for 0, 1, 4 or 7 d with 20 ng/mL GM-CSF, 20 ng/mL IL-6 and DMSO, 1 mM RA or 0.1 mM DZNep. (C) PD-L1 expres-
sion upon differentiation and treatment. Numbers indicate the mean fluorescence intensity (MFI) of the adjacent histogram. Histograms are representative of 3–4 indepen-
dent experiments. Corresponding Cd274 mRNA expression was measured by RT-PCR and normalized to 18s rRNA transcript level and expression level in day 4 DMSO-treated
NUP-MDSC. (D) RNS and (E) ROS production upon differentiation and treatment. Numbers indicate the mean fluorescence intensity (MFI) of the adjacent histogram. The his-
tograms are representative of 3–4 independent experiments. (F) Expression of Arg1, Txn, Nos2, and Txnip measured by RT-PCR and normalized to 18s rRNA transcript level
and expression level in day 4 DMSO-treated NUP-MDSC. Values are expressed as x-fold of day 4 DMSO and represent mean § SD of 3–4 independent replicates. Asterisks
represent statistical significance (two-tailed t-test with Welch’s correction) with ns: not significant, �p < 0.05; ��p < 0.01; ���p < 0.001.
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Materials and methods

Mice

C57BL/6j mice were maintained under specific pathogen-free
conditions in the animal facility of the University of
Heidelberg. All animal experiments were done in accordance
with German legislation governing animal studies.

Generation of NUP98/HOXB4 cells

To generate NUP98/HOXB4 cells, we used freshly isolated bone
marrow cells of C57Bl/6j mice. The bone marrow cells were
treated with ACK lysis buffer and subsequently depleted for
CD19C and Gr-1C cells with magnetic cell isolation and cell sepa-
ration (MACS). The remaining cells were cultured for 3 d in NUP
medium (see below) before using them for retroviral transduction.

The expression plasmids pSTITCH-GFP (pST-GFP), pHit60
[murine leukemia virus (MLV)-Gag/Pol], pHit123 [ecotropic
MLV envelope], as well as MLV-A [amphotropic MLV enve-
lope] were kindly provided by Reno Debets (Department of
Medical Oncology, Erasmus MC, Rotterdam, The Nether-
lands).64 To generate pST-NUP98-HOXB4-IRES-Hyg, cDNA
encoding the fusion protein NUP98-HoxB4 was amplified
from pMyc-NUP98-HOXB4-IP (kind gift from Klaus Karjalai-
nen & Antonius Rolink) and transferred into pST-GFP. Simul-
taneously, GFP was replaced by the hygromycin resistance

gene using the Gibson assembly cloning strategy (New England
BioLabs, Ipswich, USA).

MLV-based vector production was performed as described
previously.65 Virus containing supernatant was harvested after
72 h and either used immediately for transduction or stored at
¡80�C until further use.

Retroviral transduction was performed as follows: 24-well
plates were coated with 16 mg/mL RetroNectin (Takara Bio
Europe/Clontech, #T100B) for 2 h at 37�C. Subsequently, 2 mL
of virus containing medium was spun on the plates at 3200g for
1 h. Bone marrow progenitors were resuspended at
1 £ 107 cells/mL in NUP growth medium, mixed gently with
4 mg/mL polybrene (Sigma Aldrich, #107689), and 2£ 106 cells
were added per 24-well. Spin-oculation was performed at 650g
for 1 h at room temperature (RT). Two hours after transduc-
tion, the cells were washed once and resuspended in NUP
growth medium at a density of 0.5 £ 106 cells/mL. Antibiotic
selection with 300 mg/mL hygromycin B (Merck KGaA,
#400050) was performed from day 2 to day 5 after
transduction.

Cultivation of NUP98/HOXB4 cells

NUP98/HOXB4 cells were cultivated in RPMI1640 medium (Life
Technologies, 21875–034) containing 10% FBS (Life Technologies,
#10270106) 100U/mL penicillin (Life Technologies, #15140122)

Figure 7. RA and DZNep alter the expression of solute carrier that transport cystine and arginine. Expression of Slc7a2 (A) or Slc7a11 (B) was measured by RT-PCR in NUP
cells incubated for 0, 1, 4, or 7 d with 20 ng/mL GM-CSF, 20 ng/mL IL-6 and DMSO, 1 mM RA or 0.1 mM DZNep. Results were normalized to 18s rRNA transcript level and
expression level in day 4 DMSO-treated NUP-MDSC. Values are expressed as x-fold of day 4 DMSO and represent mean § SD of 3–4 independent replicates. (C) Prolifera-
tion and (D) IFNg secretion of CD8C T cells that were incubated for 3 d with or without NUP-MDSC as indicated. NUP-MDSC were treated with 0.1% DMSO, 1 mM RA, or
0.1 mM DZNep during 4-d differentiation prior to T cell co-culture. During the 3 d of the suppression assay 0.5 mM L-cysteine or L-arginine were added to DMSO-treated
NUP-MDSC. Data is representative of three independent experiments. Asterisks represent statistical significance (two-tailed t-test with Welch’s correction) with ns: not
significant, �p < 0.05; ��p < 0.01; ���p < 0.001.
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100mg/mL streptomycin (Life Technologies, #15140122), 1 mM
sodium pyruvate (Life Technologies, #11360070), 2 mM b-mer-
captoethanol (Life Technologies, 31350-010), 1X non-essential
amino acids (Life Technologies, 11140-035), 20 ng/mL IL-6 (BioL-
egend, #575708) and 10 ng/mL SCF (BioLegend, #579708) in tis-
sue culture flasks (37�C, 5% CO2). Every 2 or 3 d, the NUP cells
were split to a concentration of 0.2 £ 106–0.3 £ 106 cells/mL for

up to 3 weeks. To induce MDSC differentiation, the NUP cells
(not older than 4 weeks) were pelleted and resuspended in
RPMI1640 medium (10% FBS, 100U/mL penicillin, 100mg/mL
streptomycin, 1 mM sodium pyruvate, 2 mM b-mercaptoethanol,
1X non-essential amino acids) containing 20 ng/mL IL-6 and
20 ng/mL GM-CSF (BioLegend, #576304). For the characteriza-
tion of the differentiation process, cells were seeded in 12-well

Figure 8. DZNep alters expression of MDSC master regulators. (A, B) NUP cells were incubated for 0, 1, 4 or 7 d with 20 ng/mL GM-CSF, 20 ng/mL IL-6 and DMSO, 1 mM
RA or 0.1 mM DZNep. (A) Cebpb mRNA levels were normalized to 18s rRNA transcript level and are represented as x-fold of day 4 DMSO-treated NUP-MDSC. The corre-
sponding WB shows C/EBPb isoforms LAP (liver-enriched activator protein), LAP� and LIP (liver-enriched inhibitory protein) as well as b-actin in cell lysates of NUP-MDSC
treated with DMSO, RA, or DZNep. (B) Hif1a mRNA levels were normalized to 18s rRNA transcript level and are represented as x-fold of day 4 DMSO-treated NUP-MDSC.
The corresponding WB shows HIF1-a content in cell lysates of NUP-MDSC that were treated with DMSO, RA or DZNep for 4 d either in normoxia or hypoxia (20 h). Data
in (A) and (B) represent mean § SD of 3–4 independent replicates. (C) Bar diagrams are showing the amount of phosphorylated STAT3 or STAT5 for NUP-MDSC on day 0
(NUP) and day 4 (DMSO, RA, and DZNep). MFI-values represent mean § SD of three independent replicates. (D) Bar diagrams are showing the amount of IRF8 for NUP-
MDSC on day 0 (NUP) and day 4 (DMSO, RA, and DZNep). MFI-values represent mean § SD of three independent replicates. Asterisks represent statistical significance
(two-tailed t-test with Welch’s correction) with ns: not significant, �p < 0.05; ��p < 0.01; ���p < 0.001
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plates for 1–7 d. Cells differentiated for 7 d were split once during
this time at day 4. Retinoic acid (R&D Diagnostics, #8687), 3-Dea-
zaneplanocin A (Cayman Chemicals, #13828), and the chemicals
from the Epigenetics Screening Library (Cayman Chemicals,
#11076) were added at 1 mM or 0.1 mM during the differentiation
process. Since the chemicals were solved in DMSO, we used the
highest remaining DMSO percentage (0.1%) as control (DMSO
MDSC). To investigate HIF1-a production under normoxic and
hypoxic conditions, we used NUP cells that were already differen-
tiated for 3 d with GM-CSF/IL-6 and put them into a hypoxia
chamber (Stem Cell, Cologne) for additional 20 h at 37�C, 5%
CO2, and 1% O2.

To compare the above described NUP-derived MDSCs with
MDSC derived from untransduced murine bone marrow, we
isolated fresh bone marrow of mice and performed exactly the
same experiments as described above at the same time.

Flow cytometry

Antibody staining was done in the presence of Fc receptor
blockade (TruStain fcX BioLegend, #101320) in FACS buffer
(1X PBS with 1% FBS). SytoxBlue (Thermo Fisher Scientific,
S34857) was used for exclusion of dead cells. Antibodies used
for flow cytometry were as follows (all from BioLegend unless
indicated otherwise): Fluorescein(FITC)-anti-Gr1 (#108406),
allophycocyanin (APC)-anti-CD11c (#117310), PerCP-anti-
CD11b (#101230), APC-Cy7-anti-MHCII (#107628), phycoer-
ythrin (PE)-anti-PD-L1 (#124307), Pe-Cy7-anti-F4/80
(#123143), Pacific Blue-anti-CD8C (eBioscience, #48-0081-82),
PE-Cy7-CD40 (#124622), PE-Cy5-CD80 (#104712), FITC-
CD86 (#105109), Alexa488-Ly6C (#128022), APC-Cy7-Ly6G
(#127623), PE-Cy7-IL-4Ra (#144806), Alexa488-phospho-
(Tyr705)STAT3 (#651006), APC-phospho-(Y694)STAT5
(eBioscience, #17-9010-42) and PE-IRF8 (eBioscience, #12-
9852-80). The cells were stained in FACS buffer containing
antibodies at 4�C for 30 min, washed, and resuspended in
FACS buffer. For intracellular staining, cells were treated with
Nuclear Factor Fixation and Permeabilization buffer (BioLe-
gend, #422601) as described by the provider. Afterwards the
staining procedure was performed as described above. ROS
staining was performed with the DCFDA dye (abcam,
ab113851) and RNS staining with the DAF-2DA dye (Enzo
Life Science, ALX-620-056-M001) according the manufac-
turer’s instructions. Briefly, the cells were stained with 2 mM
DCFDA or 2 mM DAF-2 DA for 30 min at RT in FACS buffer,
washed twice, and used for FACS measurements. A FACSAria
IIu cytometer (BD Biosciences, Heidelberg) and FlowJo soft-
ware (TreeStar) were used for acquisition and analysis.

Cytokine measurements

Mouse-specific ELISA for the detection of IFNg (BioLegend,
#430801), TNFa (BioLegend, #430901), IL-10 (BioLegend,
#431411), TGFb1 (eBioscience, #88-8350), and VEGF (R&D
Systems, #MMV00) was used to detect cytokines in the super-
natants generated in vitro according the manufacturer’s
instructions.

Western blot

Protein concentration in lysates was determined using the
Pierce BCA protein assay kit (Thermo Fisher Scientific,
#23227). Samples and standards were diluted in lysis buffer
(10 mM Tris–HCl, 0.4% Triton X-100, complete ULTRA Tab-
lets Mini in H2O), and the assay was performed following man-
ufacturer’s instructions. The samples were incubated with anti-
S100A8 (abcam, ab92331), anti-S100A9 (abcam, ab105472),
anti-C/EBPb (abcam, #ab32358), anti-HIF1-a (abcam,
ab82832), or anti-b-Actin (Cell Signaling, #3700) antibodies
overnight at 4�C. After washing the membrane 3–4 times for
5 min in washing buffer, it was incubated with anti-rabbit IgG-
HRP (Cell Signaling, #7074P2) for 1 h at RT, followed by
another washing step. The signal was measured with a Licor c-
digit Imaging System (LI-COR, Nebraska).

Measurement of arginase activity

A total of 5 £105 NUP cells or MDSC (NUP- or BM-derived)
were lysed in 50 mL lysis buffer (10 mM Tris–HCl, 0.4% Triton
X-100, complete ULTRA Tablets Mini in H2O) for 10 min at
4�C. After centrifugation at 600 rpm for 10 min, 20 mL of the
supernatant was mixed with 20 mL of freshly prepared manga-
nese solution (50 mM Tris–HCl, pH 7.4, 10 mM MnCl2 in
H2O) in a 96-well PCR plate. A dilution series of the urea stan-
dard was prepared in H2O, ranging from 20 mM to 312.5 mM,
and 40 mL/well was added. The plate was incubated at 55�C for
10 min in a PCR machine to activate arginase activity in the
sample. Afterwards, L-arginine solution (0.5 M L-arginine in
H2O, pH 9.7) was added to each sample and the plate was incu-
bated at 37�C for 1 h. The reaction was stopped by adding
80 mL of stop solution (H2SO4 (96%):H3PO4 (85%):H2O D
1:3:6) and 10 mL of a-isonitroso-propriophenone (9% in etha-
nol) to each well. The reaction was stopped after 10–40 min,
depending on the intensity of the color change. 100 mL of each
sample was transferred into a clear flat-bottom 96-well plate
and to remove remaining turbidity in the wells, additional
100 mL of stop solution was added to each well. Absorption
was measured at 560 nm with a microplate reader (GloMax�-
MultiC, Promega, Mannheim). Arginase activity was calculated
based on the results of the standard curve. In addition, results
were normalized to protein content of the lysates.

RNA isolation, cDNA synthesis, and real-time-PCR

For RNA isolation, 5 £ 106 cells were washed in PBS and
resuspended in 300 mL Trizol (LifeTechnologies, #15596026).
The RNA was isolated according the manufacturer’s instructions.
The RNA concentration was determined using the BioDrop
DUO (BioDrop Ltd., Cambridge) and 1 mg total RNA was used
for cDNA synthesis. The mRNA was transcribed in cDNA with
the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, #4368814) according the manufacturer’s instructions.

RT-PCR was performed using the TaqMan� assay (Life
Technologies) and TaqMan� primer/probes (Life Technolo-
gies) according the manufacturer’s instructions. The RT-PCR
was run with Rotor Gene Q (Qiagen, Hilden). The measure-
ment was done as technical triplicates and each Ct-value was
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normalized using the housekeeping gene 18s rRNA. Relative
expression levels for each gene were calculated based on
comparison with day 4 DMSO NUP-MDSC.

T cell isolation and suppression assay (MIATA-compliant)

The sample
WT mice were transported from the animal facility to our labo-
ratory and sacrificed immediately. Spleen and lymph nodes of
WT mice were isolated, mashed through a 40 mm cell strainer
(NeoLab, ST292712340) and incubated 5 min with ACK-lysing
buffer (Life Technologies, A10492-01) at RT. The process was
stopped with MACS buffer (1X PBS, 2% FBS, and 2 mM
EDTA) and after a centrifugation step the cells were counted
and resuspended in MACS buffer for subsequent MACS CD8C

T cell isolation (Miltenyi Biotech, 130-104-075) according the
manufacturer’s instructions. The whole process from organ
isolation to single cell suspension took approximately 1.5 h.

None of the cells were stored/frozen and reused later.
An aliquot of the cells was stained with trypan blue (Life

Technologies, #15250-061) to discriminate between alive and
dead cells and counted with a Neubauer improved chamber
using a microscope (Leica, Wetzlar). The median cell yield per
mouse (splenocytes and lymphnodes) was 1.2 £ 108 and the
CD8C T cell yield »9£106 per mouse. Cell viability was >95%
and the purity of the CD8C T cell fraction was >90% (detected
with FACS). Before using the cells for the assay they were incu-
bated with 1 mM CFSE (BioLegend, #423801) in PBS for 5 min
at 37�C. Afterwards the cells were pelleted and resupended in
assay medium (see below).

The assay
The assay was performed in RPMI1640 medium (Life Technolo-
gies, 21875-034) containing 10% FBS (Life Technologies,
#10270106) 100 U/mL penicillin (Life Technologies, #15140122),
100 mg/mL streptomycin (Life Technologies, #15140122), 1 mM
sodium pyruvate (Life Technologies, #11360070), 2 mM b-mer-
captoethanol (Life Technologies, 31350-010), and 1X non-essen-
tial amino acids (Life Technologies, 11140-035). The serum used
for all experiments was from the same batch and was constantly
monitored by the provider (Life Technologies).

Before adding the freshly isolated CD8C T cells into the
assay, flat-bottom 96-wells were coated with 2 mg/mL anti-
CD3 and 2 mg/mL anti-CD28 antibodies (BioLegend #100302
and #102102) in 50 mL PBS per well for 30 min at 37�C. After
washing the wells with PBS, 1£105 CFSE labeled CD8C T cells
were added to each well. Recombinant mouse IL-2 (BioLegend,
#575402) was added to induce proliferation at a final concen-
tration of 5 ng/mL. 1£105 NUP cells or different amounts of
freshly generated NUP-MDSC (0.125£105–1£105), untreated
or treated with the above mentioned chemicals, were added. T
cells without mIL-2 and without CD3/28 stimulation were used
as negative control and stimulated T cells without addition of
other cells as positive control. NUP cells were added in each
replicate to demonstrate that there is no suppressive activity
prior to the differentiation process into MDSC.

After 72 h of incubation at 37�C and 5% CO2, the cells were
transferred into a 96-well V-bottom plate and pelleted. The
supernatant was saved for subsequent measurement of

cytokines while the cells were stained with CD8a-eFluor450
(eBioscience, #48-0081) to determine proliferation by measur-
ing the CFSE signal via FACS.

Data acquisition
Samples were acquired using the FACSAria IIu cytometer (BD
Biosciences, Heidelberg) and FACS diva software (TreeStar).
CS&T beads (BD Biosciences, 655051) were used to set up the
Photo Multiplier Tube (PMT) voltages prior to measuring sam-
ples. Samples were compensated using single stained, CFSE-
negative T cells and samples. The unstimulated T cells were
used as reference for cells that did not proliferate.

Raw data
As described, stimulated T cells were used as positive control,
representing the status of maximal proliferation and maximal
IFNg and TNFa production. For unstimulated T cells, there
was no background reactivity detectable, neither for prolifera-
tion nor for cytokine production. Raw data can be provided per
request. Suppressive activity due to MDSC co-culture was pre-
defined by reduced T cell proliferation and/or significantly
reduced cytokine production. Data analysis was performed
using Microsoft Office Excel as well as GraphPad Prism. Statis-
tical analysis of results was done by performing unpaired, two-
tailed t-test with Welch’s correction using GraphPad Prism.
Significance levels were defined as �p < 0.05, ��p < 0.01, and
���p < 0.001.

General lab operation
These studies were conducted in a laboratory that operates
under exploratory research principles. The study was per-
formed using investigative and established laboratory protocols
and was performed using investigative and validated assays.

High throughput assay—surface marker

For high throughput screening of the compound library 5£104

NUP cells were added in 96-wells and incubated with the com-
pounds for 4 d (37�C, 5% CO2). Afterwards the cells were
transferred into a V-shaped 96-well plate and pelleted. The cells
were washed with FACS buffer, resuspended in FACS buffer
containing FACS-antibodies, and incubated for 30 min at 4�C.
Then, the cells were pelleted again, washed with FACS buffer,
resupended in 100 mL FACS buffer, and transferred to a U-bot-
tom 96-well. The measurement was done using a BD FACS-
Canto RUO Special Order System (BD Biosciences,
Heidelberg) which is equipped with a high-throughput sampler
for plate-based acquisition (96-well plate format). Before load-
ing the machine, each sample was pipetted up and down by the
system for three times to resuspend the cells. Of each sample,
20 mL was assessed by the machine to be able to compare the
amount of cells in the respective volume, to determine the
impact of the compound on cell viability and growth. Data was
analyzed using the software FlowJo (BD).
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