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M-MDSC in vitro generation
from mouse bone marrow with
IL-3 reveals high expression and
functional activity of arginase 1

Arpa Aintablian, Sandra Strozniak, Marion Heuer
and Manfred B. Lutz*

Institute for Virology and Immunobiology, University of Würzburg, Würzburg, Germany
Myeloid-derived suppressor cells (MDSC) represent major regulators of immune

responses, which can control T cells via their inducible nitric oxide synthase

(iNOS)- and arginase 1 (Arg1)-mediated effector functions. While GM-CSF is well

documented to promote MDSC development, little is known about this potential

of IL-3, an established growth factor for mast cells. Here, we show that IL-3,

similar to GM-CSF, generates monocytic MDSC (M-MDSC) from murine bone

marrow (BM) cells after 3 days of in vitro culture. At this time point, predominantly

CD11b+ CD49a+ monocytic and CD11b+ CD49a- FceR I- neutrophilic cells were

detectable, while CD11blow/neg FceR I+ mast cells accumulated only after

extended culture periods. Both growth factors were equivalent in generating

M-MDSC with respect to phenotype, cell yield and typical surface markers.

However, IL-3 generated M-MDSC produced less TNF, IL-1b and IL-10 after

activation with LPS + IFN-g but showed higher Arg1 expression compared to GM-

CSF generated M-MDSC. Arg1 was further induced together with iNOS after

MDSC activation. Accordingly, an increased Arg1-dependent suppressor activity

by the IL-3 generated M-MDSC was observed using respective iNOS and Arg1

inhibitors. Together, these data indicate that M-MDSC can be generated in vitro

by IL-3, similar to GM-CSF, but with increased Arg1 expression and Arg1-

mediated suppression capacity. This protocol now allows further in vitro

studies on the role of IL-3 for MDSC biology.

KEYWORDS

myeloid-derived suppressor cells (MDSC), bone marrow, IL-3, GM-CSF, in vitro
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Introduction

MDSC represent mostly immature stages of granulocytic or monocytic cells that are

functionally directed into an immune cell suppressing state rather than into immunogenic

effector cells. Based on their expression level of Ly6C and Ly6G molecules, MDSC can be

further subdivided into two subsets of M-MDSC and granulocytic MDSC (G-MDSC). The
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former resembling monocyte-like while the latter having mostly an

immature neutrophil-like phenotype (1). MDSC use different

suppressor mechanisms to exert their immunoregulatory effects.

Among these the L-arginine-metabolizing enzymes iNOS and Arg1

appear most commonly reported for M-MDSC. While, iNOS

induces NO release to inactivate target molecules by nitrosylation

or to exert toxic effects, the up-regulation of the L-arginine

transporter CAT-2B and Arg1 cause metabolic starvation in their

microenvironment by L-arginine deprivation which affects

proliferating T cells (2–5).

Several cytokines and growth factors contribute to MDSC

generation (6–8). Among those, GM-CSF has been widely

studied, since historically it gave the first clear hint as an inducer

of a suppressive myeloid cell population (9). Based on these

findings, we developed a protocol to generate MDSC from

murine BM cells with GM-CSF in vitro (10). More recently, we

found that GM-CSF also activates specific signaling pathways such

as IRF-1 and mTOR as a ‘licensing’ step in monocytes, which is

required for the acquisition of iNOS-mediated suppressor function

of M-MDSC (11).

GM-CSF and IL-3 have been first described as hematopoietic

growth factors that belong to the b-common family of cytokines

(12). Both engage heterodimeric receptors, which consist of a

specific a subunit and a shared bc subunit, ultimately forming

dodecamer complexes for optimal signaling (13–15). Both cytokines

exert pro-inflammatory functions (16, 17) and are therefore

candidates for antibody-directed blockade of auto-inflammatory

or auto-immune responses (18). On the other hand, these factors

can exhibit immunosuppressive roles (19). The conditions that

direct their opposite functions are not fully understood but may

depend on the dose and microenvironmental factors at the

anatomical site of their production (20).

IL-3 promotes the growth of pluripotent stem cells (21) and is

the major growth factor that stimulates their further differentiation

into mast cells in vitro, although it is not essential for steady state

generation of mast cells in vivo as shown in IL-3 gene-deficient mice

(22). Accordingly, murine BM cultures with IL-3 generate pure

populations of mast cells after 4-6 weeks (23). We could show that

IL-3 generates monocyte-derived DC (MoDC) from murine BM at

culture periods of only 1 week (24), similar to our protocol using

GM-CSF (25). IL-3 has been reported to skew the in vitro

generation of macrophages towards an M2 effector phenotype by

supportive signals from IL-4 or IL-13 produced by basophils (26),

but also to promote immunosuppressive myeloid cells in a murine

melanoma model (27). In contrast, IL-3 has been reported to be a

partial inhibitor of human G-MDSC generation from CD34+ cells

(28). Thus, there is no experimental set-up showing MDSC

generation by IL-3 in vitro (6, 7).

Here, we describe a protocol for the generation of M-MDSC by IL-

3 frommurine BM cells. IL-3-generated M-MDSC show a higher Arg1

expression compared to GM-CSF-generated M-MDSC, and utilize

Arg1, in addition to iNOS, for suppression of T cell proliferation. Our

results reveal another method of in vitro generation of murine MDSC

by IL-3, with enhanced Arg1 expression and suppressive capacity

towards proinflammatory T cells.
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Results

BM cultures with IL-3 or GM-CSF induce
similar frequencies and progenitor
proliferation in vitro

IL-3 and GM-CSF are well-known hematopoietic growth

factors. To compare the role of GM-CSF and IL-3 on the

expansion of myeloid cell progenitors, we analyzed their

frequencies, absolute numbers, and proliferation at day 3 of BM

culture with either growth factor. Elevated frequency and absolute

number of granulocyte monocyte progenitors (GMP) as compared

to monocyte dendritic cell progenitors (MDP) was observed in

cultures with either GM-CSF or IL-3. In contrast, frequency and

absolute number of MDP was slightly less in IL-3 cultures as

compared to GM-CSF cultures (Figures 1A–D). GMP proliferated

more than MDP as detected by Ki67 staining, but no significant

difference could be detected between GM-CSF and IL-3 cultures

(Figures 1A, B, E). This indicates that GM-CSF and IL-3 are

comparable in promoting BM progenitor expansion in vitro.
IL-3 and GM-CSF show a similar potency
to generate M-MDSC phenotypes from
murine BM in vitro

We have previously established a protocol to generate

preferentially M-MDSC from murine BM cells by culturing them in

the presence of GM-CSF for 3 days (10, 29). Here, we applied the same

procedure but used IL-3 and compared it with GM-CSF. The principal

developing cells responding to these growth factors can be divided into

CD11b+ CD49a+ monocytic cells (M gate) and CD11b+ CD49a-

granulocytic cells (G gate) (Figure 2A). Further subdivision within

these gates allows the distinction of CD11b+ CD49a+ Ly6Chigh CD11c-

monocytes, CD11b+ CD49a+ Ly6Chigh CD11c+ M-MDSC, CD11b+

CD49a+ Ly6C- CD11c- macrophages, CD11b+ CD49a+ Ly6C- CD11c+

MoDC, and CD11b+ CD49a- CXCR4+ Ly6G+ immature and CD11b+

CD49a- CXCR4- Ly6G+ mature neutrophils (Figure 2A). Further

analysis of the frequencies and absolute cell count per dish of these

myeloid cell types indicated similar patterns and proportions of most

subsets, except that frequencies of monocytes were higher and MoDC

lower with IL-3 as compared with GM-CSF (Figures 2B, C). This is

consistent with our previous results showing that also MoDC

developed less efficient from monocytes using IL-3 as compared to

GM-CSF after 1 week of culture (24). These data further support an

equivalent capability of IL-3 and GM-CSF in generating M-MDSC

phenotypes in vitro.
Morphology and mast cell content of IL-3
and GM-CSF cultures

To further assess how GM-CSF and IL-3 cultured cells appear by

morphology, cytospin preparations from these cultures were stained

with H&E. Microscopic evaluation showed the presence of many cells
frontiersin.org
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with monocytic kidney-shaped nuclei (Figure 3A, “M”) or the typical

ring-shaped nuclei of immature neutrophils and fewmature neutrophils

with segmented nuclei (Figure 3A, “G”) as shown before (10, 30).

IL-3 has been described as a cytokine driving mast cell

generation in murine BM cultures (23). However, mast cells could

not be identified by their morphology after H&E staining at day 3

(Figure 3A). Therefore, we tested for their presence by flow

cytometry at day 3 or day 13 of culture. Mast cells were

detectable as CD11blow/neg FceR I+ cells in cultures with IL-3 at

day 13 but rarely at day 3, and were not present at any time point in

GM-CSF cultures (Figures 3B, C). These data further corroborate

that IL-3 is a potent growth factor inducing mast cell development

in contrast to GM-CSF, but also that their development is slow.

Remarkably, the main developing cells at early time points in day 3

cultures were neutrophilic and monocytic cells, the latter with the

capacity to develop further into MoDC, as described before (24).
Minor differences exist for expression of
cytokine and chemokine receptors and
signaling molecules between cultures with
IL-3 and GM-CSF

Further comparative analysis was performed to assess the baseline

and activation-dependent expression of cytokine and chemokine
Frontiers in Immunology 03
receptors on granulocytic and monocytic cell subsets promoted by

either of the growth factors. Expression of GM-CSFRa (CD116) in

GM-CSF cultures and that of IL-3Ra (CD123) in IL-3 cultures showed

a lower trend with or without stimulation as compared to their criss-

cross conditions (Supplementary Figures 1A, B), however they did not

reach statistical significance. Also, no substantial differences were

observed for the expression levels of IL-4Ra (CD124), M-CSFR

(CD115) or CCR2 between IL-3 and GM-CSF cultures

(Supplementary Figures 1C–E). Recently, we found certain signaling

pathways relevant for the monocyte ‘licensing’ induced by GM-CSF

which is required for MDSC development (11). To investigate whether

IL-3 also activates the same molecules, we compared the baseline and

activation-dependent expression levels of phosphorylated mTOR and

S6 kinase. We observed no differences in the baseline as well as LPS/

IFN-g- or Zymosan-induced expression levels of both molecules

between IL-3 and GM-CSF cultures (Supplementary Figures 2A, B).

These findings suggest that there is a high similarity in the effect of IL-3

and GM-CSF on the expression of cytokine and chemokine receptors

as well as signaling pathways in BM cells.
IL-3 cultures show lower release of pro-
and anti-inflammatory cytokines

Next, we sought to compare the cytokine production of

stimulated or unstimulated GM-CSF or IL-3 cultures. Culture
A

B

D EC

FIGURE 1

Similar frequencies and proliferation of GMP and MDP progenitors. Representative flow cytometry plots at day 3 of BM cell culture in the presence
of either GM-CSF or IL-3. (A) Gating strategy and example stainings for GM-CSF and IL-3 cultures. (B) Gating strategy to detect progenitor cell
proliferation with Ki67. Initial gates as shown in (A) Dump channel includes lineage surface markers Ter119, B220, CD4, CD8 and Ly6G. GMP were
defined as CD11b-, Sca1-, CD117/c-Kit+, CD16/32+, CD34+; and MDP as CD11b-, Sca1-, CD117/c-Kit+, CD16/32-, CD34+ cells. Graphs show an
assessment of the frequencies of Ki67+ proliferating progenitors at day 3 (strong colored histograms). Unstained cells are shown as FMO controls
(weakly colored histograms). (C) Statistics of frequency of cells as in gates shown in (B). (D) Absolute cell numbers per dish, calculated using
frequencies as in (C) and live cell counts per dish in a Neubauer chamber using Trypan Blue. (E) Statistics of Ki67 staining as in gates shown in (B)
Statistics by unpaired, two-tailed t-test, n=3 independent experiments. Not signi!cant (ns).
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supernatants were analyzed by ELISA of for the cytokines IL-1b,
TNF and IL-10. Cells from LPS/IFN-g- or Zymosan-stimulated IL-3

cultures showed a marked reduction in the release of all three

cytokines as compared to those with GM-CSF (Figures 4A–C). This

indicates that bulk IL-3 cultures are less potent in producing pro-

and anti-inflammatory cytokines.
Activation of IL-3 cultures induces higher
frequencies of Arg1+ cells as compared
with GM-CSF cultures

Our previous work showed that exposure to GM-CSF for 3 days

‘licensed’ monocytes to become suppressive via iNOS-induced NO

release. However, GM-CSF alone was not sufficient to induce iNOS

expression and a second activation step by LPS/IFN-g, among other

stimulants, was required to convert these monocytes into functional

M-MDSC (11). To test whether IL-3 was also able to induce

licensing for generation of M-MDSC, day 3 cells cultured in the

presence of either growth factor were stimulated with LPS/IFN-g or
Frontiers in Immunology 04
Zymosan/IL-4 and assessed for their intracellular iNOS and Arg1

expression. Zymosan or IL-4 stimulation alone revealed lower and

non-significant levels of Arg1 in IL-3 cultures and were therefore

not further investigated (Supplementary Figure 3A). Flow

cytometric analysis revealed similar phenotypes and proportions

of monocytic cell subsets after LPS/IFN-g and Zymosan/IL-4

stimulation as compared with unstimulated cultures, but

quadrant gating required some adjustment (Figure 5A).

Consistent with previous findings, iNOS expression was minimal

in unstimulated IL-3 or GM-CSF cultures at day 4. However, IL-3

cultures contained higher frequencies of Arg1+ cells within the M-

MDSC gate, which further increased after stimulation and stayed

above that of GM-CSF-generated M-MDSC. The frequency of

iNOS expressing cells was similar after both types of stimulation

(Figure 5B; Supplementary Figure 3B). After stimulation, again the

Ly6Chigh CD11c+ double positive population showed the strongest

iNOS and Arg1 expression per cell, identified by their GeoMFI

values (Figure 5C). Only low levels of Arg1 expression were

observed by monocytes and MoDC from IL-3 cultures

(Supplementary Figure 3B) and were basically absent in
A

B

C

FIGURE 2

Similar phenotype and frequency of M-MDSC. (A) Flow cytometry example and gating strategy of day 4 BM cell cultures in the presence of either
GM-CSF or IL-3. Monocytic cells (M) were defined as CD11b+ and CD49a+ and were further subdivided into Ly6Chigh CD11c- classical monocytes
(Mono), Ly6Chigh CD11c+ monocytic myeloid-derived suppressor cells (M-MDSC), Ly6C- CD11c+ dendritic cells (DC) and Ly6C- CD11c- macrophages
(Mph). Granulocytic cells (G) were defined as CD11b+ and CD49a- and were further subdivided into CXCR4+ Ly6G+ immature neutrophils (imNeu)
and CXCR4- Ly6G+ mature neutrophils (matNeu). Staining and gating strategy adapted from (29). (B) Frequencies of monocytic and granulocytic cell
subsets. Gates as shown in (A). (C) Absolute cell counts per dish, calculated using frequencies as in (B) and live cell counts per dish in a Neubauer
chamber using Trypan Blue. Statistics compare GM-CSF with IL-3 cultures, by unpaired, two-tailed t-test, n=5 independent experiments. Not
significant (ns); *p< 0.05.
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macrophages and neutrophilic cells (Figure 5C; Supplementary

Figure 3B). Thus, as found already earlier for GM-CSF cultures

(29), also IL-3 cultures contain CD11b+ CD49a+ Ly6Chigh CD11c+

cells representing iNOS+ Arg1+ M-MDSC (Figure 5C).
IL-3 cultured M-MDSC suppress CD4+ and
CD8+ T cell proliferation by increased Arg1
activity as compared with GM-CSF cultures

Since IL-3 cultures showed higher amounts of Arg1+ M-

MDSC, we hypothesized that IL-3 generated M-MDSC should

also favor Arg1-mediated suppression of activated T cells, rather

than or in addition to iNOS. Therefore, we performed a

suppressor assay of bulk splenocytes and assessed CD4+ and

CD8+ T cell proliferation after 3 days of co-culture. Our data

indicate that CD4+ and CD8+ T cell proliferation was suppressed
Frontiers in Immunology 05
by IL-3- or GM-CSF-generated M-MDSC at 1:1 and 3:1 spleen cell

(containing the responder T cells) to M-MDSC ratios (Figures 6A,

B). Such suppression was almost completely reverted under all

conditions where the iNOS inhibitor L-NMMA was used. In

addition, reversion of CD4+ and CD8+ T cell suppression by

Arg1 inhibition with nor-NOHA was observed only with IL-3- but

not with GM-CSF-generated M-MDSC at both ratios (Figure 6B).

Further analysis indicates that frequencies of living CD4+ and

CD8+ cells were decreased with the addition of IL-3- or GM-CSF-

generated M-MDSC, and living cell frequencies were restored only

when the iNOS inhibitor L-NMMA was used (Figures 6A, C).

Next, we hypothesized whether this T cell suppression is marked

by the exhaustion of T cells. Therefore, we analyzed the expression

of some T cell exhaustion markers on CD4+ and CD8+ T cells after

3 days of co-culture with either GM- or IL-3-MDSC. Our results

indicate no upregulation of suppression markers TIM-3, PD-1,

LAG-3 and TIGIT on CD4 and CD8 T cells after co-culture with
A

B C

FIGURE 3

IL-3 BM cultures generate mostly neutrophilic and monocytic cells at d3 and mast cells only later during in vitro culture. (A) The morphology of
monocytic and granulocytic CD11b+ cells cultured with GM-CSF or IL-3 for 3 days. (B) BM cells were cultured in GM-CSF or IL-3 for 3 or 13 days
and analyzed by flow cytometry for the presence of mast cells. Gating strategy to identify CD11blow/neg FceR I+ mast cells. (C) Statistics of the
frequency of total mast cells in GM-CSF or IL-3 cultures. Mast cells were identified by the FSC-A/SSC-A and single cell gates like in Figure 2A and for
markers and shown in (B) Statistics by unpaired two-tailed t-test, n=3 independent experiments.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1130600
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Aintablian et al. 10.3389/fimmu.2023.1130600
B CA

FIGURE 4

IL-3 cultures show lower cytokine release as compared with GM-CSF cultures. BM cells cultured with GM-CSF or IL-3 and were stimulated at day 3
with 0.1µg/ml LPS + 0.01ng/ml IFN-g or 5µg/ml Zymosan. On day 4, culture supernatants were collected and ELISA was performed to detect (A) IL-
1b, (B) TNF and (C) IL-10 concentrations. Statistics by unpaired, two-tailed t-test, n=6 independent experiments in duplicates. Not significant (ns);
*p<0.05; **p<0.01; ****p<0.0001.
A B

C

FIGURE 5

IL3-MDSC cultures induce higher Arg1 induction in M-MDSC after activation by LPS/IFN-g. BM cells cultured in GM-CSF or IL-3 were transferred to a
24-well plate at day 3 and stimulated overnight with either 0.1µg/ml LPS + 0.01ng/ml IFN-g or 5µg/ml Zymosan + 100U/ml IL-4 or remained
unstimulated. (A) Flow cytometry example stainings showing quadrant gate adjustment for monocytic cell subsets (M gate) of GM-CSF or IL-3 cultured
BM cells before (as in Figure 2A) and after stimulation at day 4. (B) Flow cytometry example stainings at day 4 showing the intracellular expression of
iNOS and Arg1 within the M-MDSC gate. Cultures were left unstimulated or stimulated as indicated. (C) Statistical assessment of iNOS and Arg1 GeoMFI
in monocytic and neutrophilic cell subsets of GM-CSF or IL-3 cultured BM, with or without stimulation as indicated. Gates as in Figure 2A. Statistics:
unpaired, one-tailed t-test compared to unstimulated cells (black, only significant differences indicated); or unpaired, two-tailed t-test comparing GM-
CSF and IL-3 cultures (blue, red), n=4 independent experiments. Not significant (ns); * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.
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M-MDSC at both ratios (Supplementary Figure 4). Together,

these data indicate that IL-3-generated Arg1+ M-MDSC utilize

Arg1 to a larger extent than GM-CSF-generated M-MDSC.

However, the major suppression mechanism for both growth

factors remained iNOS-induced NO secretion since its inhibitor

fully restored T cell proliferation under all ratios and for both

CD4+ and CD8+ T cells. The suppressed T cells do not appear to

be exhausted but rather undergo cell death. Thus, IL-3-generated

M-MDSC express higher baseline levels of Arg1, which is further
Frontiers in Immunology 07
up-regulated after M-MDSC activation and accordingly plays also

increased roles as a suppressor mechanism for T cell proliferation.

Discussion

Here, we describe an alternative method to generate M-MDSC

from murine BM in vitro by using the growth factor IL-3 instead of

GM-CSF. Our results indicate that GM-CSF and IL-3 generate

phenotypically and functionally highly similar M-MDSC after 3
B

C

A

FIGURE 6

IL-3-generated MDSC show increased Arginase 1-mediated T cell suppressive capacity as compared with GM-CSF-generated MDSC Bulk spleen
cells were stimulated with anti-CD3/CD28 antibodies and cultured for 3 days in the presence of GM-CSF- or IL-3-generated MDSC at the indicated
ratios, and with or without iNOS inhibitor L-NMMA or Arg-1 inhibitor nor-NOHA. (A) Representative flow cytometry plots of bulk spleen cells at day 3
of culture with stimulating antibodies. Gating strategy to identify CD4+ and CD8+ T cells. Initial gating included FSC-A/SSC-A and doublet exclusion.
For B., live cells were gated as negative for fixable viability dye incorporation. CD4+ and CD8+ lymphocytes were segregated based on their surface
expression of CD4 or CD8, respectively. For C., CD4+ and CD8+ lymphocytes were segregated based on their surface expression of CD4 or CD8,
respectively, and live cells within each subset were gated as negative for fixable viability dye incorporation (B) T cell proliferation is measured by flow
cytometry and depicted as frequency of Ki67+ within CD4+ or CD8+ T cell subsets. (C) Statistics of frequency of living cells within CD4+ or CD8+ T
cell subsets. Statistics was performed with two-way ANOVA and Tukey’s post test as indicated by the lines (black, blue, red) between the respective
bars, and in green comparing to ‘spleen cells only’ (here with Dunnett’s post test). n=3-5 independent experiments. Not significant (ns); *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001.
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days of culture. Both factors are equivalent in 1) driving myeloid

progenitor cell differentiation and proliferation, 2) generating

neutrophilic and monocytic cell subsets, 3) yielding similar

frequencies of M-MDSC, 4) their surface expression of cytokine

and chemokine receptors, 5) their intracellular expression of

signaling molecules, and 6) their up-regulation of iNOS

expression in response to LPS/IFN-g stimulation. Major

characteristics of IL-3 distinguishing them from GM-CSF cultures

are 1) a less efficient conversion of monocytes into MoDC, 2) a

lower production of cytokines, 3) an increased frequency and

GeoMFI of Arg1 in response to LPS/IFN-g stimulation, and 4) an

increased Arg1-mediated T-cell suppression capacity of IL-3

generated M-MDSC.

Both IL-3 and GM-CSF show a high similarity in their receptor

formation, signaling and function as growth factors, pro- but also

anti-inflammatory cytokines. Since our own work and several other

publications described GM-CSF as a potent factor to promote anti-

inflammatory MDSC generation in vitro (10, 29, 31). Other

protocols suggested the addition of IL-6 to GM-CSF cultures to

develop MDSC in vitro (31). However, in this and another paper

(32) the available direct comparisons suggest rather quantitative

and not qualitative differences between the MDSC generated with

or without IL-6. Since the use of IL-6 alone did not reveal any

increase on MDSC frequency or allow to generate suppressive cells

(31), and injection of an IL-6 blocking antibody could not reduce

MDSC frequencies or an increase in CD8+ T cells in a melanoma

model (32), we conclude that GM-CSF is the primary driver of M-

MDSC generation and IL-6 fulfills the function of a secondary

enhancer. Therefore, we restricted our protocols here to the

comparisons of GM-CSF and IL-3 only. However, the role of IL-6

for MDSC generat ion is not ful ly clear and rewards

further investigations.

Here, we tested here whether IL-3 can exert similar

differentiation and functions as compared with GM-CSF. There is

no formal demonstration so far that M-MDSC can be generated by

IL-3 from BM cells in vitro. Our data reveal broad phenotypical and

functional overlap between BM generated M-MDSC by both

growth factors. Both IL-3 and GM-CSF triggered the same

progenitors to expand and mediated their differentiation into

monocytic and neutrophilic cells.

In this respect, it is of note that at day 3 of culture neutrophil

generation could be observed with IL-3, highly similar to GM-CSF

cultures. This was somewhat unexpected since IL-3 has been

historically described as an in vitro and in vivo growth factor for

human and mouse basophils and mast cells (23, 33, 34).

Interestingly, IL-3-deficient mice did not show altered frequencies

of mast cells and basophils, pointing to another growth factor

providing their differentiation signals during steady state (22). IL-

3 was also not required for the steady state development of

neutrophils. However, after malaria infection, lower percentages

of neutrophils were induced as compared to wild-type mice (35).

This points towards IL-3 as a growth factor that expands pro-

inflammatory neutrophils only under inflammatory conditions.

Similarly, IL-3 transgenic mice showed a high pro-inflammatory

phenotype with autoimmune and motoneural degeneration

symptoms (36). More recent data indicated that during sepsis in
Frontiers in Immunology 08
mice IL-3 expands monocytes and neutrophils, leading to a pro-

inflammatory cytokine storm, features that were not observed in IL-

3-gene deficient mice which were in fact protected from sepsis (37).

Thus, our 3-day in vitro culture method may reflect the emergency

myelopoiesis function of IL-3.

The responsiveness of IL-3 or GM-CSF cultures to LPS/IFN-g
stimulation was comparable and resulted in equivalent iNOS

induction. Expression of iNOS and the subsequent release of NO

has been described to be one of the most prominent

immunosuppressive mechanisms of M-MDSC (6, 8). Our results

support our previous finding that CD11b+ Ly6C+ CD11c+ M-

MDSC are the major iNOS expressing cell subset in GM-CSF

(11) but here also in IL-3 cultures. Such activation of suppressive

function was only accomplished after a 3-day priming/licensing

with IL-3, similar as with GM-CSF, followed by a short microbial/

cytokine stimulation as described before (11).

We observed a lower conversion rate of monocytes into MoDC

in IL-3 cultures. This is in harmony with our previous findings that

8-days BM cultures with IL-3 differentiate less efficient into BM-DC

as compared with GM-CSF as a growth factor (24). Similarly, IL-3

could not mimic GM-CSF to produce Langerhans cells from human

blood monocytes with TGF-b1 and Delta-1 (38). However, the

frequencies of M-MDSC at earlier time points in day 3 cultures were

equivalent. We did not investigate the reasons for this here, because

of our focus on M-MDSC generation. However, it is tempting to

speculate whether this could indicate that M-MDSC develop along a

separate developmental pathway frommonocytes as compared with

MoDC. Previously, we have shown that fully differentiated classical

Ly6Chigh mouse or CD14+ human monocytes can be directly

converted to M-MDSC when pre-exposed to GM-CSF, an

imprinting we termed ‘monocyte licensing’ (11). In addition,

within the pool of BM cells differential imprinting of stem and

progenitor monocytic cells by GM-CSF or IL-3 may impose their

development into either direction but to different extents. The lower

cytokine production of the cultures measured by ELISA correlates

with the lower frequencies of MoDC generated by IL-3 culture.

Since the cytokines that we analyzed are produced typically by DC

in high amounts, but M-MDSC showed a similar suppression

capacity from IL-3 and GM-CSF cultures, we did not investigate

this further.

Mast cell and basophil activation are typical features of type 2

immune responses such as infections with helminth parasites.

Therefore, IL-3, produced by T cells and basophils, has also been

associated with basophilia and mastocytosis in such infections (22,

39, 40). Numerous studies support IL-3-dependent basophil

activation and cytokine release in murine allergy models,

highlighting the contribution of IL-3 in allergic asthma. The

exposure of basophils to IL-3 has been shown to greatly increase

histamine and cytokine release in response to FceR crosslinking,

promoting allergic airway hypersensitivity (41). However, this pro-

inflammatory role of IL-3 has also been challenged, since in

asthmatic children, a direct correlation was observed between

blood IL-3 levels and an improved lung function, thereby

supporting the resolution of asthma (42).

It is also long known that IL-3 enhances the IL-4 production

from basophils during parasitic infections and such secretion is
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strongly repressed in the absence of IL-3 (43–46). Reversely, IL-4

can up-regulate the IL-3Ra expression on basophils (47), indicative

for a bidirectional signal exchange. Previous findings suggested that

IL-3 in the presence of IL-4 also acts on human monocytes to direct

their development towards MoDC, ultimately also shifting their

typically induced Th1 responses towards a Th2 direction (48).

Although we did not further test for the presence or the

producing cell type of IL-4 in IL-3 cultures, it is a most likely

scenario that the few mast cells present already in day 3 cultures

secrete considerable amounts of IL-4, which is lacking in GM-CSF

cultures. This activity of IL-4 could explain the Arg1 expression

observed in our day-3 IL-3 BM cultures without stimulation. This is

in line with previous reports that Arg1 activity in mouse

macrophages could be stimulated by IL-4 and IL-13 (49). Higher

Arg1 expression has been associated with type 2 diseases, as

revealed from the lungs of asthmatic animals and human patients

(50). This was further corroborated in a guinea pig animal model of

asthma, where application of the Arg1 inhibitor nor-NOHA fully

reversed the disease (51). Furthermore, increased Arg1 activity by

Th2 cytokines dampened lung immunity against bacterial infections

in mice, suggesting Arg1 blockade as a therapeutic intervention to

lower lung infections in asthmatic patients (52).

Arg1 is another key mechanism of immune suppression by

MDSC, besides iNOS, which exerts its tolerogenic activity through

L-arginine uptake and catabolism, thus depriving this amino acid

from the environment and leading to T cell starvation (3, 53).

Previous findings in tumor patients and murine tumor models

suggested that Arg1-mediated suppressor activity may be largely

exerted by G-MDSC (54, 55), while iNOS-mediated suppression is a

major feature of M-MDSC (56). Moreover, the largely exclusive

expression of iNOS or Arg1 by M1- or M2-polarized macrophages,

respectively (57), has been explained by their competition for the

common substrate L-arginine (3). It has been shown that high Arg1

expression levels promote the growth of T. gondii in mouse

macrophages by outcompeting iNOS activity, whereas Arg1

deletion reinstalls iNOS activity and results in a better survival of

the mice due to increased NO-dependent microbial killing (58).

Although alternative or intermediate iNOS+ Arg1+ stages of

macrophages have been identified, especially when generated

culture (49), this has not been clearly dissected for M-MDSC.

Our results indicate that M-MDSC can simultaneously produce

both mediators of suppression upon activation with LPS/IFN-g or
Zymosan/IL-4. Interestingly, LPS/IFN-g stimulated M-MDSC up-

regulate primarily iNOS and then optionally co-induce Arg1, while

Zymosan/IL-4 stimulation of M-MDSC seems to generate both

types of single producers before the major frequency of M-MDSC

becomes double positive for iNOS and Arg1. The latter activation

process is more prominent in IL-3 cultures with a higher Arg1 level

before activation. Consequently, Arg1-dependent T-cell

suppression was also higher by IL-3 generated M-MDSC. These

data clearly indicate that in M-MDSC the iNOS and Arg1

expression is not exclusive. Moreover, the Zymosan/IL-4

stimulation may point to the presence of differentially responsive

cell subsets or first-come-first-serve signaling pathways resulting in

the induction of a single enzyme in a first step before the second is
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co - induced . Howeve r , th i s r equ i r e s more de t a i l ed

molecular analyses.

The question remains, whether IL-3 induced MDSC play a role

for tumor development. In general, IL-3 has not been investigated

much in the context of tumors. Elevated serum IL-3 levels have been

observed in patients with colorectal cancer as compared to healthy

controls (59). In melanoma bearing mice IL-3 has been reported to

bias the hematopoietic development towards a dysregulated state

with increasing MDSC frequencies (27).

In conclusion, IL-3 is a potent factor for in vitro generation of

M-MDSC from mouse BM. Their phenotype and function are

highly similar to GM-CSF generated M-MDSC. As a major

difference, IL-3 generated M-MDSC express higher levels of Arg1

at day 3 of culture as compared with GM-CSF M-MDSC, which can

be further up-regulated after stimulation without affecting the iNOS

levels. The higher Arg1 expression is also reflected by its elevated

functional use as a suppression molecule for T cell proliferation.

Our data provide novel insights about IL-3 as an inducer of M-

MDSC, which paves the way for further molecular investigations on

their signaling, but also about their role in vivo in type 2 diseases

such as allergies and helminth infections.
Materials and methods

Mice

C57BL/6J (Charles River) mice were bred in our animal

facilities, kept under specific pathogen–free conditions, and used

at an age of 7–12 weeks. All animal experiments were performed

according to the German animal protection law as well as after

approval and under control of the local authorities.
In vitro generation of IL-3 and GM-CSF
MDSC, stimulation, and proliferation
measurement of progenitor cells

MDSC were generated from murine BM by culturing fresh cells

in the presence of 10 ng/ml of recombinant murine GM-CSF or IL-

3 (Peprotech) for 3 days. Alternatively, supernatant from a GM-CSF

producing cell line (29) was used at the same activity. Cells were

plated at a concentration of 3x106 cells/ml in 10cm petri dishes

(Corning) in 10ml R10 medium (500ml RPMI 1640 (PAA Paching

Austria), 10% heat-inactivated sterile filtered fetal calf serum

(PAA), 100U/ml penincillin (PAA), 100mg/ml streptomycin

(PAA), 2mM L-glutamine (PAA), 50mM b-mercaptoethanol

(Sigma-Adrich)). At day 3, cells were transferred to a 24-well

plate at a concentration of 1 x 106 cells per well in a total volume

of 1ml, and were stimulated overnight by either 0.1µg/ml LPS (from

E. coli, Sigma-Aldrich) + 100U/ml recombinant murine IFN-g
(Immunotools) or 5µg/ml Zymosan A (from S. cerevisiae, Sigma-

Aldrich) + 100U/ml recombinant murine IL-4 (Peprotech), or were

left untreated. At day 4, the cells were harvested and used for flow

cytometry analysis. To measure the influence of the growth factors
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in the proliferation of GMP and MDP progenitors, fresh BM cells

were cultured for 3 days in the presence of 10 ng/ml of recombinant

murine GM-CSF or IL-3. Proliferation was measured after 3 days by

flow cytometry as frequency of the proliferation marker Ki67.
Generation of BM-derived MC with IL-3

Fresh BM cells were cultured with 10ng/ml IL- 3 at a

concentration of 1x106 cells/well in a 6-well plate in a total

volume of 6ml. At day 4, 3ml supernatant per well was discarded,

and 3ml fresh R10 with 1% IL-3 was added for feeding. The same

procedure was repeated at day 7. After ten days, cell suspensions

were washed and plated again with IL-3 as described above. At day

15, the cells were harvested, washed, and analyzed by

flow cytometry.
Flow cytometry

The murine directly conjugated antibodies CD11b-PerCP-Cy5.5/-

APC/-Alexa Fluor 700 (M1/70), CD49a-PE/-PerCP-Cy5.5 (HMa1),
CD11c-Pacific Blue/-PE-Cy7 (N418), Ly6G-Fitc/-PerCP-Cy5.5/-

APC-Cy7 (1A8), Ly6C-Alexa Fluor 647/-Alexa Fluor 488/-Brilliant

Violet 510 (HK1.4), CXCR4-Pacific Blue (L276F12), CD4-APC/-

PerCP-Cy5.5/-Pacific Blue/-Alexa Fluor 488 (GK1.5), CD8-PerCP-

Cy5.5/-APC/-Alexa Fluor 488 (53-6.7), Ki67-PE (11F6), Sca-1-

Brilliant Violet 510 (D7), c-Kit-PE-Cy7 (2B8), CD16/32-PerCP-

Cy5.5 (93), CD34-APC-Cy7 (HM34), Terr119-Alexa Fluor 488

(TER-119), B220-Alexa fluor 488 (RA3-6B2), FceR Ia-Alexa Fluor

700 (MAR-1), M-CSFR-Biotin (AFS98), Streptavidin-PE were all

purchased from Biolegend. iNOS-PE (CXNFT), Arginase I-APC

(A1exF5), pmTOR-eFluor 450 (MRRBY), pAkt-APC (SDRNR),

pS6-eFluor 710 (cupk43k) and Fixable Viability Dye-eFluor 780

(#65-0865) were obtained from eBioscience. pSTAT1-Aexa Fluor

647 (pY701), pSTAT3-Alexa Fluor (pY705), pSTAT5-Alexa Fluor

647 (pY694) were obtained from BD Biosciences. IL-3Ra-PE
(#151231), GM-CSFRa-PE (#698423), CCR2-PE (#475301) were

purchased from R&D Systems. IL-4Ra-PE (mIL4R-M1) was

obtained from BD PharMingen. Cells were stained in PBS

containing 0.1% BSA, 0.1% sodium azide, and 5% fetal bovine

serum in the dark for 30 minutes on ice. For intracellular iNOS and

Arg1 detection, cells were first labeled for surface markers and then

washed and subsequently fixed with 2% PFA for 20 minutes at room

temperature. Cells were then permeabilized and stained with Perm

buffer 1X (eBioscience) for 1 hour at room temperature together with

the marker-specific antibody. Samples were washed once in Perm

buffer, resuspended in FACS buffer and measured with a FACS

Calibur, LSR II (Becton Dickinson) or Attune NxT (Thermo Fisher

Scientific). Results were analyzed with FlowJo Software (Tree Star).
Cytospins, cell staining and microscopy

For visualization of granulocytic and monocytic cell

morphology, IL-3 or GM-CSF cultured BM day 3 cells were
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collected and washed. To allow their fixation on glass slides, 5-

20x104 cells were deposited into cytospin chambers and centrifuged

at 600rpm for 10 min, after which they were left to dry. Ultimately,

the slides were plunged in 3 different Diff-Quick solutions - Diff-

Quick Fix, Diff-Quick I and Diff-Quick II. Finally, the slides were

washed, air-dried, and pictured with PrimoStar and Labscope

softwares (Carl Zeiss, Jena, Germany).
Enzyme-linked immunosorbent assay

BM cells were cultured with GM-CSF or IL-3 for 3 days as

described above, after which they were stimulated with LPS+IFN-g
overnight. On day 4, culture supernatants were collected, and IL-1b,
TNF and IL-10 production was quantified by ELISA (Biolegend)

according to the manufacturer’s instructions.
Suppressor assay

Bulk spleen cells were plated in 96-well plates at a concentration

of 200.000 cells/well in 200µl R10 and stimulated with soluble

aCD3/aCD28 antibodies at a final concentration of 2.5µg/ml. In

vitro GM-CSF- or IL-3-generated MDSCs were titrated and added

to the splenocytes at different ratios. The cells were co-cultured over

3 days and proliferation was measured by flow cytometry via Ki67

detection separately in CD4- and CD8-stained T cell subsets. iNOS

inhibitor NG-Methyl-L-arginine acetate salt (L-NMMA, 500 mM,

MilliporeSigma) and Arginase-I inhibitor Nw-hydroxy-nor-
arginine (nor-NOHA, 50mg/ml, Cayman Chemical) were added

to the co-cultures when required.
Statistics

Figures were created and statistics were calculated using Excel

or Prism 9 (GraphPad Software) programs. Details on the statistical

tests used are provided in the figure legends and include the

student’s t-test and ANOVA. P values of less than 0.05 were

considered significant.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Author contributions

AA, SS and MH performed the experiments and analyzed the

data. AA and ML designed the experiments, prepared the figures
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1130600
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Aintablian et al. 10.3389/fimmu.2023.1130600
and wrote the paper. All authors contributed to the article and

approved the submitted version.
Funding

This work was supported by funding through the German

Research Foundation (DFG LU851/18-1) and the The

Interdisciplinary Center for Clinical Research (IZKF A-408) of

the Medical Faculty of the University of Würzburg. This

publication was supported by the Open Access Publication Fund

of the University of Würzburg.
Acknowledgments

We thank Sabrina Schneider for expert technical assistance and

her management of our mouse colony. We also thank Eliana

Ribechini, Emilia Vendelova, Ina Nathalie Eckert, Mı ́riam
Campillo Prados, and Johannes Weber for their preliminary work

which paved the way for the success of the IL-3 project.
Frontiers in Immunology 11
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1130600/

full#supplementary-material
References
1. Talmadge JE, Gabrilovich DI. History of myeloid-derived suppressor cells. Nat
Rev Cancer (2013) 13(10):739–52. doi: 10.1038/nrc3581

2. Closs EI, Boissel JP, Habermeier A, Rotmann A. Structure and function of
cationic amino acid transporters (CATs). J Membr Biol (2006) 213(2):67–77.
doi: 10.1007/s00232-006-0875-7

3. Bronte V, Zanovello P. Regulation of immune responses by l-arginine
metabolism. Nat Rev Immunol (2005) 5(8):641–54. doi: 10.1038/nri1668

4. Raber P, Ochoa AC, Rodriguez PC. Metabolism of l-arginine by myeloid-derived
suppressor cells in cancer: mechanisms of T cell suppression and therapeutic
perspect ives . Immunol Inves t (2012) 41(6-7) :614–34 . doi : 10 .3109/
08820139.2012.680634

5. Bronte V, Serafini P, De Santo C, Marigo I, Tosello V, Mazzoni A, et al. IL-4-
induced arginase 1 suppresses alloreactive T cells in tumor-bearing mice. J Immunol
(2003) 170(1):270–8. doi: 10.4049/jimmunol.170.1.270

6. Gabrilovich DI, Ostrand-Rosenberg S, Bronte V. Coordinated regulation of
myeloid cells by tumours. Nat Rev Immunol (2012) 12(4):253–68. doi: 10.1038/nri3175

7. Veglia F, Perego M, Gabrilovich D. Myeloid-derived suppressor cells coming of
age. Nat Immunol (2018) 19(2):108–19. doi: 10.1038/s41590-017-0022-x

8. Veglia F, Sanseviero E, Gabrilovich DI. Myeloid-derived suppressor cells in the
era of increasing myeloid cell diversity. Nat Rev Immunol (2021) 21:485–98.
doi: 10.1038/s41577-020-00490-y

9. Bronte V, Chappell DB, Apolloni E, Cabrelle A, Wang M, Hwu P, et al.
Unopposed production of granulocyte-macrophage colony-stimulating factor by
tumors inhibits CD8+ T cell responses by dysregulating antigen-presenting cell
maturation. J Immunol (1999) 162(10):5728–37. doi: 10.4049/jimmunol.162.10.5728

10. Rossner S, Voigtlander C, Wiethe C, Hanig J, Seifarth C, Lutz MB. Myeloid
dendritic cell precursors generated from bone marrow suppress T cell responses via cell
contact and nitric oxide production in vitro. Eur J Immunol (2005) 35(12):3533–44.
doi: 10.1002/eji.200526172

11. Ribechini E, Hutchinson J, Walter S, Schleicher U, Jordán Garrote A-L, Potter
SJ, et al. Novel GM-CSF signals via IFN-gR/IRF-1 and AKT/mTOR license monocytes
for suppressor function. Blood Adv (2017) 1(14):947–60. doi: 10.1182/
bloodadvances.2017006858

12. Hamilton JA, Anderson GP. GM-CSF biology. Growth Factors (2004) 22
(4):225–31. doi: 10.1080/08977190412331279881

13. Hercus TR, Thomas D, Guthridge MA, Ekert PG, King-Scott J, Parker MW,
et al. The granulocyte-macrophage colony-stimulating factor receptor: linking its
structure to cell signaling and its role in disease. Blood (2009) 114(7):1289–98.
doi: 10.1182/blood-2008-12-164004

14. Broughton SE, Dhagat U, Hercus TR, Nero TL, Grimbaldeston MA, Bonder CS,
et al. The GM-CSF/IL-3/IL-5 cytokine receptor family: from ligand recognition to
initiation of signaling. Immunol Rev (2012) 250(1):277–302. doi: 10.1111/j.1600-
065X.2012.01164.x

15. Broughton SE, Hercus TR, Hardy MP, McClure BJ, Nero TL, Dottore M, et al.
Dual mechanism of interleukin-3 receptor blockade by an anti-cancer antibody. Cell
Rep (2014) 8(2):410–9. doi: 10.1016/j.celrep.2014.06.038

16. Hamilton JA. Colony-stimulating factors in inflammation and autoimmunity.
Nat Rev Immunol (2008) 8(7):533–44. doi: 10.1038/nri2356

17. Becher B, Tugues S, Greter M. GM-CSF: from growth factor to central mediator of
tissue inflammation. Immunity (2016) 45(5):963–73. doi: 10.1016/j.immuni.2016.10.026

18. Hamilton JA, Cook AD, Tak PP. Anti-colony-stimulating factor therapies for
inflammatory and autoimmune diseases. Nat Rev Drug Discov (2016) 16(1):53–70.
doi: 10.1038/nrd.2016.231

19. Dougan M, Dranoff G, Dougan SK. GM-CSF, IL-3, and IL-5 family of cytokines:
regulators of inflammation. Immunity (2019) 50(4):796–811. doi: 10.1016/
j.immuni.2019.03.022

20. Parmiani G, Castelli C, Pilla L, Santinami M, Colombo MP, Rivoltini L.
Opposite immune functions of GM-CSF administered as vaccine adjuvant in cancer
patients. Ann Oncol (2007) 18(2):226–32. doi: 10.1093/annonc/mdl158

21. Spivak JL, Smith RR, Ihle JN. Interleukin 3 promotes the in vitro proliferation of
murine pluripotent hematopoietic stem cells. J Clin Invest (1985) 76(4):1613–21.
doi: 10.1172/JCI112145

22. Lantz CS, Boesiger J, Song CH, Mach N, Kobayashi T, Mulligan RC, et al. Role
for interleukin-3 in mast-cell and basophil development and in immunity to parasites.
Nature (1998) 392(6671):90–3. doi: 10.1038/32190

23. Huff TF, Lantz CS. Liquid culture of mast cells from mouse bone marrow
progenitors. In: Immunol Methods Manual Ed I Levkovits Acad Press San Diego (1997).

24. Baumeister T, Rössner S, Pech G, de Bruijn MFTR, Leenen PJM, Schuler G, et al.
Interleukin-3Ralpha+ myeloid dendritic cells and mast cells develop simultaneously
from different bone marrow precursors in cultures with interleukin-3. J Invest Dermatol
(2003) 121(2):280–8. doi: 10.1046/j.1523-1747.2003.12380.x

25. Lutz MB, Kukutsch N, Ogilvie AL, Rossner S, Koch F, Romani N, et al. An
advanced culture method for generating large quantities of highly pure dendritic cells
from mouse bone marrow. J Immunol Methods (1999) 223(1):77–92. doi: 10.1016/
S0022-1759(98)00204-X

26. Kuroda E, Ho V, Ruschmann J, Antignano F, Hamilton M, Rauh MJ, et al. SHIP
represses the generation of IL-3-induced M2 macrophages by inhibiting IL-4
production from basophils. J Immunol (2009) 183(6):3652–60. doi: 10.4049/
jimmunol.0900864

27. Kamran N, Li Y, Sierra M, Alghamri MS, Kadiyala P, Appelman HD, et al.
Melanoma induced immunosuppression is mediated by hematopoietic dysregulation.
Oncoimmunology (2018) 7(3):e1408750. doi: 10.1080/2162402X.2017.1408750
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1130600/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1130600/full#supplementary-material
https://doi.org/10.1038/nrc3581
https://doi.org/10.1007/s00232-006-0875-7
https://doi.org/10.1038/nri1668
https://doi.org/10.3109/08820139.2012.680634
https://doi.org/10.3109/08820139.2012.680634
https://doi.org/10.4049/jimmunol.170.1.270
https://doi.org/10.1038/nri3175
https://doi.org/10.1038/s41590-017-0022-x
https://doi.org/10.1038/s41577-020-00490-y
https://doi.org/10.4049/jimmunol.162.10.5728
https://doi.org/10.1002/eji.200526172
https://doi.org/10.1182/bloodadvances.2017006858
https://doi.org/10.1182/bloodadvances.2017006858
https://doi.org/10.1080/08977190412331279881
https://doi.org/10.1182/blood-2008-12-164004
https://doi.org/10.1111/j.1600-065X.2012.01164.x
https://doi.org/10.1111/j.1600-065X.2012.01164.x
https://doi.org/10.1016/j.celrep.2014.06.038
https://doi.org/10.1038/nri2356
https://doi.org/10.1016/j.immuni.2016.10.026
https://doi.org/10.1038/nrd.2016.231
https://doi.org/10.1016/j.immuni.2019.03.022
https://doi.org/10.1016/j.immuni.2019.03.022
https://doi.org/10.1093/annonc/mdl158
https://doi.org/10.1172/JCI112145
https://doi.org/10.1038/32190
https://doi.org/10.1046/j.1523-1747.2003.12380.x
https://doi.org/10.1016/S0022-1759(98)00204-X
https://doi.org/10.1016/S0022-1759(98)00204-X
https://doi.org/10.4049/jimmunol.0900864
https://doi.org/10.4049/jimmunol.0900864
https://doi.org/10.1080/2162402X.2017.1408750
https://doi.org/10.3389/fimmu.2023.1130600
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Aintablian et al. 10.3389/fimmu.2023.1130600
28. Casacuberta-Serra S, Pares M, Golbano A, Coves E, Espejo C, Barquinero J.
Myeloid-derived suppressor cells can be efficiently generated from human
hematopoietic progenitors and peripheral blood monocytes. Immunol Cell Biol
(2017) 95(6):538–48. doi: 10.1038/icb.2017.4

29. Eckert I, Ribechini E, Lutz MB. In vitro generation of murine myeloid-derived
suppressor cells, analysis of markers, developmental commitment, and function.
Methods Mol Biol (2021) 2236:99–114. doi: 10.1007/978-1-0716-1060-2_10

30. Greifenberg V, Ribechini E, Rossner S, Lutz MB. Myeloid-derived suppressor
cell activation by combined LPS and IFN-gamma treatment impairs DC development.
Eur J Immunol (2009) 39(10):2865–76. doi: 10.1002/eji.200939486

31. Marigo I, Bosio E, Solito S, Mesa C, Fernandez A, Dolcetti L, et al. Tumor-
induced tolerance and immune suppression depend on the C/EBPbeta transcription
factor. Immunity (2010) 32(6):790–802. doi: 10.1016/j.immuni.2010.05.010

32. Weber R, Riester Z, Huser L, Sticht C, Siebenmorgen A, Groth C, et al. IL-6
regulates CCR5 expression and immunosuppressive capacity of MDSC in murine
melanoma. J Immunother Cancer 8(2) (2020). doi: 10.1136/jitc-2020-000949

33. Kirshenbaum AS, Goff JP, Dreskin SC, Irani AM, Schwartz LB, Metcalfe DD. IL-
3-dependent growth of basophil-like cells and mastlike cells from human bone marrow.
J Immunol (1989) 142(7):2424–9. doi: 10.4049/jimmunol.142.7.2424

34. Ohmori K, Luo Y, Jia Y, Nishida J, Wang Z, Bunting KD, et al. IL-3 induces
basophil expansion in vivo by directing granulocyte-monocyte progenitors to
differentiate into basophil lineage-restricted progenitors in the bone marrow and by
increasing the number of basophil/mast cell progenitors in the spleen. J Immunol
(2009) 182(5):2835–41. doi: 10.4049/jimmunol.0802870

35. Auclair SR, Roth KE, Saunders BL, Ogborn KM, Sheikh AA, Naples J, et al.
Interleukin-3-deficient mice have increased resistance to blood-stage malaria. Infect
Immun (2014) 82(3):1308–14. doi: 10.1128/IAI.01140-13

36. Chavany C, Vicario-Abejon C, Miller G, Jendoubi M. Transgenic mice for
interleukin 3 develop motor neuron degeneration associated with autoimmune reaction
against spinal cord motor neurons. Proc Natl Acad Sci USA (1998) 95(19):11354–9.
doi: 10.1073/pnas.95.19.11354

37. Weber GF, Chousterman BG, He S, Fenn AM, Nairz M, Anzai A, et al.
Interleukin-3 amplifies acute inflammation and is a potential therapeutic target in
sepsis. Science (2015) 347(6227):1260–5. doi: 10.1126/science.aaa4268

38. Shibasaki T, Katayama N, Ohishi K, Fujieda A, Monma F, Nishi K, et al. IL-3 can
not replace GM-CSF in inducing human monocytes to differentiate into langerhans
cells. Int J Oncol (2007) 30(3):549–55. doi: 10.3892/ijo.30.3.549

39. Svetic A, Madden KB, Zhou XD, Lu P, Katona IM, Finkelman FD, et al. A
primary intestinal helminthic infection rapidly induces a gut-associated elevation of
Th2-associated cytokines and IL-3. J Immunol 150(8 Pt (1993) 1):3434–41. doi:
10.4049/jimmunol.150.8.3434

40. Shen T, Kim S, Do JS, Wang L, Lantz C, Urban JF, et al. T Cell-derived IL-3 plays
key role in parasite infection-induced basophil production but is dispensable for in vivo
basophil survival. Int Immunol (2008) 20(9):1201–9. doi: 10.1093/intimm/dxn077

41. Rignault-Bricard R, Machavoine F, Mecheri S, Hermine O, Schneider E, Dy M,
et al. IL-3-producing basophils are required to exacerbate airway hyperresponsiveness
in a murine inflammatory model. Allergy (2018) 73(12):2342–51. doi: 10.1111/all.13480

42. Kolle J, Zimmermann T, Kiefer A, Rieker RJ, Xepapadaki P, Zundler S, et al.
Targeted deletion of interleukin-3 results in asthma exacerbations. iScience (2022) 25
(6):104440. doi: 10.1016/j.isci.2022.104440

43. Dan Y, Katakura Y, Ametani A, Kaminogawa S, Asano Y. IL-3 augments TCR-
mediated responses of type 2 CD4 T cells. J Immunol (1996) 156(1):27–34. doi:
10.4049/jimmunol.156.1.27
Frontiers in Immunology 12
44. Kullberg MC, Berzofsky JA, Jankovic DL, Barbieri S, Williams ME, Perlmann P,
et al. T Cell-derived IL-3 induces the production of IL-4 by non-b, non-T cells to
amplify the Th2-cytokine response to a non-parasite antigen in schistosoma mansoni-
infected mice. J Immunol (1996) 156(4):1482–9. doi: 10.4049/jimmunol.156.4.1482

45. Lantz CS, Min B, Tsai M, Chatterjea D, Dranoff G, Galli SJ. IL-3 is required for
increases in blood basophils in nematode infection in mice and can enhance IgE-
dependent IL-4 production by basophils in vitro. Lab Invest (2008) 88(11):1134–42.
doi: 10.1038/labinvest.2008.88

46. Voehringer D. Basophil modulation by cytokine instruction. Eur J Immunol
(2012) 42(10):2544–50. doi: 10.1002/eji.201142318

47. Borriello F, Longo M, Spinelli R, Pecoraro A, Granata F, Staiano RI, et al. IL-3
synergises with basophil-derived IL-4 and IL-13 to promote the alternative activation of
human monocytes. Eur J Immunol (2015) 45(7):2042–51. doi: 10.1002/eji.201445303

48. Ebner S, Hofer S, Nguyen VA, Fürhapter C, Herold M, Fritsch P, et al. A novel
role for IL-3: human monocytes cultured in the presence of IL-3 and IL-4 differentiate
into dendritic cells that produce less IL-12 and shift Th cell responses toward a Th2
cytokine pattern. J Immunol (2002) 168(12):6199–207. doi: 10.4049/
jimmunol.168.12.6199

49. Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al.
Macrophage activation and polarization: nomenclature and experimental guidelines.
Immunity (2014) 41(1):14–20. doi: 10.1016/j.immuni.2014.06.008

50. Zimmermann N, King NE, Laporte J, Yang M, Mishra A, Pope SM, et al.
Dissection of experimental asthma with DNA microarray analysis identifies arginase in
asthma pathogenesis. J Clin Invest (2003) 111(12):1863–74. doi: 10.1172/JCI17912

51. Meurs H, McKay S, Maarsingh H, Hamer MA, Macic L, Molendijk N, et al.
Increased arginase activity underlies allergen-induced deficiency of cNOS-derived
nitric oxide and airway hyperresponsiveness. Br J Pharmacol (2002) 136(3):391–8.
doi: 10.1038/sj.bjp.0704725

52. Knippenberg S, Brumshagen C, Aschenbrenner F, Welte T, Maus UA. Arginase
1 activity worsens lung-protective immunity against streptococcus pneumoniae
infection. Eur J Immunol (2015) 45(6):1716–26. doi: 10.1002/eji.201445419

53. Mondanelli G, Ugel S, Grohmann U, Bronte V. The immune regulation in
cancer by the amino acid metabolizing enzymes ARG and IDO. Curr Opin Pharmacol
(2017) 35:30–9. doi: 10.1016/j.coph.2017.05.002

54. Rodriguez PC, Quiceno DG, Zabaleta J, Ortiz B, Zea AH, Piazuelo MB, et al.
Arginase I production in the tumor microenvironment by mature myeloid cells inhibits
T-cell receptor expression and antigen-specific T-cell responses. Cancer Res (2004) 64
(16):5839–49. doi: 10.1158/0008-5472.CAN-04-0465

55. Li YN, Wang ZW, Li F, Zhou LH, Jiang YS, Yu Y, et al. Inhibition of myeloid-
derived suppressor cell arginase-1 production enhances T-cell-based immunotherapy
against cryptococcus neoformans infection. Nat Commun (2022) 13(1):4074.
doi: 10.1038/s41467-022-31723-4

56. Youn J-I, Nagaraj S, Collazo M, Gabrilovich DI. Subsets of myeloid-derived
suppressor cells in tumor-bearing mice. J Immunol (2008) 181(8):5791–802. doi:
10.4049/jimmunol.181.8.5791

57. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation:
time for reassessment. F1000Prime Rep 6 13 (2014). doi: 10.12703/P6-13

58. El Kasmi KC, Qualls JE, Pesce JT, Smith AM, Thompson RW, Henao-Tamayo M,
et al. Toll-like receptor-induced arginase 1 in macrophages thwarts effective immunity
against intracellular pathogens. Nat Immunol (2008) 9(12):1399–406. doi: 10.1038/ni.1671

59. Mroczko B, Szmitkowski M, Okulczyk B. Hematopoietic growth factors in
colorectal cancer patients. Clin Chem Lab Med (2003) 41(5):646–51. doi: 10.1515/
CCLM.2003.098
frontiersin.org

https://doi.org/10.1038/icb.2017.4
https://doi.org/10.1007/978-1-0716-1060-2_10
https://doi.org/10.1002/eji.200939486
https://doi.org/10.1016/j.immuni.2010.05.010
https://doi.org/10.1136/jitc-2020-000949
https://doi.org/10.4049/jimmunol.142.7.2424
https://doi.org/10.4049/jimmunol.0802870
https://doi.org/10.1128/IAI.01140-13
https://doi.org/10.1073/pnas.95.19.11354
https://doi.org/10.1126/science.aaa4268
https://doi.org/10.3892/ijo.30.3.549
https://doi.org/10.4049/jimmunol.150.8.3434
https://doi.org/10.1093/intimm/dxn077
https://doi.org/10.1111/all.13480
https://doi.org/10.1016/j.isci.2022.104440
https://doi.org/10.4049/jimmunol.156.1.27
https://doi.org/10.4049/jimmunol.156.4.1482
https://doi.org/10.1038/labinvest.2008.88
https://doi.org/10.1002/eji.201142318
https://doi.org/10.1002/eji.201445303
https://doi.org/10.4049/jimmunol.168.12.6199
https://doi.org/10.4049/jimmunol.168.12.6199
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1172/JCI17912
https://doi.org/10.1038/sj.bjp.0704725
https://doi.org/10.1002/eji.201445419
https://doi.org/10.1016/j.coph.2017.05.002
https://doi.org/10.1158/0008-5472.CAN-04-0465
https://doi.org/10.1038/s41467-022-31723-4
https://doi.org/10.4049/jimmunol.181.8.5791
https://doi.org/10.12703/P6-13
https://doi.org/10.1038/ni.1671
https://doi.org/10.1515/CCLM.2003.098
https://doi.org/10.1515/CCLM.2003.098
https://doi.org/10.3389/fimmu.2023.1130600
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	M-MDSC in vitro generation from mouse bone marrow with IL-3 reveals high expression and functional activity of arginase 1
	Introduction
	Results
	BM cultures with IL-3 or GM-CSF induce similar frequencies and progenitor proliferation in vitro
	IL-3 and GM-CSF show a similar potency to generate M-MDSC phenotypes from murine BM in vitro
	Morphology and mast cell content of IL-3 and GM-CSF cultures
	Minor differences exist for expression of cytokine and chemokine receptors and signaling molecules between cultures with IL-3 and GM-CSF
	IL-3 cultures show lower release of pro- and anti-inflammatory cytokines
	Activation of IL-3 cultures induces higher frequencies of Arg1+ cells as compared with GM-CSF cultures
	IL-3 cultured M-MDSC suppress CD4+ and CD8+ T cell proliferation by increased Arg1 activity as compared with GM-CSF cultures

	Discussion
	Materials and methods
	Mice
	In vitro generation of IL-3 and GM-CSF MDSC, stimulation, and proliferation measurement of progenitor cells
	Generation of BM-derived MC with IL-3
	Flow cytometry
	Cytospins, cell staining and microscopy
	Enzyme-linked immunosorbent assay
	Suppressor assay
	Statistics

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


