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Abstract Myeloid-derived suppressor cells (MDSCs) have been investigated largely in the context of tumor progression.
In contrast to the negative connotation of MDSCs in cancer immunity, our laboratory has recently reported on the
development and role of pulmonary MDSC-like cells (CD11b"Gr1™F4/80™") in the regulation of allergic airway
inflammation. These regulatory cells were expanded in a TLR4/MyD88-dependent manner and were both phenotypically
and morphologically similar to those described in the tumor microenvironment. Although bacterial lipopolysaccharide
(LPS) was initially described as an adjuvant in the development of allergic inflammation, subsequent studies showed that
this is true only at relatively low doses of LPS. A high dose of LPS was shown to actually suppress eosinophilic airway
inflammation. In our efforts to understand the mechanism underlying LPS-mediated suppression of allergic airway disease,
we recently showed that LPS induces MDSC-like cells in the lung tissue in a dose-dependent manner, with increased
accumulation of the cells at high doses of LPS. In contrast to lung dendritic cells (DCs), the MDSC-like cells did not traffic
to the lung-draining lymph nodes, allowing them to act in a dominant fashion over DCs in the regulation of Th2 responses.
The MDSC-like cells were found to blunt the ability of the lung DCs to upregulate GATA-3 or to promote STATS
activation in primed Th2 cells, both transcription factors having critical roles in Th2 effector function. Thus, a complete
understanding of the generation and regulation of the lung MDSCs would provide novel options for therapeutic
interventions.
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Introduction

The field of myeloid-derived suppressor cell (MDSC)
biology has grown in recent years with MDSCs found to
play a regulatory role in a variety of tissue and disease
settings. This heterogeneous population of monocytes and
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granulocytes were first identified in the 1980s as immu-
nosuppressive CD11b*, Gr-1" myeloid cells in cancer
patients [1]. They create a tolerogenic environment via
cytokine production, manipulation of L-arginine metabo-
lism, and dysregulation of both CD4 and CD8 T-cell
function. Increased tumor growth is often correlated with
an increase in MDSC accumulation; however, the mecha-
nisms by which MDSCs are generated via exposure to
tumor-secreted factors or how they are recruited to the
tumor microenvironment are not well understood [2]. It is
clear that MDSCs employ multifaceted mechanisms to
mediate immune suppression. Comparable, but not phe-
notypically identical, cell populations with immunosup-
pressive function have been identified at mucosal sites
such as the intestine where the cells serve to suppress
local inflammation [3, 4]. Given that recent studies have
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identified MDSC-like cells in contexts other than cancers
[5-7], a better understanding of their generation and
function would be important to either dampen or promote
their function depending on the disease state. As described
below, our study for the first time identified LPS-induced
MDSCs in the lung while investigating mechanisms by
which high doses of LPS suppress allergic airway disease.

Multi-dimensional role of LPS on allergic inflammation

Bacterial lipopolysaccharide (LPS) (endotoxin) has been
shown to have multi-dimensional effects on the develop-
ment of allergic inflammation and can either cause or
prevent allergic airway inflammation depending on the
dose, duration, and timing of LPS exposure. Endotoxin has
been known to have pro-inflammatory properties. When
inhaled, it elicits neutrophilic airway inflammation with
accompanying systemic responses such as blood leukocy-
tosis with neutrophilia [8]. In contrast, various epidemio-
logical studies in support of the hygiene hypothesis have
shown an inverse association of endotoxin exposure with
hay fever and atopic asthma, suggesting that early exposure
to endotoxin protects against allergic diseases [9].
Although these initial epidemiological studies showed that
early-life farm contact protects against allergic diseases,
recent studies have shown that farm contact even later in
life not only reduces the incidence of allergic disease but
also results in loss of sensitization [10—12]. Taken together,
a low dose of LPS in the nanogram range generally
increases the risk of asthma due to its adjuvant effect [13],
whereas a high dose in the microgram range is protective
against allergic airway inflammation as shown in various
studies including our own recent study [13-17].

Despite many observations of protective effects of
endotoxin on allergic diseases, the underlying molecular
mechanisms were not sufficiently explored until recently.
The concept of Th1/Th2 cross-regulation was initially
invoked to explain the hygiene hypothesis in which stim-
ulation of a strong Thl response by LPS was presumed to
cause immune deviation away from Th2. While undoubt-
edly IFN-y produced by Thl cells does suppress the
development of Th2 cells, it is clear that asthma and
allergic diseases are caused by complex gene—environment
interactions, which cannot all be explained by the mere
absence of a strong Thl immune response in early years
[18]. Central to this concept are regulatory T cells (Tregs)
balancing both Thl and Th2 responses. It was shown that
Tregs express Toll-like receptor 4 (TLR4), and exposure to
endotoxin not only promotes Treg survival and prolifera-
tion but also enhances their suppressive functions [19]. In
another study, local LPS application in the nasal mucosa of
non-atopic children promoted activation and proliferation
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of T cells resembling Tregs [20]. These studies suggest that
LPS-activated Tregs may have the ability to regulate
allergic responses. However, LPS-mediated immunosup-
pressive mechanisms in the context of allergic airway
disease were not adequately explored in these studies.

LPS-driven accumulation of lung MDCS-like cells
(CD11b+Grlint cells): heterogenous family
of myeloid cells

Myeloid-derived suppressor cells (MDSCs) represent a
heterogeneous cell population consisting of various mye-
loid precursor cells and are characterized by their ability to
suppress various T-cell functions [21]. All MDSCs express
the surface markers CD11b and Grl. Although most
studies have defined MDSCs as CD11b"Gr1* cells having
suppressive activity, one of the major hallmarks of MDSCs
is their phenotypic, morphological, and functional hetero-
geneity. They have features of both monocytes/macro-
phages and neutrophils. Identification of MDSC-specific
cell surface molecules that would allow specific depletion
of these cells would be a long-awaited breakthrough in the
field that is needed to further our knowledge about their
specific role in various disease conditions.

While MDSCs have been largely investigated in the
context of tumor growth and development, recent studies
have now shown that MDSC-type cells can play a very
important regulatory role in controlling inappropriate
inflammatory immune responses in autoimmune diseases in
contrast to their negative role in cancer immunity [5]. In
our attempt to understand the protective role of LPS in
allergic inflammation in the airways, we have recently
shown that repeated exposure to a relatively high dose of
LPS (up to 10 pug) promotes an increase in CD11b"Gr-
1"™F4/80™ cells in the lung that closely resemble MDSCs
[17]. MDSCs isolated from tumor sites have also been
shown to express F4/80 [22]. Further characterization of
these LPS-induced MDSC-like cells revealed that other
molecules like CD115 (M-CSF receptor), CD124 (IL-4
receptor o chain), and CD62L, which have been shown to
be expressed by MDSCs [21], were not expressed by the
lung MDSC-like cells [17]. Morphological characterization
of these LPS-induced MDSC-like cells revealed a hetero-
geneous population of immature myeloid cells similar to
the Gr1*CD11b™ cells observed in murine models of
cancer and trauma [22, 23]. The phenotype of MDSCs and
the mechanisms of suppression employed by the cells can
vary significantly depending on whether LPS or a tumor-
associated factor is the inducing agent making it difficult
to derive a one-to-one correspondence between all
MDSC-like cells. However, given that the LPS-induced
CD11b"Gr-1"F4/80" cells shared many similarities with
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MDSCs, hereafter they are referred to as lung MDSCs as
was also described in a recent review [24].

Regulation of accumulation of lung MDSCs

The accumulation of MDSC-type cells is thought to be
dependent on a number of factors such as VEGF, IL-6,
GM-CSF, M-CSF, stem cell factor, cyclooxygenase-2,
prostaglandins, TLR ligands, and members of the S100
protein family [25-30]. Our study has demonstrated the
expansion of CD11b"Gr1™F4/80™ cells in a dose-depen-
dent manner following LPS administration [17]. The
expansion of these cells was greatly blunted in MyDS§8-
deficient mice, suggesting dependence on this adaptor
protein for their accumulation. Additionally, using GFP to
track cells in vivo, we showed that a lineage negative bone
marrow progenitor population when introduced intrave-
nously into mice has the ability to differentiate into
MDSCs in the lung after intratracheal delivery of LPS [17].
This finding is in agreement with the report of von Andrian
and colleagues who identified hematopoietic stem and
progenitor cells (HSPCs) in extramedullary tissues
including the lung and showed their ability to differentiate
into CD11Ic+ cells in the presence of LPS in which a
fraction of the cells also expressed Grl [31]. At the time, it
was speculated that the purpose of LPS-induced differen-
tiation into myeloid cells was to boost immune surveillance
at the appropriate site although this idea was not experi-
mentally interrogated. It is important to note that a number
of other studies have also documented the expansion of
CD11b+Grl+ cells in response to repeated LPS exposures
[32-34]. For example, CD11b+Gr1+ cells were identified
in the context of microbial sepsis which caused immune
suppression by promoting Th2 polarization contrasting
with the ability of lung MDSCs to suppress Th2 effector
function [32]. Collectively, these findings illustrate that the
same agent, LPS, can induce MDSC-like cells in different
organs that possess very different functions (Fig. 1).
CD11b+Gr1+4 MDSC-like cells are present in the bone
marrow under homeostatic conditions. Furthermore, the
generation of suppressive MDSC-like cells in culture has
been demonstrated under low or high GM-CSF conditions
[35]. We demonstrated the in vitro generation of
CD11b+Grlint from lineage negative bone marrow pro-
genitors in the presence of LPS and GM-CSF [17]. While
the presence of GM-CSF alone favors myeloid DC dif-
ferentiation, the addition of LPS blocks DC generation in
favor of MDSC-like cells. In a similar manner, the com-
bination of GM-CSF and inflammatory cytokines such as
IL-6 or IL-1p favors the generation of MDSCs with T-cell
suppressive capacity [30]. Suppressors of cytokine signal-
ing (SOCS) proteins have been shown to play a role in this

block in DC differentiation presumably for the purpose of
favoring macrophage differentiation under conditions
where innate host defense is needed for protection [36]. It
is also critical to recognize the central role of STAT3 as a
regulator of MDSC accumulation and expansion [37].
Indeed, S100A9, which is regulated via STAT3, has been
shown to favor MDSC differentiation [27]. Reciprocally,
modulation of STAT3 via miR-17-5p and miR-20a impairs
the suppressive potency of MDSCs [38].

Suppression of immune effector functions by lung
MDSCs

MDSCs are well known for their ability to inhibit T-cell
proliferation and immune responses. Our study showed that
repeated exposure of mice to LPS promotes the expansion
of MDSC:s in the lung tissue. However, these MDSCs were
barely detectable in the lung-draining lymph nodes (LNs).
This caused selective enrichment of the MDSCs over
dendritic cells (DCs) in the tissue since migratory DCs are
induced by LPS to migrate to the draining LNs for antigen
presentation to LN T cells [17]. In our efforts to further
understand the function of LPS-induced lung MDSCs, we
demonstrated a previously unappreciated role of MDSCs in
suppressing Th2-cell activation. Our study showed that
LPS-induced lung MDSCs suppress the ability of lung DCs
to promote Th2 cytokine production, upregulate GATA-3,
or induce STATS activation in primed Th2 cells, both
transcription factors being critical in Th2 effector function
[39-41]. Since STATS activation promotes T-cell viability
[42, 43], it is possible that lung MDSCs impair Th2-cell
survival thereby reducing the size of the memory T-cell
pool [33, 44].

Mechanism of suppression of immune functions
by MDSCs

MDSCs utilize various mechanisms to suppress T-cell
functions including modulation of L-arginine amino acid
metabolism through expression of Arginase 1, production
of nitric oxide, peroxynitrite, and reactive oxygen species,
induction of loss of CD3¢ signaling in T cells and T-cell
apoptosis [21, 45-49]. MDSCs can also block T-cell acti-
vation by sequestering cystine and thus limiting the avail-
ability of cysteine, an essential amino acid for T-cell
activation and function [50]. Various other mechanisms
used by MDSCs to suppress immune responses have also
been suggested, which include upregulation of cyclooxy-
genase 2 and prostaglandin E2 [51], secretion of TGF-f
[52], and induction of Tregs [53, 54]. Our study showed
that the IL-10/Argl axis is involved in the suppressive
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Fig. 1 Schematic depicting regulation of lung MDSC accumulation.
A relatively high dose of LPS promotes accumulation of
CD11b"Gr1™F4/80" MDSC-like cells in the lung tissue from
hematopoietic progenitor cells. In contrast to activated lung DCs,

activity of lung MDSCs on Th2 cells [17]. In another study,
HO-1 was implicated in the suppression of alloreactive
responses by LPS-induced MDSCs [33]. Considering the
diversity of immune signals to which MDSCs are exposed
in different biological contexts, it is expected that the
mechanism of suppression by MDSCs induced by various
agents would also vary. Given the fact that the accumula-
tion of MDSCs is influenced by different stimuli and a
variety of suppressive mechanisms can be induced in
MDSC:s, it is important to critically evaluate the function of
these cells in every situation before targeting them for
immunotherapy.

Concluding remarks

In recent years, MDSCs have received significant attention
because of their immunosuppressive functions. However,
due to their heterogeneous nature, exploitation of MDSCs
therapeutically has been a formidable challenge. Our studies
show that continuous exposure to LPS suppresses allergic
airway disease by inducing lung MDSCs [17]. However,
additional research is necessary to understand the immuno-
modulatory properties of lung MDSCs, which would provide
new avenues to either promote or delete these cells for dis-
ease-specific immunoregulation.
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these cells do not traffic to the draining lymph nodes, which causes an
enrichment of these cells relative to DCs in the tissue. Molecules
expressed by the CD11b"Gr1"™F4/80" cells such as Arginase 1 and
IL-10 suppress reactivation of effector Th2 cells by the resident DCs

Conflict of interest The authors declare no conflicts of interest.

References

1. Frey AB. Myeloid suppressor cells regulate the adaptive immune
response to cancer. J Clin Invest. 2006;116:2587-90.

2. Dolcetti L, Marigo I, Mantelli B, Peranzoni E, Zanovello P,
Bronte V. Myeloid-derived suppressor cell role in tumor-related
inflammation. Cancer Lett. 2008;267:216-25.

3. Coombes JL, Siddiqui KR, Arancibia-Carcamo CV, Hall J, Sun
CM, Belkaid Y, et al. A functionally specialized population of
mucosal CD103+4-DCs induces Foxp3+ regulatory T cells via a
TGF-beta and retinoic acid-dependent mechanism. J Exp Med.
2007;204:1757-64.

4. Denning TL, Wang YC, Patel SR, Williams IR, Pulendran B.
Lamina propria macrophages and dendritic cells differentially
induce regulatory and interleukin 17-producing T cell responses.
Nat Immunol. 2007;8:1086-94.

5. Zhu B, Bando Y, Xiao S, Yang K, Anderson AC, Kuchroo VK,
et al. CD11b+Ly-6C(hi) suppressive monocytes in experimental
autoimmune encephalomyelitis. J Immunol. 2007;179:5228-37.

6. McCurry KR, Colvin BL, Zahorchak AF, Thomson AW. Regu-
latory dendritic cell therapy in organ transplantation. Transpl Int.
2006;19:525-38.

7. Marhaba R, Vitacolonna M, Hildebrand D, Baniyash M, Frey-
schmidt-Paul P, Zoller M. The importance of myeloid-derived
suppressor cells in the regulation of autoimmune effector cells by
a chronic contact eczema. J Immunol. 2007;179:5071-81.

8. Michel O, Nagy AM, Schroeven M, Duchateau J, Neve J, Fondu
P, et al. Dose-response relationship to inhaled endotoxin in nor-
mal subjects. Am J Respir Crit Care Med. 1997;156:1157-64.

9. Braun-Fahrlander C, Riedler J, Herz U, Eder W, Waser M, Grize
L, et al. Environmental exposure to endotoxin and its relation to
asthma in school-age children. N Engl J Med. 2002;347:869-77.

10. Radon K, Ehrenstein V, Praml G, Nowak D. Childhood visits to
animal buildings and atopic diseases in adulthood: an age-
dependent relationship. Am J Ind Med. 2004;46:349-56.



University of Pittsburgh Immunology 2011

157

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Horak F Jr, Studnicka M, Gartner C, Veiter A, Tauber E, Urbanek
R, et al. Parental farming protects children against atopy: longi-
tudinal evidence involving skin prick tests. Clin Exp Allergy.
2002;32:1155-9.

Prior C, Falk M, Frank A. Longitudinal changes of sensitization
to farming-related antigens among young farmers. Respiration.
2001;68:46-50.

Eisenbarth SC, Piggott DA, Huleatt JW, Visintin I, Herrick CA,
Bottomly K. Lipopolysaccharide-enhanced, toll-like receptor
4-dependent T helper cell type 2 responses to inhaled antigen.
J Exp Med. 2002;196:1645-51.

Gerhold K, Blumchen K, Bock A, Seib C, Stock P, Kallinich T,
et al. Endotoxins prevent murine IgE production, T(H)2 immune
responses, and development of airway eosinophilia but not air-
way hyperreactivity. J Allergy Clin Immunol. 2002;110:110-6.
Rodriguez D, Keller AC, Faquim-Mauro EL, de Macedo MS,
Cunha FQ, Lefort J, et al. Bacterial lipopolysaccharide signaling
through toll-like receptor 4 suppresses asthma-like responses via
nitric oxide synthase 2 activity. J Immunol. 2003;171:1001-8.
Delayre-Orthez C, Becker J, de Blay F, Frossard N, Pons F.
Exposure to endotoxins during sensitization prevents further
endotoxin-induced exacerbation of airway inflammation in a
mouse model of allergic asthma. Int Arch Allergy Immunol.
2005;138:298-304.

Arora M, Poe SL, Oriss TB, Krishnamoorthy N, Yarlagadda M,
Wenzel SE, et al. TLR4/MyD88-induced CD11b+Gr-1 int F4/
80+ non-migratory myeloid cells suppress Th2 effector function
in the lung. Mucosal Immunol. 2010;3:578-93.

Yazdanbakhsh M, Kremsner PG, van Ree R. Allergy, parasites,
and the hygiene hypothesis. Science (New York, NY). 2002;296:
490-4.

Caramalho I, Lopes-Carvalho T, Ostler D, Zelenay S, Haury M,
Demengeot J. Regulatory T cells selectively express toll-like
receptors and are activated by lipopolysaccharide. J Exp Med.
2003;197:403-11.

Tulic MK, Manoukian JJ, Eidelman DH, Hamid Q. T-cell pro-
liferation induced by local application of LPS in the nasal mucosa
of nonatopic children. J Allergy Clin Immunol. 2002;110:771-6.
Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as
regulators of the immune system. Nat Rev Immunol. 2009;9:
162-74.

Youn JI, Nagaraj S, Collazo M, Gabrilovich DI. Subsets of
myeloid-derived suppressor cells in tumor-bearing mice.
J Immunol. 2008;181:5791-802.

Makarenkova VP, Bansal V, Matta BM, Perez LA, Ochoa JB.
CD11b+/Gr-14 myeloid suppressor cells cause T cell dysfunc-
tion after traumatic stress. J Immunol. 2006;176:2085-94.
Condamine T, Gabrilovich DI. Molecular mechanisms regulating
myeloid-derived suppressor cell differentiation and function.
Trends Immunol. 2011;32:19-25.

Pan PY, Wang GX, Yin B, Ozao J, Ku T, Divino CM, et al.
Reversion of immune tolerance in advanced malignancy: modu-
lation of myeloid-derived suppressor cell development by
blockade of stem-cell factor function. Blood. 2008;111:219-28.
Sinha P, Clements VK, Fulton AM, Ostrand-Rosenberg S. Pros-
taglandin E2 promotes tumor progression by inducing myeloid-
derived suppressor cells. Cancer Res. 2007;67:4507-13.

Cheng P, Corzo CA, Luetteke N, Yu B, Nagaraj S, Bui MM, et al.
Inhibition of dendritic cell differentiation and accumulation of
myeloid-derived suppressor cells in cancer is regulated by
S100A9 protein. J Exp Med. 2008;205:2235-49.

Gabrilovich D, Ishida T, Oyama T, Ran S, Kravtsov V, Nadaf S,
et al. Vascular endothelial growth factor inhibits the development
of dendritic cells and dramatically affects the differentiation of
multiple hematopoietic lineages in vivo. Blood. 1998;92:4150-66.

29.

30.

31.

32.

33.

34.

35.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Liu YY, Sun LC, Wei JJ, Li D, Yuan Y, Yan B, et al. Tumor cell-
released TLR4 ligands stimulate Gr-1+CD11b+F4/80+ cells to
induce apoptosis of activated T cells. J Immunol. 2010;185:
2773-82.

Lechner MG, Liebertz DJ, Epstein AL. Characterization of
cytokine-induced myeloid-derived suppressor cells from normal
human peripheral blood mononuclear cells. J Immunol. 2010;
185:2273-84.

Massberg S, Schaerli P, Knezevic-Maramica I, Kollnberger M,
Tubo N, Moseman EA, et al. Immunosurveillance by hemato-
poietic progenitor cells trafficking through blood, lymph, and
peripheral tissues. Cell. 2007;131:994—-1008.

Delano MJ, Scumpia PO, Weinstein JS, Coco D, Nagaraj S,
Kelly-Scumpia KM, et al. MyD88-dependent expansion of an
immature GR-1(4)CD11b(+4) population induces T cell sup-
pression and Th2 polarization in sepsis. J Exp Med. 2007;204:
1463-74.

De Wilde V, Van Rompaey N, Hill M, Lebrun JF, Lemaitre P,
Lhomme F, et al. Endotoxin-induced myeloid-derived suppressor
cells inhibit alloimmune responses via heme oxygenase-1. Am J
Transpl. 2009;9:2034-47.

Vaknin I, Blinder L, Wang L, Gazit R, Shapira E, Genina O, et al.
A common pathway mediated through toll-like receptors leads to
T- and natural killer-cell immunosuppression. Blood. 2008;111:
1437-47.

Rossner S, Voigtlander C, Wiethe C, Hanig J, Seifarth C, Lutz
MB. Mpyeloid dendritic cell precursors generated from bone
marrow suppress T cell responses via cell contact and nitric oxide
production in vitro. Eur J Immunol. 2005;35:3533-44.

. Bartz H, Avalos NM, Baetz A, Heeg K, Dalpke AH. Involvement

of suppressors of cytokine signaling in toll-like receptor-mediated
block of dendritic cell differentiation. Blood. 2006;108:4102-8.
Nefedova Y, Huang M, Kusmartsev S, Bhattacharya R, Cheng P,
Salup R, et al. Hyperactivation of STAT3 is involved in abnormal
differentiation of dendritic cells in cancer. J Immunol. 2004;
172:464-74.

Zhang M, Liu Q, Mi S, Liang X, Zhang Z, Su X, et al. Both miR-
17-5p and miR-20a alleviate suppressive potential of myeloid-
derived suppressor cells by modulating STAT3 expression.
J Immunol. 2011;186:4716-24.

Zheng W, Flavell RA. The transcription factor GATA-3 is nec-
essary and sufficient for Th2 cytokine gene expression in CD4 T
cells. Cell. 1997;89:587-96.

Zhang DH, Cohn L, Ray P, Bottomly K, Ray A. Transcription
factor GATA-3 is differentially expressed in murine Th1 and Th2
cells and controls Th2-specific expression of the interleukin-5
gene. J Biol Chem. 1997;272:21597-603.

Zhu J, Cote-Sierra J, Guo L, Paul WE. Stat5 activation plays a
critical role in Th2 differentiation. Immunity. 2003;19:739-48.
Hand TW, Cui W, Jung YW, Sefik E, Joshi NS, Chandele A,
et al. Differential effects of STATS and PI3 K/AKT signaling on
effector and memory CD8 T-cell survival. Proc Natl Acad Sci
USA. 2010;107:16601-6.

Wofford JA, Wieman HL, Jacobs SR, Zhao Y, Rathmell JC. IL-7
promotes Glutl trafficking and glucose uptake via STATS-med-
iated activation of Akt to support T-cell survival. Blood. 2008;
111:2101-11.

Hu H, Huston G, Duso D, Lepak N, Roman E, Swain SL.
CD4(+) T cell effectors can become memory cells with high
efficiency and without further division. Nat Immunol. 2001;2:
705-10.

Kusmartsev SA, Li Y, Chen SH. Gr-1+ myeloid cells derived
from tumor-bearing mice inhibit primary T cell activation
induced through CD3/CD28 costimulation. J Immunol. 2000;165:
779-85.

@ Springer



158

University of Pittsburgh Immunology 2011

46. Mazzoni A, Bronte V, Visintin A, Spitzer JH, Apolloni E, Ser-
afini P, et al. Myeloid suppressor lines inhibit T cell responses by
an NO-dependent mechanism. J Immunol. 2002;168:689-95.

47. 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;170:270-8.

48. Bronte V, Serafini P, Mazzoni A, Segal DM, Zanovello P. L-
arginine metabolism in myeloid cells controls T-lymphocyte
functions. Trends Immunol. 2003;24:302-6.

49. Kusmartsev S, Nefedova Y, Yoder D, Gabrilovich DI. Antigen-
specific inhibition of CD8+ T cell response by immature myeloid
cells in cancer is mediated by reactive oxygen species. J Immu-
nol. 2004;172:989-99.

50. Srivastava MK, Sinha P, Clements VK, Rodriguez P, Ostrand-
Rosenberg S. Myeloid-derived suppressor cells inhibit T-cell
activation by depleting cystine and cysteine. Cancer Res. 2010;
70:68-77.

@ Springer

51.

52.

53.

54.

Rodriguez PC, Hernandez CP, Quiceno D, Dubinett SM, Zabaleta
J, Ochoa JB, et al. Arginase I in myeloid suppressor cells is
induced by COX-2 in lung carcinoma. J Exp Med. 2005;202:
931-9.

Yang L, Huang J, Ren X, Gorska AE, Chytil A, Aakre M, et al.
Abrogation of TGF beta signaling in mammary carcinomas
recruits Gr-14-CD11b+ myeloid cells that promote metastasis.
Cancer Cell. 2008;13:23-35.

Huang B, Pan PY, Li Q, Sato A, Levy DE, Bromberg J, et al. Gr-
1+CD1154+ immature myeloid suppressor cells mediate the
development of tumor-induced T regulatory cells and T-cell
anergy in tumor-bearing host. Cancer Res. 2006;66:1123-31.
Serafini P, Mgebroff S, Noonan K, Borrello I. Myeloid-derived
suppressor cells promote cross-tolerance in B-cell lymphoma by
expanding regulatory T cells. Cancer Res. 2008;68:5439-49.



	Lung myeloid-derived suppressor cells and regulation of inflammation
	Abstract
	Introduction
	Multi-dimensional role of LPS on allergic inflammation
	LPS-driven accumulation of lung MDCS-like cells (CD11b+Gr1int cells): heterogenous family of myeloid cells
	Regulation of accumulation of lung MDSCs
	Suppression of immune effector functions by lung MDSCs
	Mechanism of suppression of immune functions by MDSCs
	Concluding remarks
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /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 true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /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 true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /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
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


