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ABSTRACT

Mast cells and MDSCs are increased by parasitic infec-
tion and tumor growth. We previously demonstrated
that enhanced MDSC development in ADAM10 trans-
genic mice yielded resistance to Nb infection and that
coculturing MDSCs and mast cells enhanced cytokine
production. In the current work, we show that MDSC-
mast cell coculture selectively enhances IgE-mediated
cytokine secretion among mast cells, without increas-
ing MDSC cytokine production. This effect was inde-
pendent of cell contact and elicited by Ly6C* and
Ly6C/G+ MDSC subsets. These interactions were
functionally important. MDSC depletion with the FDA-
approved drug gemcitabine exacerbated Nb or
Trichinella spiralis infection and reduced mast cell-de-
pendent AHR and lung inflammation. Adoptive trans-
fer of MDSC worsened AHR in WT but not mast cell-
deficient Wsh/Wsh mice. These data support the
hypothesis that MDSCs enhance mast cell inflamma-
tory responses and demonstrate that this interaction
can be altered by an existing chemotherapeutic.

J. Leukoc. Biol. 95: 000-000; 2014.

Introduction

The role of mast cells in allergic disease and asthma is well-
established [1, 2]. Antigen binding to surface-bound IgE mole-
cules on mast cells causes the release of preformed mediators
that initiates an inflammatory response marked by vasodilata-
tion, endothelial cell activation, recruitment of other immune

Abbreviations: ADAM10=a disintegrin and metalloproteinase 10, AHR=
airway hyper-responsiveness, cRPMI=complete RPMI, FDA=U.S. Food
and Drug Administration, HSA=human serum albumin, i.n.=intranasal,
L=larval stage, LyBC+=Ly6C+/Ly6G—, LyBC/G+=Ly6C+/Ly6G+,
MDSC=myeloid-derived suppressor cell, Nb=Nijppostrongylus brasiliensis,
RBC=red blood cell, SCF=stem cell factor
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cells, including eosinophils and lymphocytes, and release of
neurogenic peptides that can cause itching and pain. Activa-
tion by antigen:IgE is best-characterized via signaling through
the high-affinity IgER, FceRI [3]. Chronic mast cell activation
contributes to the hyper-responsiveness embodying the pathol-
ogy of asthma [1].

Mast cells evolved to protect the host from infection by mul-
ticellular parasites. Although present in nearly every tissue,
mast cells are most prevalent at interfaces with the environ-
ment, such as in the skin and gut epithelium. In the gut, mast
cell proteases degrade tight junctions between epithelial cells,
allowing fluid escape. Mast cells also secrete mediators, such as
VEGF, MCP-1, MCP-2, MIP-1a, 114, IL-13, IL-13, GM-CSF, G-
CSF, IFN-y, and TNF [1]. Whereas these inflammatory media-
tors are important for parasite expulsion, they are potentially
damaging to host cells and tissues. Therefore, mast cell re-
sponses to parasites frequently result in a state of low-grade
inflammation, allowing host and parasite to coexist in a form
of homeostasis that minimizes damage to the host tissues. In
fact, helminth infections are linked to the expansion of several
populations of immune regulatory cells, causing an overall im-
munosuppressive state [4].

One of the immune regulatory populations expanded in
helminth-infected individuals is MDSCs. Although MDSCs
have been linked recently to T cell suppression in various
models of parasitic infection, including Trypanosoma cruzi,
Leishmania major, and Toxoplasmosis gondii [5, 6], they are
best known for their role in tumor promotion. In tumor-
bearing animals, MDSCs suppress CD4 and CD8 T, B, and
NK cells [7, 8]. Much attention has been given to the di-
verse set of suppressive mechanisms attributed to MDSCs,
including the secretion of NO, the depletion of L-arginine
via arginase-1, production of oxygen-free radicals, and pro-
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duction of regulatory cytokines, such as TGF-$ (reviewed in
refs. [7, 9, 10].

Eliminating MDSCs has been an attractive therapeutic ap-
proach to cancer therapy that has shown promise. Gemcit-
abine is a deoxycytidine analog that incorporates into DNA
after conversion to its active triphosphate form by deoxycyt-
idine kinase. The diphosphate form of gemcitabine also tar-
gets the active site of ribonucleotide reductase, reducing
DNA synthesis. Interestingly, reports have found that gem-
citabine selectively eliminates MDSCs [11]. The lack of
broad immunosuppression has made gemcitabine, which is
already commonly used as a cancer chemotherapeutic, a
preferred candidate for combination with immunotherapy
[12, 13].

Whereas interactions between mast cells and MDSCs have
been suggested recently in tumor models [14], the presence
and importance of MDSCs have just begun to be recognized
in inflammatory conditions, such as allergy and asthma [15—
17]. We reported recently that mast cells augment MDSC
immunosuppressive activities and that mast cells are re-
quired for MDSCs to enhance tumor metastasis [18]. Given
the presence of mast cells and MDSCs in parasitic infection
and AHR, mast cell-MDSC interplay is functionally relevant
and could shed light on a novel role for MDSCs. In this re-
port, we demonstrate that MDSCs enhance IgE-mediated
mast cell cytokine production and are required for resis-
tance to the helminthic parasites Nb and 7. spiralis. Con-
versely, MDSC depletion reduced AHR in a chronic allergic
model, whereas MDSCs transfer exacerbated AHR. MDSCs
appear to be capable of not only suppressive but also stimu-
latory actions that alter the outcome of protective and path-
ological inflammatory responses.

MATERIALS AND METHODS

Animals

BALB/c, C57BL/6, and Kit"*" (hence, referred to as Wsh) mice were ob-
tained from The Jackson Laboratory (Bar Harbor, ME, USA) and were
used at a minimum of 9 weeks old. A strain of ADAMI0 transgenic mice,
overexpressing ADAMI10 at early stages of lympho- and myelopoiesis,
through use of the H-2Kb promoter and IgH enhancer regulatory ele-
ments, has been described previously [19]. All studies were done with ap-
proval from the Virginia Commonwealth University Institutional Animal
Use and Care Committee.

Mouse BMMC cultures

Mouse BMMCs were generated from mice through isolation and subse-
quent culture of bone marrow cells in cRPMI-1640 medium (Invitrogen
Life Technologies, Carlsbad, CA, USA), containing 10% FBS, 2 mM L-glu-
tamine, 100 U/ml penicillin, 100 pg/ml streptomycin, and 1 mM HEPES
(Quality Biological, Gaithersburg, MD, USA) and 1 mM sodium pyruvate
(Cellgro; Mediatch, Manassas, VA, USA). Cultures were supplemented with
IL-3-containing supernatant from WEHI-3 cells and SCF-containing super-
natant from BHK-MKL cells. The final concentrations of I11.-3 and SCF were
adjusted to 1 ng/ml and 10 ng/ml for IL-3 and SCF, respectively. Mature
BMMCs were used after 21 days of culture.

Generation and isolation of MDSCs

BALB/c mice were injected s.c. in the flank with 5 X 10° syngeneic 4T1
breast carcinoma cells. Tumors were allowed to grow for 14-17 days, after
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which, mice were killed, and spleens were harvested. RBCs were lysed, and
white blood cells were blocked with anti-FcyRII/RIII (Clone 2.4G2) and
labeled with antibodies against Grl and CD11b (FITC-Grl, Clone RB6-8C5;
PE/CY5-CD11b, Clone M1/70; BioLegend, San Diego, CA, USA). Cells co-
expressing CD11b and Grl were sorted with doublette discrimination on a
FACSAria II to >96% purity. For some experiments, Grl+ cells were
sorted from the spleens of tumor-bearing mice using the EasySep PE-Selec-
tion Kit from StemCell Technologies (Vancouver, BC, Canada), along with
PE-Grl1 antibody (RB6-8C5), following the manufacturer’s protocol. These
Grl+ cells coexpressed CD11b and yielded results similar to experiments
using FACS-sorted cells.

BMMC coculture with MDSCs

BMMCs were washed and resuspended at 5 X 10° cell/ml in 10 ng/ml
rIL-3 with 0.5 pug/ml anti-DNP mouse IgE (BD PharMingen, San Diego,
CA, USA) for 24 h. BMMCs were washed twice and cultured at a 1:1 ratio
with MDSCs in ¢cRPMI with 10 ng/ml IL-3 and 10 ng/ml GM-CSF (Pepro-
Tech, Rocky Hill, NJ, USA) overnight. DNP-HSA was added to all wells at a
concentration determined to be optimal for that lot of reagent (20-100
ng/ml). Supernatants were collected 6 h or 18 h after cross-linking and
kept at —80°C until analysis by ELISA.

ELISA analysis

All cytokine ELISAs were obtained from PeproTech and were used per the
manufacturer’s instructions. Supernatants, collected after 6 h, were ana-
lyzed for TNF; supernatants collected after 18 h were analyzed for addi-
tional cytokines and chemokines. IgE ELISA measurements were per-
formed as described previously [20].

Flow cytometric analysis

Splenocytes were homogenized and RBCs lysed using ammonium-chloride-
potassium lysing buffer (Quality Biological). Nonspecific binding was
blocked using 2.4G2, followed by staining with the following antibodies:
FITC-CD4, PE-CD8, PE/Cyb B220, or FITC-Grl and PE/Cy5-CD11b (Bio-
Legend) at a final concentration of 10 ug/ml for FITC staining and 2
wng/ml for PE and PE/Cyb staining. Cells were incubated in the dark for 30
min and washed twice in staining buffer (PBS/3% FBS/0.1% NaN,) for
flow cytometric analysis. For analysis of intracellular cytokines, BMMCs and
sorted MDSCs were cocultured overnight as above. Ninety minutes after
addition of DNP-HSA, GolgiStop (BD Biosciences, San Jose, CA, USA) was
added, and cells were cultured for an additional 5 h. Cells were harvested,
surface FcRs were blocked with 2.4G2, and surface staining for PE-Grl
(BioLegend) was performed for 30 min at 4°C in the dark in staining buf-
fer. Cells were washed twice after surface staining and fixed with 4% PFA.
Cells were permeabilized using staining buffer with 0.1% saponin. Allophy-
cocyanin-conjugated rat anti-mouse TNF or IL-6 (BD PharMingen) was
added at the manufacturer’s recommended concentration prior to analysis
on a BD FACSCalibur flow cytometer.

Nb infection and gemcitabine treatment

BALB/c mice were injected s.c. with 650 infective L3. On Days 4 and 8 af-
ter inoculation, mice were given i.p. injections of 1.2 mg gemcitabine or an
equivalent volume (200 ul) of PBS. Feces were collected daily, starting on
Day 5 and for the duration of the experiment for enumeration of eggs.
Mice were killed on Day 11 after inoculation and the intestines removed
for quantification of adult worms.

T. spiralis infection and gemcitabine treatment

BALB/c mice were inoculated orally with 150 muscle-stage T. spiralis L1
(a generous gift from Dr. D. Hill, U.S. Department of Agriculture/Agri-
cultural Research Service, Beltsville, MD, USA) and then given i.p. injec-
tions of 1.2 mg gemcitabine or PBS on Days 1, 4, and 7 postinoculation.
A group of mice was harvested on Day 9 to assess adult 7. spiralis in the
intestine. A second group continued to receive gemicitabine weekly,
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starting on Day 10 through Day 38, and was harvested on Day 41 to as-
sess T spiralis L1 in muscle tissue. The protocol to assess 7. spiralis infec-

tion has been described [21].

AHR model of established lung inflammation

Female BALB/c mice were sensitized with 10 ug OVA i.p. every other day
for 13 days. Mice were challenged with i.n. OVA (200 pg) on Days 40, 43,
and 46 and then given i.n. gemcitabine (1.2 mg) on Days 47, 50, 54, 57,
60, 63, 66, 69, 72, and 75. Mice were also challenged with OVA (200 ug
in.) on days 66,69,72, and 75. Mice were anesthetized on Day 76 and can-
nulated for analysis of airway resistance in response to increasing metha-
choline concentration, as measured by Flexivent. Mice were killed after
Flexivent analysis, and BAL and cardiac puncture was performed. Blood
from cardiac puncture was centrifuged, and serum was stored at —80°C

until used for analysis of IgE levels.

AHR model with MDSC transfer

Age-matched C57BL/6 and Wsh/Wsh mice received 50 mg OVA i.p. every
2 days for 6 days. Mice then received 1 X 107 MDSC by i.p. injection on
Days 17, 20, 23, and 26, and i.n. challenge with OVA (200 pg) was per-
formed on Days 21, 24, and 27. Methacholine challenge to measure AHR
was performed on Day 28.

Statistics

Data shown in each figure are the mean and sk of the indicated number of
samples. For comparisons of two samples, Student’s #test was used.
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RESULTS

MDSCs enhance IgE-mediated mast cell cytokine
production

MDSCs and mast cells can promote the Th2 response, and
both are elevated during tumor growth and parasite infection
[6, 22—24]. We therefore determined the effect of mast cell-
MDSC coculture on IgE-induced cytokine secretion. MDSCs
sorted from the spleens of mice-bearing 4T1 breast carcinomas
were cultured at a 1:1 ratio with IgE-sensitized BMMCs. After
overnight coculture, DNP-HSA was added, and supernatants
were collected. Consistent with our previous work using
ADAMI10 transgenic MDSCs [18], tumor-elicited MDSCs en-
hanced the production of TNF, IL-6, and IL-13 (Fig. 1A). His-
tamine secretion, assessed at 1-h postcrosslinkage, was not al-
tered by coculture (not shown). We also noted a modest but
consistent increase in cytokine production among cocultures
that did not include IgE. The importance of cell contact was
determined using a 0.4-um membrane to separate the cell
types. As shown in Fig. 1A, TNF and IL-6 production was still
enhanced in the absence of cell contact, whereas IL-13 en-
hancement trended higher but did not reach statistical signifi-
cance. In addition to cytokines, coculture enhanced IgE-medi-
ated chemokine secretion, as noted for MIP-1a and MCP-1
(Fig. 1B).
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Figure 1. Mast cellMDSC co-
culture enhances IgE-induced
cytokine production. MDSCs
isolated from the spleens of
4T1 tumor-bearing BALB/c
mice were cultured at a 1:1
ratio with BALB/c BMMCs
that were presensitized with
IgE. After overnight cul-
ture, cells were activated by
antigen-induced IgE cross-
linkage (XL). Supernatants
were collected after 6 hours
(TNF) or 18 h and ana-
lyzed by ELISA. Data are
mean and sem from three

MDSC+BMMC
- o+

to 34 measurements, obtained from two to four independent experiments. In the indicated samples, MDSCs and BMMCs were
separated by 0.4 um membranes (Transwells). *P < 0.05; **P < 0.01; ***P < 0.0001, when comparing the indicated samples

with BMMCs or MDSCs alone.
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These data demonstrated that the presence of MDSCs en-
hances IgE-mediated cytokine and chemokine secretion but
did not reveal the cell lineage responsible for the enhanced
production. To ascertain this, we performed similar cocultures,
and examined the cells by flow cytometry for intracellular cyto-
kine levels. As shown in Fig. 2, a small percentage of MDSCs
produced TNF and IL-6. This fraction was unchanged when
IgE-activated mast cells were added (Fig. 2A). By contrast,
BMMCs demonstrated a consistent and statistically significant
increase in the percentage of cytokine-positive cells when
cocultured with MDSCs. The average per-cell fluorescence did
not change (not shown). These data supported the theory that
mast cell-MDSC coculture enhances IgE-induced cytokine pro-
duction by selectively increasing the fraction of IgE-responding
mast cells, without altering cytokine production among MD-
SCs.

MDSCs are categorized frequently by their expression of two
surface markers, Ly6C and Ly6G [25]. Whereas all of the tu-
mor-elicited MDSCs expressed Ly6C, only a subset expressed
Ly6G. We isolated tumor-elicited MDSCs based on this Ly6C+
or Ly6C/G+ phenotype. These cells were then placed into
cocultures with BMMCs. As shown in Fig. 3, both populations
significantly increased IgE-mediated IL-6 secretion in cocul-
tures. Ly6C+ MDSCs also showed significantly increased
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MIP-1a in cocultures. Unlike their Ly6C+ counterpart,
Ly6C/G+ cells produced MIP-1c. In this case, the effects of
mast cell coculture on MIP-1a production appeared to be ad-
ditive. These data suggest that both of these MDSC subsets
possess mast cell-stimulating capacity.

MDSCs are required for effective clearance of Nb
and T. spiralis

To determine the functional in vivo relevance of mast cell-
MDSC interactions, we used the intestinal nematode Nb, as
mice lacking mast cells have delayed Nb clearance [26]. The
FDA-approved chemotherapeutic agent gemcitabine, which
selectively ablates MDSCs [27, 28], was used to deplete MDSCs
during Nb infection. BALB/c mice were inoculated with infec-
tive L3 larvae and given two doses (1.2 mg each in a 200-ul
vol) of gemcitabine via i.p. injection, 4 and 8 days postinfec-
tion. Fecal egg counts were used to assess adult worm fecun-
dity (Fig. 4A). Gemcitabine injection on Day 4 increased para-
site egg production significantly on days 6 and 7. When egg
production in this group began to decline, a second gemcit-
abine injection on Day 8 was associated with a rebound in egg
numbers. The manufacturer’s stated plasma half-life of gemcit-
abine is ~60 min; hence, these biphasic data are likely be a
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Figure 2. Enhanced cytokine production in mast cell MDSC cocultures is restricted to mast cells. MDSCs derived from the spleens of 4T1 tumor-
bearing BALB/c mice were cocultured at a 1:1 ratio with IgE-presensitized BALB/c BMMGs. After overnight coculture, BMMCs were activated by
IgE crosslinkage, and cells were assessed for intracellular IL-6 or TNF content by flow cytometry, as described in Materials and Methods. (A) Rep-
resentative flow cytometry analyses after gating on Grl+ MDSCs or Grl— mast cells (MC). (B) Summary of percent-positive cells for each popula-
tion. Data are averages of five to six samples/point. FL.4/2-H, Fluorescence 4/2-height.

4 Journal of Leukocyte Biology Volume 95, April 2014

www jleukbio.org



3000+

—_—
20004

IL-6 (pg/ml)

1000+

10004

8004 ’
6004

4004 T

2004

MIP-1 alpha (pg/ml)

Ly6C* Ly6C/G* BMMC | Ly6C* Ly6C/G*
MDSC+BMMC

Figure 3. The ability to enhance mast cell cytokine production is not
restricted by Ly6C/G subsets. Splenocytes from 4T1 tumor-bearing
BALB/c mice were sorted based on Ly6C+ or Ly6C/G+ expression
patterns. These cells were cocultured as described in Fig. 1. Data
shown are mean and sEM of six samples from one of two experiments
that gave similar results. ND, Not detectable within the limits of this
assay. *P < 0.05; **P < 0.01; ***P < 0.0001.

result of a drop in circulating gemcitabine levels below an ef-
fective threshold.

On Day 11, when egg counts in the PBS-treated mice
reached zero, the mice were killed, and the number of adult
worms in the intestine was counted. Mice treated with gemcit-
abine had ~250 adult worms remaining in the intestine,
whereas the PBS-treated group had a negligible number (aver-
age of 0.33 worms/mouse, n=6; Fig. 4B). Flow cytometry for
splenic T cells (CD4" and CD8"), B cells (B220), and neutro-
phils (Grl+) showed no significant decreases in any of these
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cell types, concurrent with no significant change in the total
number of splenocytes in the two groups. As expected, the
number of CD11b+Grl+ MDSCs was decreased significantly
in the group treated with gemcitabine compared with the PBS-
treated group (P=0.006; Fig. 4C).

As gemcitabine-mediated suppression of mast cell activity
would also delay Nb clearance from the intestine, we examined
its effects on the mast cell lineage in more detail. As shown in
Supplemental Fig. 1, mast cell numbers in the mesenteric LN,
spleen, and peritoneum were unaffected by gemcitabine treat-
ment during Nb infection. Furthermore, the same timing of
gemcitabine injections in naive mice (lacking MDSCs) did not
alter subsequent IgE-induced passive systemic anaphylaxis, as
measured by a drop in body temperature and plasma cytokine
levels (Supplemental Fig. 1B and C). Peritoneal mast cell num-
bers were also unaffected (Supplemental Fig. 1D). These data
demonstrate that gemcitabine has little impact on mast cell
survival or function and supports the hypothesis that gemcit-
abine ablates MDSCs selectively, resulting in a reduced mast
cell response to Nb infection.

To confirm independently the importance of mast cell-
MDSC interactions during parasite clearance, we next tested
the effects of gemcitabine on mast cell-dependent clearance of
T. spiralis infection. Whereas Nb can be expelled in the ab-
sence of mast cells, the kinetics of adult 7. spiralis expulsion
from the intestines are mast cell-dependent [29]. BALB/c
mice were inoculated with 7. spiralis s.c. and then given gem-
citabine or PBS on Days 1, 4, and 7 postinfection. A group of
mice was harvested on Day 9 to assess adult 7. spiralis in the
intestine (Fig. 5A). A second group continued to receive ge-
micitabine weekly, starting on Day 10-38, and was harvested
on Day 40 to assess 7. spiralis larvae in muscle tissue (Fig. 5B).
Gemcitabine treatment during 7. spiralis infection greatly in-
creased the number of intestinal adult worms, 9 days after in-
oculation of infective larvae, and subsequent development in
the muscle of larvae derived from adult worms at 41 days pos-
tinoculation. Collectively, these data support the hypothesis
that MDSCs are required for a competent mast cell response
in vivo.
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Figure 4. MDSC depletion exacerbates Nb infection. (A) BALB/c mice were inoculated with 650 infective Nb larvae and were subsequently treated
with PBS or gemcitabine (1.2 mg i.p. injection; 200 ul vol) on Days 4 and 8 (indicated by arrowheads). Feces were collected daily and weighed
and eggs counted and normalized/gram of feces. (B) Number of adult worms in the intestine on Day 11 postinoculation. (C) Flow cytometry of
splenocytes on Day 11 for indicated surface markers. All data are mean and sEM for five to six mice/group. *P < 0.05; **P < 0.01; ***P < 0.0001.
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Figure 5. MDSC depletion exacerbates T. spiralis infection. (A)
BALB/c mice were inoculated with 7. spiralis muscle stage-infective
larvae and then treated with gemcitabine (1.2 mg i.p. injection; 200 ul
vol) or PBS on Days 1, 4, and 7 postinoculation before death on Day
9. Adult worms were counted in the intestine. (B) A second set of
mice was treated as described in A, with gemcitabine injections con-
tinuing every 7 days, from Days 10 through 38 until 7. spiralis larvae in
muscle tissues were assessed on Day 41. Data shown represent the
mean and SEM from five mice. *P < 0.05; ***P < (0.0001.

MDSCs contribute to the chronic inflammatory
environment of established asthma

In addition to their protective role during parasite infection,
mast cells are also known for eliciting destructive chronic in-
flammatory responses, such as atopic asthma. MDSCs have
been identified recently in the lungs of mice during AHR.
These studies identified suppressive or activating roles for MD-
SCs, depending on the MDSC subset [15-17]. Importantly,
these models used an AHR assay that is not mast cell-depen-
dent as a result of the inclusion of alum during immunization
[30]. To test the importance of mast celllMDSC interactions
during mast cell-dependent chronic lung inflammation, mice
were sensitized and challenged with OVA alone for 42 days to
induce AHR and inflammation. Mice were then treated i.n.
with PBS or gemcitabine to deplete airway MDSC prior to re-
challenge with antigen. On Day 76, mice were killed, and air-
way resistance to methacholine challenge was measured. We
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found that gemcitabine treatment reduced airway resistance
significantly compared with PBS (Fig. 6A). In addition, there
was a significant decrease in the cellular infiltrate recovered in
the BAL fluid of mice treated with gemcitabine compared with
PBS (Fig. 6B). Mice treated with gemcitabine and therefore,
depleted of MDSC, also exhibited significantly decreased se-
rum IgE levels (Fig. 6C).

To confirm the importance of mast cell-MDSC interactions
in the AHR model, we increased MDSC numbers by adoptive
cell transfer during the allergen challenge phase of the assay,
using mice that possess or lack mast cells. As shown in Fig. 7,
adoptively transferring MDSCs, starting 4 days prior to i.n.
challenge and continuing every 3 days throughout the chal-
lenge period, exacerbated lung resistance in WI C57BL/6
mice. By comparison, Wsh mice did not exhibit AHR when
compared with WT mice, as expected from this mast cell-de-
pendent model, and MDSC transfer had no impact on AHR.
Therefore, the inflammatory effects of MDSCs in the AHR
model require the presence of mast cells.

DISCUSSION

Although mast cells and MDSCs have been shown to accumu-
late in tumor microenvironments or during parasitic infec-
tions, interactions between these cells are poorly understood
[6, 22-24]. Yang and coworkers [14] showed that mast cells
can recruit MDSCs to the tumor microenvironment and en-
hance MDSC IL-17 secretion. This finding encouraged our
study of these interactions. We found recently that mast cells
are required for a MDSC-mediated increase in tumor growth
and metastasis and that increased MDSC numbers enhance
resistance to Nb. In the current report, we show that mast cell-
MDSC interactions are bidirectional, as MDSCs enhance mast
cell-mediated inflammatory responses.

The diverse roles of MDSCs are becoming more evident, as
exhibited by the effects of MDSC depletion in the disease
models presented here. In two parasitic nematode models, us-
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Figure 6. MDSC depletion reduces AHR. BALB/c mice were sensitized and challenged with OVA, as described in Materials and Methods. After
establishing inflammation with OVA challenge, i.n. gemcitabine treatment was given every 3 days from Days 47 through 75. OVA restimulation was
performed on Days 66 through 75, with AHR and inflammation assessed on Day 76. (A) Airway resistance to methacholine challenge, as measured
by Flexivent. (B) Trypan blue cell counts of cellular infiltrate recovered by BAL fluid (BALF). (C) Quantification of IgE levels in the serum by
ELISA. Data shown represent the mean and seM from four to six mice/group. *P < 0.05; ***P < 0.0001.

6 Journal of Leukocyte Biology Volume 95, April 2014

www jleukbio.org



-

E WT+MDSC
(7]
&
o
o~
3
£ wT
o
-l
14
< o . ' : .
0 25 50 75 100
E 15
@
o
= 19
E Ins Wsh+MDSC
-4 5 I
1+ b S § Wsh
ﬂé %If\;/l
0

0 25 50 75 100
Methacholine (mg/ml)

Figure 7. MDSC transfer exacerbates AHR and requires mast cells.
C57BL/6 or Wsh/Wsh mice were sensitized and challenged with
OVA, as described in Materials and Methods. MDSCs (1><107/
mouse) were injected i.p. every 3 days from Days 18 through 27.
Mice were challenged with OVA on Days 22-27. AHR was assessed
on Day 28. Data shown represent the mean and sem from three to
five mice/group. AR, change in lung resistance.

ing infection with Nb and T. spiralis, MDSC loss exacerbated
infection, suggesting an evolutionary function of MDSC for
controlling helminths. These findings are complemented by
our previous study showing that MDSC transfer increased resis-
tance to Nb in WT but not Wsh mice [18]. Importantly, we
found that gemcitabine therapy did not alter mast cell num-
bers in multiple tissues and did not block the mast cell re-
sponse in a systemic anaphylactic shock model. Thus, the ef-
fects of gemcitabine are unlikely a result of mast cell depletion
or suppression. Our in vitro data showed that mast cell-MDSC
interactions enhanced I1.-13 secretion, which is critical for Nb
clearance [31]. These data suggest that some of the antipara-
sitic effects mediated by mast cells are a result of interactions
with MDSCs. This represents an unexplored area of immune
regulation and confirms that MDSCs are not solely suppres-
sive.

Unlike acute Nb infection, our established AHR model rep-
resents a role for mast cel-MDSC interactions in chronic in-
flammation. This model elicits a mast cell-dependent pulmo-
nary, inflammatory response that was fully engaged prior to
depleting MDSCs with gemcitabine, and gemcitabine therapy
clearly reduced inflammation and improved pulmonary func-
tion. The in vitro data showed that MDSCs enhance mast cell-
mediated secretion of several inflammatory cytokines, includ-
ing TNF, IL-6, IL-13, MIP-1a, and MCP-1. Each of these can
contribute to immunopathology. For example, TNF has been
shown to be a critical player in the pathology of asthma, and
anti-TNF therapy has been beneficial in some severely asth-
matic patients [32]. TNF may contribute to MDSC recruit-
ment, given that granulocytic MDSCs share characteristics with
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neutrophils, which migrate toward a TNF gradient [33]. Thus,
the sustained contact between MDSCs and mast cells could
result in exacerbated inflammation and AHR.

Distinct MDSC populations and our use of a mast cell-de-
pendent AHR model may explain differences between our
work and a recent report. Deshane and coworkers found that
intratracheal transfer of a Ly6C+ MDSC-like myeloid popula-
tion improved AHR measurements [17]. Their data are in
keeping with the known suppressive capacity of MDSCs. How-
ever, this paper also found that Ly6C—/G+ MDSCs exacer-
bated AHR [17], which agrees with our observation that
MDSC depletion improved AHR. Our model also differed in
that we did not use the adjuvant alum, which enhances the
Th2 response and allows for mast cell-independent AHR and
eosinophil recruitment [30]. The effects of alum on MDSCs
are not known, although these cells are activated through
TLRs [15-17].

Further support for the importance of mast cells in inter-
preting our model is the demonstration that MDSCs did not
elicit AHR when injected into the ¢-kit mutant, mast cell-defi-
cient Wsh mice. Therefore, the effect of MDSCs in asthma
may vary with the requirement for mast cells and with the anti-
gens presented. These data are particularly interesting in light
of the recent demonstration that MDSCs are increased in Wsh
mice, owing to extramedullary hematopoiesis [34]. It appears
that MDSCs are able to enhance the mast cell response but
are not sufficient to elicit AHR, even when present in in-
creased numbers. The effect of MDSCs on mast cell responses
needs to be taken into account when interpreting mast cell
reconstitution of Wsh mice, a common means of determining
a role for mast cells in vivo. Our data suggest that a simple
means of determining the impact of MDSCs in these assays is
gemcitabine therapy. Mast cells and MDSCs appear to be
linked by c-Kit signaling. Many tumors secrete SCF, and block-
ing SCF/c-Kit interactions has been shown to reduce MDSC
recruitment to tumors [35, 36]. As MDSCs have not been
found to express c-Kit, one explanation for the effect of c-Kit
blockade is mast cell suppression. These data indicate a dy-
namic interaction between these two cell types that contributes
to inflammatory responses.

There remains much to uncover in understanding mast cell-
MDSC interactions. Our previous study showed that Ly6C/G+
MDSCs selectively enhanced resistance to Nb, whereas we find
that Ly6C+ and Ly6C/G+ MDSCs enhance mast cell cytokine
production. The reason for these differences is not clear but
could be related to selective homing of these subsets to an in-
flammatory environment. We also find that much of the mast
cell-enhancing activity provided by MDSCs is from a soluble
factor, as physically separating the cells by a semipermeable
membrane did not reduce production of most cytokines
tested. We have yet to identify the factor(s) involved. IL-6,
TNF, MIP-1a, or platelet-activating factor did not replicate
MDSC effects on IgE-mediated cytokine production (data not
shown). Collectively, our data support the hypothesis that mast
cell-MDSC interactions are bidirectional, enhancing the activi-
ties of each cell type in ways that can be protective or patho-
logical, depending on the eliciting stimulus. We demonstrate
the efficacy of the FDA-approved chemotherapeutic gemcit-
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abine in suppressing mast cell-dependent inflammation, appar-
ently by diminishing MDSCs. These clinically relevant findings
support further studies of how this cellular interaction regu-
lates immune homeostasis.
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