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Abstract: Asthma is a chronic inflammatory disorder of the airways, the development of which is suppressed by
regulatory T cells (Treg). Erythropoietin (EPO) is originally defined as a hematopoietic growth factor. Recently, the
anti-inflammatory effects of EPO in asthma have been acknowledged. However, the underlying mechanisms remain
ill-defined. Here, we showed that EPO treatment significantly reduced the severity of an ovalbumin (OVA)-induced
asthma in mice, seemingly through promoting Foxp3-mediated activation of Treg cells in OVA-treated mouse lung.
The activation of Treg cells resulted from increases in transforming growth factor 31 (TGFB1), which were mainly
produced by M2 macrophages (M2M). In vitro, Co-culture with M2M increased Foxp3 levels in Treg cells and the Treg
cell number, in a TGF receptor signaling dependent manner. Moreover, elimination of macrophages abolished the
therapeutic effects of EPO in vivo. Together, our data suggest that EPO may increase M2M, which activate Treg cells
through TGFp receptor signaling to mitigate the severity of asthma.
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Introduction

Asthma is characterized by bronchial inflamma-
tion, hyperresponsive airways, and airflow
obstruction. Most asthma cases are classified
as allergic asthma, and characterized by activa-
tion of type-2 T helper cells, IgE production and
eosinophilia, and is frequently related to an
inappropriate T cell response to environmental
allergens [1, 2].

Regulatory T cells (Treg) are T cells that sup-
press potentially harmful immune responses.
In animal models of asthma, Treg has been
shown to suppress inflammatory responses
and airway hyper-responsiveness to maintain
peripheral immune tolerance [3-5]. Treg has
been defined by markers including CD4, CD25
and a member of the forkhead box transcrip-
tion factor -Foxp3- as a more specific marker
and determinant for their development and
function [5-7]. Foxp3 is crucial for naive T cell
differentiation towards the Treg phenotype and
its expansion [5-12]. However, the molecular
basis underlying the activation of Treg through
Foxp3 has not been clarified yet.

Erythropoietin (EPO) is a 30.4 kDa glycoprotein
that regulates the rate of red blood cell produc-
tion through binding to its specific cell surface
receptors, has been widely used for the treat-
ment of anemia [13]. Moreover, EPO has been
shown to process antioxidant, anti-apoptotic,
anti-inflammatory and angiogenic effects [14,
15]. Recently, EPO has been reported as a
treatment for experimental asthma [16].
However, the underlying mechanisms remain
poorly defined.

Macrophages (marked by F4/80 expression)
can regulate bronchial inflammation, hyperre-
sponsive airways, and airflow obstruction in the
lung diseases [17]. Besides the classically acti-
vated macrophages (also called M1 macro-
phages, M1M), which respond to inflammatory
stimuli, and appear early on, there are also the
alternatively activated macrophages (M2 mac-
rophages, M2M), which appear later, to medi-
ate humoral immunity and tissue repair [18,
19]. M2M secrete a wide range of chemokines,
enzymes and growth factors to promote neo-
vascularization, fibrosis and tissue repair [20-
22]. Of note, M2M have recently been shown to
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secret extremely high levels of transforming
growth factor B1 (TGFB1) in a pancreas injury
model [20].

Here, we showed that EPO treatment signifi-
cantly reduced the severity of an ovalbumin
(OVA)-induced asthma in mice, seemingly
through promoting Foxp3-mediated activation
of Treg cells in OVA-treated mouse lung. The
activation of Treg cells resulted from increases
in TGFB1, which were mainly produced by M2M.
In vitro, Co-culture with M2M increased Foxp3
levels in Treg cells and the Treg cell number, in
a TGFpB receptor signaling dependent manner.
Moreover, elimination of macrophages abol-
ished the therapeutic effects of EPO in vivo.
Together, our data suggest that EPO may
increase M2M, which activate Treg cells through
TGF receptor signaling to mitigate the severity
of asthma.

Materials and methods
Mouse handling

All mouse experiments were approved by the
IACUC of General Hospital of Shenyang Military
Area Command. Only 10-week-old male
C57BL/6 mice (Jackson lab, Bar Harbor, ME,
USA) were used for in vivo experiments. Mice
were housed in a specific pathogen-free
environment.

Ovalbumin (OVA)-induced allergic asthma mod-
el and erythropoietin (EPO) treatment

Male C57BL/6 mice of 10 weeks of age were
sensitized with an intraperitoneal injection of
50 pg OVA (OVA, grade V; Sigma-Aldrich, St.
Louis, MO, USA) with 2 mg aluminum hydroxide
gel (Alum; Sigma-Aldrich) once per week for 3
times (week 0-2). Then the mice were chal-
lenged with 50 pg OVA by intranasal adminis-
tration under light anesthesia every other day
for another 7 weeks (week 3-9). Control mice
received PBS. After another week, the mice
were examined, sampled and analyzed (week
10). EPO (Sigma-Aldrich) was given after OCA
challenge daily at a dose of 1000 IU/kg till the
end of the experiment (week 9-10).

Macrophage depletion in vivo
For macrophage depletion, 200 pl clodronate-

liposomes (Clodronateliposome, Netherlands)
were intravenously injected every other day
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from the tail vein, from week 7 till week 10.
Control mice were injected with liposomes con-
taining PBS of same frequency and same
dosage.

Airway hyper-responsiveness

Airway hyper-responsiveness (AHR) was mea-
sured by restrained invasive plethysmography
1 day after the last intranasal OVA challenge.
Mice were anesthetized, after which a small
incision was made to expose the trachea, and a
cannula was inserted to connect to an inline
nebulizer and ventilator. Mice were then chal-
lenged with aerosolized PBS followed by
increasing doses of methacholine (Sigma-
Aldrich). Airway resistance and dynamic compli-
ance (Cdyn) were determined by analysis of
pressure and flow waveforms.

Bronchoalveolar lavage, lung digestion and
isolation of Treg or macrophages

Mice were euthanized by pentobarbitone over-
dose after AHR examination. Bronchoalveolar
lavage fluid (BALF) was obtained by instilling
three washes of 0.4 ml PBS with 0.1% BSA.
BALF was centrifuged at 470 g for 5 min, and
cells were enumerated and labeled for further
analysis. For lung digestion, lungs were per-
fused with PBS, after which 0.8 ml 300 U/ml
collagenase type | (Sigma-Aldrich), and 50 U/ml
DNase | (Roche, Nutley, NJ, USA) in RPMI 1640
was injected into the trachea. Lungs were then
removed, minced into small pieces, and digest-
ed at 37°C for 30 min. Lung pieces were dis-
rupted with a syringe plunger, filtered through
nylon mesh, and centrifuged. The cell pellet
was resuspended in RBC lysis buffer, washed,
enumerated, and labeled for flow cytometric
analysis. Treg was analyzed and purified by flu-
orescence-activated cell sorting (FACS) with
specific fluorescence-conjugated antibodies
(CD4 and CD25, all from Becton-Dickinson
Biosciences, San Jose, CA, USA) on a FACSAria
cell sorter (Becton-Dickinson Biosciences),
Macrophages were analyzed and purified by
flow cytometry with specific fluorescence-con-
jugated antibodies (F4/80 and CD163, all from
Becton-Dickinson Biosciences). Data were ana-
lyzed using Flowjo software (Flowjo LLC,
Ashland, OR, USA).

Co-culture system

Purified Treg were co-cultured either with con-
trol media, or with M1M, or with M2M with/
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Figure 1. EPO attenuates OVA-induced hallmarks of the asthma. (A) Experimental schematic for OVA sensitization,

inhalation challenge, and EPO treatment. (B, C) RI (B)

and Cdyn (C) in response to increasing doses of methacholine.

(D) Percentage of eosinophils in BALF. *p<0.05. N=10. Statistics: one-way ANOVA with a Bonferroni Correction.

without 10 pmol/l SB431542, as has been
described before [20]. Two days after co-cul-
ture, Treg was isolated for RNA and protein
analyses.

RT-gPCR

RNA was extracted from purified macrophages
or Treg after FACS, or from culture with RNeasy
(Qiagen, Hilden, Germany). cDNA synthesis was
performed by reserve transcription. Quan-
titative PCR (RT-gPCR) were performed in dupli-
cates with QuantiTect SYBR Green PCR Kit
(Qiagen). All primers were purchased from
Qiagen. Data were collected and analyzed with
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the Rotorgene software accompanying the PCR
machine, using 22°t method for quantification
of the relative mRNA expression levels. Values
of genes were first normalized against B-actin,
and then compared to controls.

Western blot

The cells were lysed in RIPA lysis buffer (1%
NP40, 0.1% SDS, 100 pyg/ml phenylmethylsul-
fonyl fluoride, 0.5% sodium deoxycholate, in
PBS) on ice. The supernatants were collected
after centrifugation at 12000xg at 4°C for 20
min. Protein concentration was determined
using a BCA protein assay kit (Bio-rad, China),
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and whole lysates were mixed with 4xSDS load-
ing buffer (125 mmol/I Tris-HCI, 4% SDS, 20%
glycerol, 100 mmol/I DTT, and 0.2% bromophe-
nol blue) at a ratio of 1:3. Samples were heated
at 100°C for 5 min and were separated on
SDS-polyacrylamide gels. The separated pro-
teins were then transferred to a PVDF mem-
brane. The membrane blots were first probed
with a primary antibody. After incubation with
horseradish peroxidase-conjugated second
antibody, autoradiograms were prepared using
the enhanced chemiluminescent system to
visualize the protein antigen. The signals were
recorded using X-ray film. Primary antibodies
for Western Blot are rabbit Foxp3 and B-actin
(all purchased from Cell Signaling, San Jose,
CA, USA). Secondary antibody is HRP-
conjugated anti-rabbit (Jackson Immuno-
Research Labs, West Grove, PA, USA). Images
shown in the figure were representative from 5
individuals.

ELISA assay

The TGFB1 levels in the conditioned media
(media in specific culture conditions) or in the
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Figure 2. EPO increases Treg cells in OVA-treat-
ed mouse lung. (A, B) Treg cells were purified
from the lung digests of OVA/EPO-treated mice
based on CD4 and CD25 positivity by flow cy-
tometry, shown by a representative flow chart
(A), and quantification (B). (C) Foxp3 levels in
Treg cells from different sources. *p<0.05.
N=10. Statistics: one-way ANOVA with a Bon-
ferroni Correction.

cultured cells was determined by a TGFB1
ELISA Kit (R&D Systems, Los Angeles, CA, USA).
ELISAs were performed according to the
instructions of the manufacturer. Briefly, the
collected condition medium was added to a
well coated with TGFB1 polyclonal antibody,
and then immunosorbented by biotinylated
monoclonal anti-human TGFB1 antibody at
room temperature for 2 h. The color develop-
ment catalyzed by horseradish peroxidase was
terminated with 2.5 mol/I sulfuric acid and the
absorption was measured at 450 nm. The pro-
tein concentration was determined by compar-
ing the relative absorbance of the samples with
the standards.

Statistics

Statistical analysis was performed with the
unpaired two-tailed Student t test (for compari-
son between two groups), one-way ANOVA with
the Tukey posttest (for comparison between
three or more groups), or repeated-measures
ANOVA with the Dunnett posttest (for AHR
dose-response curves), using GraphPad Prism
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software (GraphPad Software, Inc. La Jolla, CA,
USA). Data were represented as mean + SD
and were considered significant if p<0.05.

Results

EPO attenuates OVA-induced hallmarks of the
asthma

We used a well-established mouse allergic
asthma model in our study [23-25]. In this
model, mice were first sensitized to alum-
adsorbed OVA for 2 weeks, and then exposed
to repeated airway provocation for 7 weeks to
develop AHR. EPO was given after OVA chal-
lenge for one week, and then the mice were
analyzed (Figure 1A). The establishment of
asthma model was demonstrated by a dose-
dependent increase in lung resistance (RI) and
decrease in Cdyn in response to a cholinergic
stimulus (methacholine), which were signifi-
cantly attenuated by EPO treatment (Figure 1B,
1C). Another hallmark feature of OVA-induced
allergic asthma -eosinophilic accumulation in
the pulmonary airways- was also evaluated. We
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Foxp3 in Treg cells. (A) TGFB1 levels in the mouse
lung from the OVA/EPO-treated mice by RT-qPCR.
(B, C) The purified CD4+CD25+ Treg cells were
treated with 10 ymol/I TGFB1, with or without 10
umol/1 SB431542, a specific inhibitor of TGF( re-
ceptor |. Foxp3 levels in Treg cells were examined
by RT-qPCR (B), and by Western blot (C). *p<0.05.
N=10. Statistics: one-way ANOVA with a Bonfer-
roni Correction.
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found that the influx of inflammatory eosino-
phils increased to about 50% of total BALF cells
by OVA-treatment, which was also significantly
attenuated by EPO treatment (Figure 1D).
These data suggest that EPO attenuates OVA-
induced hallmarks of the asthma in mice.

EPO increases Treg cells in OVA-treated mouse
lung

Then we aimed to find out the molecular mech-
anisms underlying the therapeutic effects of
EPO. We hypothesized that Treg cells may be
regulated by EPO, since Treg cells are potent
inflammation suppressor in asthma. We used
CD4 and CD25 to purify Treg from the lung
digests of the mice with different treatments by
flow cytometry (Figure 2A). We detected a sig-
nificant increase in Treg cell number in the EPO-
treated mouse lung (Figure 2B). Moreover, we
did not find a difference of Foxp3 levels in
CD4+CD25+ Treg cells from PBS, OVA and
OVA+EPO treated mice (Figure 2C). Thus, EPO
increases Treg in OVA-treated mouse lung but
did not alter the features of Treg cells.

Am J Transl Res 2015;7(11):2305-2315
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EPO increases TGF[31 that activates Foxp3 in
Treg cells

TGFB1 has been shown to activate Foxp3 in
Treg cells to promote cell differentiation and
expansion [6]. Thus, we tested whether the
increases in Treg cells may result from increas-
es in TGFB1 by EPO. Indeed, we detected higher
levels of TGFB1 in the mouse lung from the
OVA-mice treated with EPO (Figure 3A). The
purified CD4+CD25+ Treg cells were treated
with 10 ymol/I TGFB1, with or without 10 umol/I
SB431542, a specific inhibitor of TGF receptor
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Figure 4. M2M produce high levels of TGFB1. (A, B) M1M
and M2M were purified from the lung digests of OVA/
EPO-treated mice based on F4/80 and CD163 posi-
tivity by flow cytometry, shown by a flow chart (A), and
quantification (B). (C, D) TGFB1 levels in total BALF cells,
M1AM and M2AM were examined by RT-qPCR (C), and
by ELISA (D). (E) TGFB1 levels in conditioned media were
examined by ELISA. *p<0.05. N=10. Statistics: one-way
ANOVA with a Bonferroni Correction.

I [20]. We found that TGFB1 significantly
increased Foxp3 in Treg, by RT-qPCR (Figure
3B), and by Western blot (Figure 3C). However,
the increase in Foxp3 in Treg by TGFB1 was
completely abolished by SB431542 (Figure 3B,
3C). These data suggest that TGFB1 may acti-
vate Foxp3 through augmenting TGF[3 receptor
signaling in Treg cells.

M2M produce high levels of TGF1

Since M2M have recently been shown to secret
high levels of TGFB1 in a pancreas injury model

Am J Transl Res 2015;7(11):2305-2315
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[20], we aimed to figure out whether M2M may
also secret high levels of TGF1 to activate Treg
in asthma. We thus analyzed the macrophages
in OVA/EPO-treated mice by flow cytometry
based on a pan-macrophage marker F4/80. We
also sorted out M1 and M2 macrophage sub-
type based on a specific M2M marker, CD163
[20, 25] (Figure 4A, 4B). We found that
F4/80+CD163+ M2M contained more than
50-fold greater TGFB1 mRNA compared to
those in total BALF cells, or more than 30-fold
greater TGFB1 mRNA compared to those in
F4/80+CD163- M1M (Figure 4C). Moreover,
the high TGFB1 mRNA in M2M resulted in com-
parably greater cellular protein (Figure 4D) and
secreted protein in the media (Figure 4E).
These data suggest that M2M are the substan-
tial source of TGFB1 in OVA/EPO-treated mouse
lung.

Co-culture with M2M increases Foxp3 in Treg
cells

We then used a co-culture system to examine
whether M2M specifically induce Foxp3 in Treg
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Figure 5. Co-cultured with M2M increases Foxp3
in Treg cells. (A, B) Purified Treg cells were co-cul-
tured either with control media, or with M1AM, or
with M2AM with/without 10 umol/I SB431542.
Two days after co-culture, Foxp3 levels in Treg
cells were examined by RT-qPCR (A), and by
Western blot (B). (C) MTT assay for Treg cells.
*p<0.05. N=10. Statistics: one-way ANOVA with
a Bonferroni Correction.

cells. Purified Treg cells from OVA/EPO-lung
were cultured either with control media, or with
M1M, or with M2M, with/without 10 umol/I
SB431542, as has been described in a previ-
ous study [20]. Two days after co-culture, Treg
cells were isolated for RNA and protein analy-
ses. We found that only co-culture with M2M
significantly upregulated Foxp3 in Treg cells,
which could be completely abolished by
SB431542, by mRNA (Figure 5A), and by pro-
tein (Figure 5B). Moreover, co-culture with M2M
significantly increased the Treg cell number in
an MTT assay (Figure 5C). These data suggest
that M2M may secrete TGFB1 to activate Foxp3
in Treg cells.

Elimination of macrophages abolishes the
therapeutic effects of EPQO in vivo

To figure out whether M2M are indispensable
for the EPO effects on OVA-asthma, we deplet-
ed macrophages by injection of clodronate-lipo-
somes, as has been described before [20, 26,
27]. Control mice were injected with liposomes
containing PBS (Figure 6A). The depletion of

Am J Transl Res 2015;7(11):2305-2315
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Figure 6. Elimination of macrophages abolishes the therapeutic effects of EPO in vivo. (A) Macrophages were deplet-
ed in vivo by injection of clodronate-liposomes, while control mice were injected with liposomes containing PBS. (B,
C) The depletion of macrophages (B), and M2M (C) in the lung were confirmed by flow cytometry. (D) The depletion of
macrophages resulted in a significant decrease in the percentage of Treg cells in the lung after OVA/EPO-treatment.
(E) RI. *p<0.05. N=10. Statistics: one-way ANOVA with a Bonferroni Correction.

macrophages was assured by flow cytometry
quantification (Figure 6B, 6C). We found that
depletion of macrophages resulted in a signifi-
cant decrease in Treg cells in the lung after
OVA-treatment (Figure 6D). These data suggest
that elimination of macrophages may reduce
the EPO-induced increases in Treg cells in vivo.
Moreover, macrophage depletion abolished the
therapeutic effects of EPO in vivo (Figure 6E).
Taken together, our study suggests that EPO-
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induced M2M may activate Treg cells through
TGFB receptor signaling and Foxp3 to mitigate
the severity of asthma.

Discussion
In tissues, macrophages are activated in a
dynamic response to stimuli to acquire special-

ized functional phenotypes. A dichotomy has
been proposed for macrophage activation:
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classic vs. alternative, also M1 and M2, respec-
tively. Besides the classically activated macro-
phages (M1M), there are also the alternatively
activated macrophages (M2M), which mediates
humoral immunity and repair after injury [18,
19]. Although M2M are generally thought to be
anti-inflammatory and promote tissue repair,
their role in asthma is contentious. There is evi-
dence that M2M, induced by the Th2 cytokine
environment during asthma, actually promote
allergic inflammation [28, 29]. However, the
polarization of macrophages during lung injury
and their specific effects on Foxp3 activation in
Treg have not been systematically investi-
gated.

Here, we sought to determine the critical cellu-
lar and molecular signaling that mediate the
activation of Treg cells by EPO to alleviate aller-
gic asthma. We used a well-established mouse
allergic asthma model [23-25], and purified
CD4+CD25+ Treg, F4/80+CD163- M1M and
F4/80+CD163+ M2M. By analyzing gene profil-
ing and protein levels in these purified cells, we
found that EPO increased M2M, which specifi-
cally expressed high levels of TGFf1. Moreover,
after compared to total cells in BALF and to
M1M, we conclude that M2M are the substan-
tial source of TGFB1 in OVA/EPO-treated lung.
Although there may be other sources for TGFB1
in the injured lung, e.g. myofibroblasts, our data
suggest that in this model, TGFB1 is predomi-
nantly produced by M2M. Since TGFB1 has
been shown by others [6], and by us here, to be
a major trigger for Foxp3 activation in Treg cells
to promote cell differentiation and expansion,
we thus conclude that M2M may be responsi-
ble for activation of Treg cells after OVA/EPO-
treatment. Besides TGFB1, we also checked
expression of other TGFpB receptor ligands, for
example, TGFB2 and TGFB3. However, their
expression levels were very low.

In a co-culture system, Foxp3 in Treg was spe-
cifically activated by M2M, but not by M1M.
Moreover, in all abovementioned experiments,
the effect of TGFB1 was efficiently inhibited by
SB431542, a specific inhibitor of TGF[ receptor
I. SB431542 inhibits the phosphorylation of
TGFB receptor |, which is induced by binding of
TGFB1 to TGFB receptor Il. The phosphorylated
TGFp receptor | is required for phosphorylation
of downstream SMADs for activation of Foxp3
in Treg [20, 30-33]. These data suggest that
the M2M may secrete TGF(B1, which binds to
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the receptor in Treg, and subsequently acti-
vates Foxp3 through TGF( receptor signaling.
Of note, this activation of Foxp3 has been
shown to be at transcriptional level in our study.

In order to figure out whether this model occurs
in vivo, we depleted macrophages by injection
of clodronate-liposomes [20, 26, 27].
Clodronate has been widely used in numerous
studies, and has been shown of its specificity
on macrophage targeting and elimination,
whereas being lack of selectivity on M1M and
M2M. Indeed, we detected significant decrease
in lung macrophages after clodronate treat-
ment, and most importantly, this decrease in
macrophages resulted in a significant decrease
in the number of Treg. Thus, our proposed
model was validated. The ultimate outcome of
clodronate-mediated macrophage depletion on
asthma may result from the combined effects
of M2M on Treg activation (to inhibit asthma), a
direct effect of TGFB1 by M2M (to promote
asthma), and M1M on asthma.

Collectively, our data demonstrate a previously
unrecognized cross-talk between M2M and
Treg, through TGFB receptor signaling and
Foxp3 activation, to regulate the severity of
asthma, specifically after EPO treatment. Thus,
our studies demonstrate a cellular inter-regula-
tion network that controls the pathogenesis of
asthma, suggesting that modulation of the
cross-talk among different cell types may shed
light on novel therapeutic strategies for allergic
asthma.
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