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Abstract: Excessive inflammation in the lung frequently causes the development of acute respiratory distress syn-
drome (ARDS). During pulmonary inflammation, alveolar macrophages play an important role in initiating, promot-
ing, and controlling the inflammatory reaction. Mesenchymal stem cells (MSCs) modulate immune effector cells 
function. However, mechanisms by which MSCs regulate alveolar macrophage activities remain poorly understood. 
Our current investigation revealed for the first time that MSCs could inhibit alveolar macrophage polarization toward 
the inflammatory phenotype with a significant decrease in their production of inflammatory cytokines. Adoption of 
this anti-inflammatory pattern in alveolar macrophages required activation of SOCS3 which blocked macrophage 
activation by inhibiting NFκB signaling. The effect of MSCs on SOCS3 activation in alveolar macrophages was es-
sentially mediated through the STAT3 pathway via interleukin-6 (IL-6) generated from MSCs. Therefore, our data 
identify a new mechanism, involving the IL-6/STAT3/SOCS3 pathway, through which MSCs inhibit the inflammatory 
response of alveolar macrophages.
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Introduction

Acute respiratory distress syndrome (ARDS) is 
characterized by acute respiratory failure with 
bilateral pulmonary infiltration. The pathophysi-
ological basis of ARDS consists of strong and 
protracted alveolar inflammation with damages 
to the alveolar epithelial barrier [1, 2]. Lipo- 
polysaccharide (LPS), a major component of 
the outer membrane of Gram-negative bacte-
ria, has been identified as one of the major fac-
tors inducing excessive inflammation during 
the development of ARDS [3, 4].

It is well known that the progression of inflam-
mation in the lung is associated with altera-
tions in macrophage phenotype and function 
[5, 6]. Macrophages are categorized as classi-
cally pro-inflammatory M1 macrophages and 
alternatively anti-inflammatory M2 macrophag- 
es. M1 macrophages are induced by TLR 
ligands (such as LPS). They express higher lev-

els of CD86 and PD-L1. Typically, M1 macro-
phages have strong activities of phagocytosis 
and producing pro-inflammatory mediators, 
including TNF-α, IL-12, as well as nitric oxide. 
They act as effector cells to participate in the 
polarized Th1 immune response, thereby pro-
moting cellular immunity against tumors and 
intracellular parasites. On the other hand, M2 
macrophages are characterized by the expres-
sion of CD163, CD206, arginase1, and CD36. 
They exert immunoregulatory function, includ-
ing participating in the polarized Th2 response, 
helping clearance of parasites, suppression of 
inflammation, and promotion of tumor progres-
sion. Alveolar macrophages are readily recruit-
ed to the inflammatory environment during the 
acute inflammatory stage of ARDS. They primar-
ily develop into activated M1 macrophages to 
produce pro-inflammatory cytokines, such as 
MIP-2 and TNF-α [7, 8]. As the importance of 
macrophages in the pathogenesis of ARDS has 
been recognized in recent years, it is speculat-
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ed that these immune effector cells can serve 
as a therapeutic target for treatment of ARDS.

Mesenchymal stem cells (MSCs) possess im- 
munomodulatory properties to influence the 
function of cells in both adaptive and innate 
immune systems, including T cells, B cells, nat-
ural killer (NK) cells, and macrophages [8, 9]. 
They have been shown to be effective in treat-
ing various diseases and inflammatory disor-
ders. In previous studies of ARDS, administra-
tion of MSCs with the potential of proliferation 
and ability of migration to sites of injury or 
inflammation was able to alleviate pathological 
damages in the lung [10, 11]. Evidence sug-
gests that the benefit effects observed from 
the administration of MSCs may be resulted 
from their interaction with macrophages. These 
MSCs are likely to shift macrophage phenotype 
toward the M2 status and change cytokine 
expression profile away from pro-inflammation 
to more anti-inflammation in macrophages 
(IL10) [12]. However, knowledge about the 
mechanism underlying MSC-mediated regula-
tion of macrophage polarization in the inflam-
matory environment remains scant at the pres-
ent time.

In this study, we employed a well-established 
transwell model of co-culturing MSCs with alve-
olar macrophages to determine the interac-
tions between these two cell types. We ob- 
served that MSCs can interact with alveolar 
macrophage and even inhibit their polarization 
toward inflammatory phenotype in the pres-
ence of inflammatory stimuli. Moreover, our 
data revealed a new mechanism, involving  
the MSC-mediated up-regulation of SOCS3 to 
inhibit NFκB signaling, in macrophages. The 
effects of MSCs on SOCS3 activation were 
mediated by the IL-6/STAT3 pathway. These 
discoveries help to explain the effects of MSCs 
on macrophage activation in response to 
inflammatory stimulation, which will shed light 
on exploring clinical applications of MSCs in the 
treatment of ARDS.

Materials and methods

Isolation and culture of bone marrow-derived 
MSCs

MSCs was isolated from Sprague Dawley rats 
(male, 100-120 g) as previously described [13]. 
Briefly, Bone marrow cells were collected from 

femurs and tibias by flushing the shaft with a 
complete medium (Dulbecco’s Modified Eagle 
Medium with low glucose supplemented with 
10% fetal bovine serum and 1% penicillin-strep-
tomycin, Life Technologies). Cells were washed 
with medium by centrifugation for 5 minutes at 
1000 rpm. The pellet was resuspended and 
cultured in 75-cm2 culture flasks with the com-
plete medium at 37°C in an environment of 
95% humidity and 5% CO2. MSCs preferentially 
attach to polystyrene surfaces. After 72 hours, 
the adherent layer was washed once every 2 
days with fresh medium. After passage 3, cell 
surface marker expression was analyzed by 
flow cytometry. More than 90% of cells were 
positive for stem cell markers CD29, CD44, 
CD34, and CD45 (data not shown). MSCs in 
passages 4-7 were prepared for the following 
experiments.

Cell culture experiment

The rat alveolar macrophages cell line NR8383 
(Cell Resource Center, the Institute of Life 
Sciences, Chinese Academy of Sciences) was 
cultured in Ham’s F12K medium (GIBCO) sup-
plemented with 10% FBS and 1% penicillin-
streptomycin. Cells were incubated at 37°C in  
a 95% humidified atmosphere containing 5% 
CO2. Lipopolysaccharide (LPS) (100 ng/mL, 
Sigma) was used to activate NR8383 cells, 
serving as a positive control for inflammation. 
In co-culture experiments, we added MSCs  
into the upper chamber of transwell system 
(HTS Transwell 0.4-μm pore size poly-carbon-
ate membrane, Corning Incorporated) and 
added NR8383 into the lower chamber. In con-
ditioned medium experiments, we added condi-
tioned medium (1:1 dilution with fresh medium) 
to NR8383 cells. To obtain the conditioned 
medium from MSCs (MSCs-CM), MSCs was  
cultured in the complete medium for 48 h. And 
to obtain the conditioned medium from LPS-
pretreated MSCs (MSCs (preLPS)-CM), MSCs 
was pretreated with LPS (100 ng/ml) for 12 h, 
washed and replaced with new complete medi-
um for 48 hours. The supernatant of cell cul-
ture was collected and centrifuged for 10 min 
at 500 g to remove any possible cell contami-
nation. Prepared conditioned medium was 
stored at -20°C until further use. Neutralizing 
IL-6 monoclonal antibody (R&D Systems) was 
added to the co-culture system at the concen-
tration of 10 μg/ml. 
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Assay for cytokines 

To further define if specific soluble factors 
involved in the observed interaction of MSCs 
with NR8383, NR8383 was co-cultured with or 
without MSCs in presence of LPS for 48 h, and 
cytokines in supernatants were detected by 
Bio-Plex Pro™ Rat Cytokine 24-plex Assay 
(#171K1001M) using the BioPlexH Suspension 
Array System. Secretion of cytokines such as 
IFN-γ, TNF-α, IL-6, IL-1α, IL-1β and IL-10 were 
also determined by commercial ELISA kits (R&D 
Systems) with the protocols provided by the 
manufacturer.

Real-time PCR analysis

Total RNA extraction, complementary DNA 
(cDNA) synthesis, and qPCR were performed  
as described previously [14]. Total RNA was 
extracted using the TRIzol reagent (Invitrogen, 
Carlsbad, CA). Reverse transcription reaction 
was performed to synthesize cDNA using 
Sensiscript RT Kit with random hexamer prim-
ers (all kits from QIAGEN, Valencia, CA) and the 
protocol provided by the manufacturer. Levels 
of gene expression were determined by real-
time PCR (MX-3000 from Stratagene, La Jolla, 
CA) using the SYBR Green Master Mix (Applied 
Biosystems, Foster City, CA). The PCR program 
was as follows: 2 minutes at 95°C, then 95°C 
for 15 seconds, 60°C for 30 seconds and 72°C 
for 30 seconds for 40 cycles. Data was normal-
ized to the expression of the reference gene(s) 
of GAPDH and/or β-actin. Primer sequences 
specific for rat mRNA are listed in Table 1.

Western blots analysis

Cells were collected in RIPA Lysis Buffer 
(Beyotime, Haimen, China) containing a mixture 

Biotechnology), CD204 (1:1000, Abcam), CD- 
206 (1:1000, Abcam), SOCS3 (1:1000, Abcam), 
P50/NFκB (1:1000, Cell Signaling Technology), 
P65 and phospho-P65 (1:1000, Cell Signal- 
ing Technology), STAT3 and phospho-STAT3 
(1:1000, Cell Signaling Technology), and GA- 
PDH (1:10000, Bioworld Technology, Nanjing, 
China). Following washing for 15 min, mem-
branes were incubated with the correspondent 
Horseradish Peroxidase/HRP-conjugated sec-
ondary antibodies for 1 h at room temperature. 
After washing for 15 min, the membranes were 
visualized by enhanced chemiluminescence 
reagent (ECL; Millipore). Films were scanned 
and analyzed with Tanon 5200 Scanner (Bio- 
tanon, Shanghai, China).

Transfection of cells with siRNA

Three pairs of SOCS3 siRNA duplexes ([1] ID 
#192801, [2] ID #192802, and [3] ID #192803) 
and a negative control (NC) were purchased 
from Ambion. IL-6 siRNA and IL-10 siRNA were 
purchased from Santa Cruz Biotech. MSCs  
was transfected with 75 pmol siRNA using 5 μl 
Lipofectamine RNAi Max (Invitrogen) in serum 
free medium according to the manufacturers’ 
instructions. Cells were incubated for 48 h at 
37°C before treatment. Transfection efficiency 
of SOCS3 siRNA was determined by Real-time 
PCR and Western blots analysis.

Statistical analysis

Statistical analyses were performed using 
Student’s t test or one-way ANOVA with Bonfer- 
roni correction to detect differences between 
means in datasets. Data is depicted as mean ± 
SD. Statistical significance was accepted at 
*P<0.05; **P<0.01 and ***P<0.001. All statisti-
cal analyses were conducted using the Graph- 
Pad Prism version 6 software.

Table 1. Primer sequences specific for rat mRNA 
Target gene Forward (5’-3’) Reverse (3’-5’)
SOCS3 TCTACTGGAGTGCCGTAA TGGATGCGTAGGTTCTTG
CD80 CCAAGTGTCCAAGTCGGTGA TTGTACTCGGGCCACACTTC
CD86 CGTCAAGACATGTGTAACCTGC CTGCGCCCAAATAGTGTTCG
CD204 ACAAGGTACTGGTCCAATATG TGTGAACAGCCTAATTCTCC
CD206 GGGTTCACCTGGAGTGATGG ATTGTCTTGAGGAGCGGGTG
IL-6 CACTTCACAAGTCGGAGGCT TCTGACAGTGCATCATCGCT
IL-10 GCTCAGCACTGCTATGTTGC GCAGTTATTGTCACCCCGGA
GAPDH CCGTGTTCCTACCCCCAATG CCTTTAGTGGGCCCTCGGC
β-actin ATGACGATATCGCTGCGCTC CAGTTGGTGACAATGCCGTG

of protease inhibitors (Sigma-
Aldrich) on ice. Cell lysates were 
centrifuged for 10 min at 12,000 
g. Protein concentration in the 
supernatant was determined 
using the bicinchoninic acid 
assay. Equal amounts of protein 
(20-40 mg) from each sample 
were subjected to SDS-PAGE and 
then transferred onto PVDF mem- 
branes (Millipore). Membranes 
were then incubated overnight  
at 4°C with primary antibodies 
against CD86 (1:500, Santa Cruz 
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Result

MSCs inhibited alveolar macrophage differen-
tiation into M1 while promoted their differen-
tiation into M2 phenotype in the presence of 
inflammatory signaling

To investigate the regulatory effects of MSCs 
on alveolar macrophage function, rat alveolar 
macrophage cell line NR8383 was used in vitro 
experiments. NR8383 cells were either co-cul-
tured with MSCs (MSCs-NR8383) or alone (as 
control) in transwell in the presence or absence 
of LPS stimulation. After 3 days of culture, the 
expression of M1-specific markers (CD80 and 
CD86) and M2-specific markers (CD204 and 
CD206) by macrophages was determined by 
Real-time PCR. In the presence of LPS stimula-
tion, levels of CD80 and CD86 expression by 
macrophages in the MSCs-NR8383 culture 
system were down-regulated (P<0.01) while 
CD204 and CD206 were enhanced (P<0.001) 
in comparison to those of cells in the control 
culture system (Figure 1A). However, in the 
absence of LPS stimulation, there was no dif-
ference in levels or kinetics of M1/M2 polariza-
tion in cells cultured in transwell. A similar trend 
was observed using Western blots assay. In the 
presence of LPS stimulation, co-cultured with 
MSCs significantly increased the expression of 
CD204 and CD206 in NR8383 cells (Figure 
1B). LPS stimulation alone up-regulated the 
expression of CD86 in NR8383 cells. This LPS-
stimulated up-regulation of CD86 expression in 

NR8383 cells was suppressed by co-culturing 
with MSCs. Our results indicated that with LPS 
stimulation, MSCs could attenuate macro-
phages differentiation into M1 phenotype while 
facilitating macrophage programming toward 
M2 differentiation.

High levels of IL-6 and IL-10 were presented in 
the co-culture system 

To further define if the observed interaction of 
MSCs with alveolar macrophages involved spe-
cific soluble factors, cytokines in cell culture 
supernatants were determined using a Bio-
PlexH Suspension Array System. The results 
revealed an increase in the level of inflamma-
tory cytokines IFN-γ, TNF-α, IL-1α, and IL-1β  
in the supernatant NR8383 cell culture after 
LPS stimulation (Figure 2). Co-culturing with 
MSCs significantly down-regulated this LPS-
stimulated production of inflammatory cyto-
kines by NR8383 cells. IL-10 was an important 
anti-inflammatory factor [15]. A significantly 
higher level of IL-10 was detected in the co-cul-
ture of MSCs with NR8383 cells following LPS 
stimulation. Further, IL-6 level (68171 ± 7962 
pg/ml) in the supernatant of MSCs-NR8383 
co-culture system was much higher than it was 
in the control culture system (1478 ± 115.1 pg/
ml) (Figure 2). This observation was very inter-
esting in light of the general assumption of IL-6 
commonly acting as a pro-inflammatory cyto-
kine [16].

Figure 1. MSCs inhibited alveolar macrophage differentiation into M1 while promoted their differentiation into M2 
phenotype in the presence of inflammatory signaling. A, B. The expression of M1-specific markers (CD80, CD86) 
and M2-specific markers (CD204, CD206) in NR8383 upon co-cultured with MSCs in transwell were quantified 
using Real-time PCR (A) and Western blots (B); Data are presented as the means ± SD, n=3; *P<0.05; **P<0.01; 
***P<0.001.
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Figure 2. High levels of IL-6 and IL-10 were presented in the co-culture system. NR8383 was cultured with or without 
MSCs in transwell in the presence of LPS. Cytokine profiles in cell-supernatant of co-culture system were measured 
using a Bio-PlexH Suspension Array System. Data are presented as the means ± SD, n=3; *P<0.05; **P<0.01; 
***P<0.001; ns, not significant.

IL-6, not IL-10 was mainly produced by MSCs in 
the MSCs-NR8383 co-culture system

We next examined cell populations responsible 
for the observed increase in cytokine concen-
trations in our culture system. The expression 
of IL-6 mRNA was higher in MSCs cultured in 
the MSCs-NR8383 co-culture system than that 
in MSCs cultured alone. No significant differ-
ence in IL-6 mRNA expression was observed in 
NR8383 cells when they were cultured in the 
MSCs-NR8383 co-culture system or in NR8383 
cell culture alone. In contrast, the expression of 
IL-10 mRNA was no significant difference in 
MSCs when they were cultured in the MSCs-
NR8383 co-culture system or in the MSCs cul-
tured alone. Whereas, NR8383 cells expressed 
a higher level of IL-10 when they were cultured 
in the MSCs-NR8383 co-culture system than in 
NR8383 cells cultured alone (Figure 3A). These 
data suggested that MSCs might be the major 

source of IL-6 production, while NR8383 cells 
were mainly IL-10 secreting cells in the MSCs-
NR8383 co-culture system.

To further confirm our observation, we trans-
fected NR8383 cells with IL-6-siRNA (siIL-6) 
and IL-10-siRNA (siIL-10), respectively. The 
transfected NR8383 cells were co-cultured 
with MSCs in the transwell system for 3 days. 
IL-6 and IL-10 levels in the supernatant of cell 
culture were analyzed by ELISA. The results 
showed that there was no significant difference 
in IL-6 levels between the MSCs-siIL-6+NR8383 
group and the MSCs-NR8383 group. However, 
IL-10 secretion in the MSCs-siIL-10+NR8383 
group was decreased markedly. Similarly, MSCs 
was transfected with siIL-6 and siIL-10, respec-
tively. Transfected MSCs was then co-cultured 
with NR8383 cells. Changes in IL-6 and IL-10 
levels in the culture system were determined. 
The siIL-6+MSCs-NR8383 group secreted less 
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IL-6 compared to the MSCs-NR8383 group. 
There was no difference in IL-10 secretion 
between groups of siIL-6+MSCs-NR8383 and 
MSCs-NR8383 (Figure 3B). These data were 
verified that MSCs mainly produced IL-6, but 
not IL-10. NR8383 cells were the major cell 
type responsible for production of IL-10 in our 
culture system. 

Certain soluble mediators, such as IFN-γ/TNF-α 
and LPS, could induce MSCs to produce IL-6 
(Figure 3C), which suggested that inflammatory 
signaling may play a role in MSC-mediated 
modulation of macrophage polarization. To test 
these possible effects, conditioned medium 
from MSCs (MSCs-CM) with or without LPS pre-
treatment was added to the culture of NR8383 
cells. The results showed that MSCs-CM could 
increase macrophages to skew toward the M2 
phenotype. Conditioned medium generated 
from LPS-treated MSCs showed a more pro-
found effect on promoting macrophage shifting 
toward the M2 phenotype (P<0.001) (Figure 
3D, 3E).

MSC-induced inhibition of macrophage transi-
tion toward the M1 phenotype was IL-6 depen-
dent 

To test if IL-6 played a potential role in MSC-
mediated modulation of macrophage polariza-
tion, neutralizing antibody against IL-6 (NA-IL-6) 
was added into the MSCs-NR8383 co-culture 
system. We observed that the expression of M1 
markers in NR8383 cells was restored in the 
presence of NA-IL-6, but the expression of M2 
markers in NR8383 cells was not affected by 
NA-IL-6 (Figure 4A, 4B). In addition, levels of 
IFN-γ, TNF-α, IL-1α, and IL-1β in the supernatant 
of the co-culture system were significantly 
upregulated in the presence of NA-IL-6. IL-10 
level in the culture medium was not affected by 
addition of NA-IL-6 (Figure 4C).

To examine the effect of IL-6 signaling on  
macrophage function, LPS-stimulated NR8383 
cells were treated with IL-6 in two different 
doses, i.e. lower concentration at 1 ng/ml and 
higher concentration at 100 ng/ml. Treatment 
with 1 ng/ml of IL-6 had no effect on macro-
phage polarization. However, IL-6 at 100 ng/ml 
remarkably reduced expression of M1 markers 
in NR8383 cells (Figure 4B). Compared to the 
positive control, treatment with IL-6 with 100 
ng/mL significantly downregulated production 
of IFN-γ, TNF-α, IL-1α, and IL-1β by cells in the 

culture system (Figure 4C). Interestingly, IL-6 
(100 ng/ml) treatment did not affect expres-
sion of M2 markers and IL-10 production in the 
culture system (Figure 4B, 4C). These data indi-
cated that IL-6 at the concentration compara-
ble to what was observed in the MSCs-NR8383 
co-culture system was responsible for MSC-
mediated transition of macrophage phenotype 
from M1 to M2.

IL-6 inhibited NFκB signaling by upregulating 
SOCS3

NFκB signaling has been shown to mediate  
the inflammatory response of macrophages to 
LPS. In response to LPS stimulation, nuclear 
extracts from NR8383 cells co-cultured with 
MSCs showed a weaker P50/NFκB band com-
pared to those from NR8383 cells cultured 
alone (Figure 5A). SOCS3 has been known as a 
key negative regulator of inflammatory signals. 
NR8383 cells co-cultured with MSCs exhibited 
a significant increase in SOCS3 expression 
(Figure 5B, 5C). 

To test if IL-6 was involved in MSC-mediated 
modulation of SOSC3-NFκB signaling in macro-
phages, NA-IL-6 was added to the MSCs-
NR8383 co-culture system. Addition of NA-IL-6 
resulted in a significant decrease in MSC-
mediated SOCS3 expression by NR8383 cells 
in the presence of LPS stimulation. In contrast, 
IL-6 at 100 ng/ml markedly increased SOCS3 
expression in NR8383 cells (Figure 5B). Same 
results of SOCS3 gene expression were ob- 
tained in this set of experiments (Figure 5C). 
Addition of NA-IL-6 also attenuated MSC-
mediated decrease in P65 phosphorylation in 
NR8383 cells. Again, IL-6 at 100 ng/ml inhibit-
ed P65 phosphorylation in NR8383 cells 
(Figure 5B). These observations suggested 
that IL-6 was involved in MSC-mediated modu-
lation of SOCS3-NFκB signaling in alveolar 
macrophages. 

To further confirm the influence of SOCS3 on 
the NFκB signaling pathway, NR8383 was 
transfected with SOCS3-siRNA (siSOCS3) or 
NC-siRNA (NC). Transfected NR8383 cells were 
then co-cultured with MSCs or treated with IL-6. 
Among three SOCS3-targeted sequences, the 
siSOCS3-2 clearly showed the highest knock-
down efficiency at both mRNA and protein lev-
els of SOCS3 (Figure 5D). Thus, siSOCS3-2 and 
relevant NC were chosen for further functional 
analysis. Transfection with siSOCS3-2 had no 
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effect on the expression of phospho-P65 and 
secretion of inflammatory cytokines by NR8383 

cells in response to LPS stimulation (Figure 5E, 
5F). However, the level of P65 phosphorylation 

Figure 3. IL-6, not IL-10 was mainly produced by MSCs in the MSCs-NR8383 co-culture system. A. The mRNA expres-
sion of IL-6 and IL-10 in MSCs or NR8383 in transwell co-culture system were measured by Real-time RCR; B. The se-
cretion of IL-6 and IL-10 in cell-supernatant of co-culture system were detected by ELISA, after NR8383 or MSCs was 
transfected with IL-6 siRNA (siIL-6) or IL-10 siRNA (siIL-10) respectively; C. MSCs was pre-stimulated with LPS (100 
ng/ml) or IFN-γ (10 ng/ml) combined with TNF-α (10 ng/ml) for 12 hours, then after 48 h cultured with the complete 
medium, the cytokine IL-6 was measured in cell-supernatant by ELISA; D, E. NR8383 was treated with MSCs-CM or 
MSCs (preLPS)-CM (50% V/V), then the expression of M1- and M2-specific markers in NR8383 were analyzed by 
Real-time PCR (D) and Western blots (E). TRS-NR8383 and TRS-MSCs mean NR8383 or MSCs in MSCs-NR8383 
transwell co-culture system. Data are presented as the means ± SD, n=3; **P<0.01; ***P<0.001; ns, not significant.
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Figure 4. MSC-induced inhibition of macrophage transition toward the M1 phenotype was IL-6 dependent. A, B. NR8383 was co-cultured with MSCs and NA-IL-6 
or treated with IL-6 at 1 ng/ml and 100 ng/ml respectively, the expression of M1- and M2-specific markers in NR8383 were measured by Real-time PCR (A) and 
Western blots (B); C. The concentration of each cytokine (IFN-γ, TNF-α, IL-1α, IL-1β and IL-10) was measured by ELISA. Data are presented as the means ± SD, n=3; 
**P<0.01; ***P<0.001; ns, not significant.
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in siSOCS3-2-transfected NR8383 cells in- 
creased significantly compared to that in 
NC-NR8383-transfected macrophages (both 
groups were co-cultured with MSCs) (Figure 
5E). In contrast to those cells transfected with 

NC-NR8383, cells transfected with siSOCS3-2 
exhibited a significant increase in TNF-α and 
IFN-γ production (Figure 5F). Interfering SOCS3 
expression restored MSC- or IL-6-mediated 
inhibition of P65 phosphorylation in NR8383 

Figure 5. IL-6 inhibited NFκB signaling by upregulating SOCS3. A. Nuclear P50/NFκB protein level in NR8383 was 
analyzed by Western blots after co-cultured with MSCs; B, C. NR8383 was co-cultured with MSCs and NA-IL-6, or 
treated with IL-6 at 1 ng/ml and 100 ng/ml separately, then the expression of phospho-P65 and SOCS3 in NR8383 
were measured by Western blots B. GAPDH and total of P65 were used as controls; The mRNA expression of SOCS3 
in NR8383 was measured by Real-time PCR C; D. NR8383 was transfected with either SOCS3-siRNA (siSOCS3-1, 
2, and 3) or NC-siRNA (NC), the SOCS3 expression was assessed by Western blots and Real-time PCR; Upper: one 
representative experiment of three is shown. Lower: the data represent the mean ± SD of three independent ex-
periments. E. NR8383 was transfected with SOCS3-siRNA (siSOCS3-2) or NC-siRNA, then co-cultured with MSCs or 
treated with IL-6 (100 ng/ml), the expression of phospho-P65 and SOCS3 in NR8383 were measured by Western 
blots. Total of P65 and GAPDH were used as controls; F. The concentration of TNF-α and IFN-γ in cell-supernatant 
were detected by ELISA; Data are presented as the means ± SD, n=3; **P<0.01; ***P<0.001; ns, not significant. 
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cells with an increase in the secretion of TNF-α 
and IFN-γ (Figure 5E, 5F). Thus, IL-6 might inter-
fere alveolar macrophage polarization toward 
M1 phenotype through SOCS3-mediated inhibi-
tion of NFκB signaling.

IL6 unregulated SOCS3 via the JAK-STAT3 
pathway

To further explore mechanisms underlying IL-6-
mediated SOCS3 up-regulation, we analyzed 
the STAT signaling pathway. JAK-STAT signaling 
has been reported to induce the expression of 

SOCS3 [17]. In our culture system, the level of 
STAT3 phosphorylation increased considerably 
in the presence of MSCs or IL-6, but decreased 
significantly after addition of NA-IL-6 (Figure 
6A). STAT3 inhibitor caused a dose-dependent 
inhibition of SOCS3 expression in cultured cells 
(Figure 6B, 6C). 

Discussion 

MSCs are pluripotent adult stem cells with the 
capacity of differentiation into many cell types 
in the terminal airways, including type I and II 

Figure 6. IL-6 unregulated SOCS3 via the JAK-STAT3 pathway. A. NR8383 in presence of MSCs or IL-6 (100 ng/ml) 
was treated with NA-IL-6, and the expression of phospho-STAT3 in NR8383 was measured by Western blots. Total 
of STAT3 was used as a control. Left: one representative experiment of three is shown. Right: data represent the 
means ± SD of three independent experiments. B, C. NR8383 in presence of MSCs or IL-6 (100 ng/ml) was treated 
with STAT3 inhibitor (STAT3 I) at 5 mg/mL or 10 mg/ml, the expression of SOCS3 in NR8383 was analyzed by Real-
time PCR B and Western blots C; GAPDH was used as a control. Upper: one representative experiment of three is 
shown. Lower: Data are presented as the means ± SD, n=3; *P<0.05; **P<0.01; ***P<0.001.
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epithelial cells, endothelial cells, and fibro-
blasts [18-21]. This unique feature of stemness 
provides a potential opportunity for applying 
MSCs in the treatment of acute respiratory dis-

tress syndrome (ARDS) [22]. Despite the effi-
ciency of MSC incorporation into the lung is 
consistently low (<5%), administration of these 
cells does provide a protection for the lung 

Figure 7. Schematic showing the mechanism of MSCs-mediated anti-inflammatory response in ARDS. A. The mecha-
nism by which MSCs reduced destructive inflammatory while preserved the host response to pathogens in ARDS: In 
the presence of inflammatory signaling, MSCs was recruited into inflammatory sites and interacted with activated 
alveolar macrophages, meanwhile, MSCs secreted IL-6 and inhibited macrophages polarization to M1 phenotype. 
B. The mechanism of IL-6 regulated inflammatory response induced by activated alveolar macrophages: In the pres-
ence of IL-6 secreted by MSCs, alveolar macrophages were activated with IL-6Rs expressed on it and IL-6 signaling 
further upregulated SOCS3 expression through the JAK-STAT3 signaling pathway. Unregulated expression of SOCS3 
blocked the activation of the NFκB signaling pathway, through which MSCs attenuated M1 polarization with stimula-
tion of LPS, thereby decreased secretion of IFN-γ, TNF-α and IL-1β.
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against injury caused by bleomycin [18, 20], 
which implies that MSCs may exert their benefi-
cial effects through mechanisms other than 
simply regenerating pulmonary cells. MSCs 
modulate activities of immune effector cells, 
including macrophages. Typically, MSCs attenu-
ate production of pro-inflammatory cytokines 
by macrophages and promote the Th2 type  
of response [15]. In our current study, MSCs 
inhibited polarization of alveolar macrophages 
toward the inflammatory phenotype.

Alveolar macrophages co-cultured with MSCs 
displayed an attenuated capacity of expressing 
M1 markers, such as CD80 and CD86. In the 
meantime, these cells markedly decreased pro-
duction of inflammatory cytokines, including 
IFN-γ, TNF-α, IL-1α, and IL-1β. Co-culturing with 
MSCs also resulted in an increase in IL-10 pro-
duction by alveolar macrophages. Further, the 
expression of M2 markers, such as CD204 and 
CD206 [23], by alveolar macrophages was sig-
nificantly increased when they were co-cultured 
with MSCs. MSCs have been recognized as the 
‘licensed’ cells to exert their immunomodulato-
ry effects depending on the inflammatory con-
texts [24]. In our study, we observed that MSCs 
did not affect the baseline activity of alveolar 
macrophages in the absence of LPS stimula-
tion. However, MSCs exerted a profound impact 
on changes in macrophage activity in response 
to inflammatory stimuli, including IFN-γ, TNF-α, 
and LPS. Our observations are supported by 
previous studies showing that activation of 
MSCs triggers their release of soluble media-
tors, which promote a M2 transition during 
macrophage polarization [25, 26]. 

It has been reported that TGF-β, PGE2, IDO, 
and IL-10 secreted by MSCs are involved in the 
regulation of immune activities [25, 27-29]. 
Therefore, we determined changes in the level 
of soluble cytokines in our cell culture model. 
Our data showed that high levels of IL-6 and 
IL-10 were presented in the co-culture system. 
Interestingly, we found that MSCs did not 
secrete IL-10. IL-10 was exclusively produced by 
macrophages in this system. However, MSCs 
was the major cell type producing IL-6. Previous 
studies have suggested that MSCs inhibit the 
differentiation of dendritic cells through an 
IL-6-dependent mechanism [30]. IL-6 may play 
a role in mediating the effect of MSCs on skew-
ing monocytes toward an anti-inflammatory, 

interleukin-10 producing phenotype [31]. There- 
fore, we postulated that MSC-derived IL-6 may 
be responsible for MSC-induced inhibition of 
macrophages activation. Indeed, addition of 
neutralizing antibody against IL-6 in our co-cul-
ture system significantly attenuated the inhibi-
tory effect of MSCs on macrophage activation. 
Moreover, direct addition of IL-6 at the concen-
tration comparable to those determined in our 
co-culture system to the culture of alveolar 
macrophages inhibited activation of these 
macrophages. However, this IL-6 treatment 
itself did not promote alveolar macrophage 
polarization toward the M2 phenotype. These 
data indicate that the presence of abundant 
MSCs-derived IL-6 is at least partially respon-
sible for inhibiting macrophage polarization 
toward the M1 phenotype in vitro. The fact that 
IL-6 has no influence on the biasing of macro-
phages toward M2 phenotype suggests the 
possible involvement of other factors in the 
process of MSC-promoted macrophage differ-
entiation toward the M2 phenotype. 

To further explore the relevant signaling net-
work mediating MSC-induced inhibition of mac-
rophage polarization toward the inflammatory 
phenotype, we investigated activation of NFκB 
signaling in macrophages. NFκB is a master 
transcription factor for expression of many pro-
inflammatory cytokines, such as IFN-γ, TNF-α, 
and IL-1β, by cells in response to LPS stimula-
tion. Our results showed that in the presence  
of MSCs or IL-6, LPS-stimulated P65 activation 
in alveolar macrophages was impaired. In the 
meanwhile, SOCS3 expression in these macro-
phages was significantly up-regulated. Treat- 
ment with IL-6 neutralizing antibody decreased 
SOCS3 expression by macrophages in the co-
culture system. It has been described that 
SOCS3 exerts its anti-inflammatory effects by 
inhibiting activation of the NFκB pathway [32]. 
To verify the effect of SOCS3 on NFκB signaling 
in our culture model, we used siRNA to inhibit 
SOCS3 gene activity. The results showed that 
knocking down SOCS3 expression abolished 
inhibition of NFκB activation. These data indi-
cate that increase in SOCS3 expression is 
responsible for the inhibition of NFκB signaling 
in alveolar macrophages in our culture system. 
Thus, SOCS3 may serve as a key factor block-
ing macrophage polarization toward the inflam-
matory phenotype.
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Engagement of IL-6 to its receptor has been 
shown to activate the JAK-STAT pathway, induc-
ing signal cascades downstream of STAT1, 
STAT3, and STAT5 [33, 34]. STAT3 signaling 
acts on specific DAN fragments in the nucleus, 
regulating transcription of many target genes, 
including those involved in cell proliferation, dif-
ferentiation and apoptosis [35]. Members of 
the suppressor of cytokine signaling (SOCS) 
family are among these STAT3-activated gene 
products [36]. Our results showed that the level 
of STAT3 phosphorylation was increased in 
alveolar macrophages when they were co-cul-
tured with MSCs or treated with IL-6. This 
increase in STAT3 activation was inhibited by 
neutralizing antibody against IL-6 in our culture 
system. Addition of the STAT3 inhibitor attenu-
ated expression of SOCS3 in the co-culture sys-
tem. These results indicate that IL-6 unregulat-
ed SOCS3 expression via activation of the 
STAT3 pathway. 

In summary, our current experiment shows that 
MSCs shift alveolar macrophage polarization 
from M1 to M2 phenotype in the presence of 
LPS stimulation. MSC-induced inhibition of 
NFκB-mediated expression of pro-inflammatory 
cytokines involves the IL-6/STAT3/SOCS3 path-
way (Figure 7). The restriction of this study is 
that all determinations were conducted on cell 
culture models of NR8383 rat alveolar macro-
phage cell line cells. Future investigation on pri-
mary alveolar macrophages in both in vitro and 
in vivo model systems are necessary to further 
confirm the role of IL-6/STAT3/SOCS3 signaling 
in MSC-mediated functional modulation of 
alveolar macrophage activities. Better under-
standing of molecule signaling mechanisms 
underlying the anti-inflammatory effect of 
MSCs will facilitate developing novel therapeu-
tic approaches to treat acute lung injury, such 
as ARDS, caused by excessive inflammation in 
the terminal airways.
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