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Intravenously administered mesenchymal stem/stromal cells (MSCs)
engraft only transiently in recipients, but confer long-term thera-
peutic benefits in patients with immune disorders. This suggests
that MSCs induce immune tolerance by long-lasting effects on the
recipient immune regulatory system. Here, we demonstrate that
i.v. infusion of MSCs preconditioned lung monocytes/macrophages
toward an immune regulatory phenotype in a TNF-α–stimulated
gene/protein (TSG)-6–dependent manner. As a result, mice were pro-
tected against subsequent immune challenge in two models of allo-
and autoimmune ocular inflammation: corneal allotransplantation
and experimental autoimmune uveitis (EAU). The monocytes/macro-
phages primed by MSCs expressed high levels of MHC class II, B220,
CD11b, and IL-10, and exhibited T-cell–suppressive activities inde-
pendently of FoxP3+ regulatory T cells. Adoptive transfer of MSC-
induced B220+CD11b+ monocytes/macrophages prevented corneal
allograft rejection and EAU. Deletion of monocytes/macrophages
abrogated the MSC-induced tolerance. However, MSCs with TSG-6
knockdown did not induce MHC II+B220+CD11b+ cells, and failed to
attenuate EAU. Therefore, the results demonstrate a mechanism of
the MSC-mediated immune modulation through induction of innate
immune tolerance that involves monocytes/macrophages.
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Intravenous administration of mesenchymal stem/stromal cells
(MSCs) has emerged as a promising cell-based immunotherapy

for autoimmune diseases, graft-vs.-host disease, and transplantation
(1–3). A significant body of data from preclinical and clinical studies
has demonstrated remarkable immunosuppressive capacities
of MSCs in various diseases, but the mechanisms are still difficult
to explain.
One key observation is that therapeutic benefits of MSC ad-

ministration in animal models are achieved without significant
engraftment of the cells; after i.v. infusion, most MSCs reside
transiently within the lung and disappear rapidly with a t1/2 of ap-
proximately 24 h in mice (4, 5). Therefore, direct suppressive ef-
fects of MSCs on the immune system are short-lived, and do not
explain the long-term therapeutic effects observed with MSCs in
clinical and animal studies. In this context, it has been suggested that
MSCs trigger a state of immune tolerance, for example, through the
induction of regulatory T cells (Tregs) (6, 7).
Classically, lymphoid cells such as Tregs have been known to

play a major role in regulating immune responses and maintaining
immune tolerance. Recently, however, myeloid cells, including
monocytes/macrophages, have gained attention as important
mediators of immune regulation and tolerance (8, 9). In line
with this, a few studies demonstrated that MSCs induce the expan-
sion of myeloid cells with immunosuppressive activity and modulate

monocytes/macrophages to an antiinflammatory phenotype, thereby
inhibiting excessive inflammatory responses (10–12).
However, it is not clear whether the MSC-educated myeloid

cells can induce significant immune tolerance to repress adaptive
immune responses in a setting of allo- or autoimmunity. More-
over, little is known about the mechanism(s) whereby MSCs
induce immune tolerance through myeloid cells.
In this study, we demonstrate that i.v. injection of MSCs into

naive mice before immune challenge induces a significant im-
mune tolerance in TNF-α–stimulated gene/protein (TSG)-6–
dependent manner, and prevents the development of immune
responses in two models of allo- and autoimmune ocular in-
flammation: corneal allotransplantation and experimental auto-
immune uveitis (EAU). The MSC-induced tolerance involves a
distinct subset of suppressive monocytes/macrophages in the
lung, and is transferable independently of FoxP3+ Tregs. These
data suggest a mechanism of MSCs in regulating adaptive im-
munity through induction of nonspecific innate tolerance.

Results
MSC Pretreatment Improves Corneal Allograft Survival. We first
tested whether i.v. infusion of MSCs would induce tolerance to
prevent alloimmunity. To this end, we injected 1 × 106 human
bone marrow-derived MSCs (hMSCs) into tail vein of BALB/c
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(H-2d) mice at days −7 and −3, and performed corneal allo-
transplantation at day 0 using C57BL/6 mice (H-2b) as donors
(Fig. 1A). We elected to inject hMSCs 7 and 3 d before
transplantation because previous studies indicate that tolerance
induced by cyclosporine or endotoxin can be sustained for 3–7 d (13,
14). For positive controls, vehicle (HBSS) or 1 × 106 human skin
fibroblasts (Fibro) were injected in place of hMSCs. For negative
controls, syngeneic corneal autografts were performed in BALB/c
mice using BALB/c mice as donors. As a result, the survival of
corneal allografts was significantly prolonged in the hMSC-pre-
treated mice compared with the HBSS- or Fibro-pretreated mice
(Fig. 1 B and C). Histological examination of corneal allografts at
day 28 demonstrated marked corneal stromal swelling with CD3+

cell infiltration in the HBSS-pretreated group, indicating corneal
allograft rejection (Fig. 1D). In contrast, corneal thickness was
normal with well-preserved corneal endothelium and few CD3+

infiltrates in the hMSC-pretreated group, similar to syngeneic
autografts. Molecular assay showed that the levels of IFN-γ and
IL-2 were markedly increased in the corneas of HBSS- or Fibro-
pretreated mice, but significantly reduced in those of hMSC-
pretreated mice (Fig. 1E). Similarly, flow cytometric analysis of
draining cervical lymph nodes (DLNs) revealed that the number
of IFN-γ+CD4+ cells was significantly lower in hMSC-pretreated
mice than in HBSS- or Fibro-pretreated mice (Fig. 1 F and G and
Fig. S1). Together, results indicate that i.v. injection of hMSCs
before corneal transplantation suppressed the immune rejection
and prolonged the corneal allograft survival.
To examine the possibility that hMSCs directly suppress the

immune rejection, we evaluated whether hMSCs were present in
the lung, DLNs, or cornea at day 0 (at the time of corneal trans-
plantation) after i.v. injections of the cells at days −7 and −3. We
carried out quantitative RT-PCR assays at day 0 for human-specific

GAPDH as previously described (4, 5), and detected less than
10 hMSCs in the tissues, an observation consistent with previous
studies (4, 5). Therefore, the beneficial effects of hMSC pre-
treatment in corneal allografts were not attributed to direct
immunosuppression by hMSCs, and suggest induction of immune
tolerance by hMSCs.

MSC Pretreatment Prevents EAU Development. In parallel, we tested
whether hMSC pretreatment would be effective in preventing au-
toimmunity. For this purpose, we used a mouse model of EAU, a
well-established model for human autoimmune intraocular in-
flammation (15). We injected 1 × 106 hMSCs, 1 × 106 Fibro, or the
vehicle (HBSS) into the tail vein of C57BL/6 mice at days −7 and
−3 before EAU induction. At day 0, the mice were immunized by
s.c. injection of the retina-specific antigen interphotoreceptor
retinal binding protein (IRBP) into footpads (Fig. 2A). The retinal
cross-sections at day 21 showed severe disruption of retinal pho-
toreceptor layer in mice pretreated with HBSS or Fibro (Fig. 2B).
In contrast, there was little structural damage with few inflam-
matory infiltrates in the retina of hMSC-pretreated mice, similar
to normal retina without EAU. The disease score assigned by
retinal pathologic examination was significantly lower in hMSC-
treated mice compared with HBSS- or Fibro-treated mice (Fig.
2C). The transcript levels of proinflammatory cytokines, IFN-γ,
IL-2, IL-1β, IL-6, and TNF-α in the whole eyeball were dramati-
cally decreased in the hMSC-pretreated group compared with the
HBSS- or Fibro-pretreated group (Fig. 2D). In addition, flow
cytometric assays of DLNs revealed a significant reduction in the
number of IFN-γ+CD4+ and IL-17+CD4+ cells in hMSC-pre-
treated vs. HBSS-pretreated mice (Fig. 2 E and F and Fig. S1).

Fig. 1. MSC pretreatment prolongs corneal allograft survival. (A) Schema of
MSC pretreatment in a model of corneal allotransplantation. (B) Representa-
tive photographs of the cornea at day 28. (C) Survival curve of corneal grafts.
Allo, allogeneic grafts; Auto, syngeneic autografts. (D) H&E staining and CD3
immunostaining of corneal grafts (original magnification of 100×). (E) Real-
time RT-PCR assays of the cornea. Data indicate the mRNA levels as the relative
ratio to the levels in normal corneas. (F and G) Representative and quantitative
flow cytometry results for IFN-γ and CD4 expression in cells from DLNs. Data
depict the percentage of IFN-γ+CD4+ cells among the total lymph node cells.
Each dot represents an individual animal, and results are presented as mean ±
SD from three independent experiments, each experiment with three mice per
group (*P < 0.05, **P < 0.01, and ***P < 0.001; ns, not significant).

Fig. 2. MSC pretreatment suppresses EAU development. (A) Schema of MSC
pretreatment in a model of EAU. (B) H&E staining of retinal cross-sections. A
marked disruption of the photoreceptor layer was observed in the retinas in
HBSS- and Fibro-treated mice indicating EAU induction (original magnification
of 100×). (C) Disease score assigned by retinal histology. (D) Real-time RT-PCR
assays of the whole eye. Shown are relative values of mRNA levels to the levels
in normal eyes. (E and F) Representative and quantitative flow cytometry results
for CD4, IFN-γ, and IL-17 in DLNs. Data depict the percentage of IFN-γ+CD4+ cells
and IL-17+CD4+ cells among the total lymph node cells. Each dot represents an
individual animal. Results are presented as mean ± SD from three independent
experiments, each experiment with three mice per group (*P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001; ns, not significant).
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Therefore, the results suggest that hMSC pretreatment prevented
EAU development.
We also examined whether the beneficial effects of hMSCs in

corneal allograft rejection and EAUmight be a result of nonspecific
effects of apoptotic cells. However, i.v. injections of hMSCs that
were made apoptotic by repeated cycles of freezing and thawing
(16) did not have any effects on corneal graft survival and EAU
development (Fig. S2).
Collectively, the data demonstrate that i.v. injections of hMSCs

into naive mice induce a state of immune tolerance, and thereby
protect the eye against allo- and autoimmune inflammation.

A Distinct Population of Myeloid Cells Appears in the Lung After MSC
Infusion. Next, we sought to identify the immune cell population
(s) responsible for the hMSC-induced tolerance observed. We
collected the lung, peripheral blood, spleen, and DLNs from the
mice at day 0 after i.v. injection of hMSCs, Fibro, or HBSS into naive
mice at days −7 and −3 (Fig. 3A). The cells from each tissue were
analyzed by flow cytometry for the expression of myeloid lineage
markers (MHC class II, CD11b, CD11c, F4/80, Ly6C, B220), lym-
phoid lineage markers (CD4, CD8, CD19, CD25, FoxP3), and im-
mune regulatory cytokine IL-10. First, we evaluated live cells
for MHC class II expression, and found that the percentage of
MHC class II+ cells was markedly higher in the lung of hMSC-
pretreated mice compared with HBSS-pretreated mice (46.3 ±
4.8% vs. 29.5 ± 6.4%; P = 0.001). Next, we analyzed MHC class
II+ cells, and found that there was a significant difference in
MHC class II+ cell populations based on differential expression
of B220 and CD11b between hMSC- and HBSS-pretreated groups
(Fig. 3B). Quantitative analysis revealed a higher percentage of
MHC class II+B220+CD11b+ cells and a lower percentage of
MHC class II+B220−CD11b+ cells in the lung of hMSC-pretreated
mice compared with HBSS- or Fibro-pretreated mice (Fig. 3C).
Similarly, a significant increase was observed in MHC class II+

B220+CD11b+ cells in peripheral blood, spleen, and DLNs of
hMSC-pretreated mice (Fig. 3 B and C). Further examination of
phenotypic markers revealed that MHC class II+B220+CD11b+

cells expressed high levels of IL-10, F4/80, and Ly6C and a
moderate level of CD11c (Fig. 3D). The cells were negative for
classical lineage markers of T cells (CD4 and CD8) and B cells

(CD19). A number of studies reported that MSCs up-regulate
FoxP3+ Tregs (6, 7). Likewise, we observed a significant increase
in the number of CD4+CD25+FoxP3+ cells in the lung, peripheral
blood, and DLNs in mice pretreated with hMSCs (Fig. S3).
However, the number of CD4+CD25+FoxP3+ cells was markedly
reduced in the spleen of hMSC-pretreated mice.
Next, to determine the kinetics of IL-10, MHC class

II+B220+CD11b+ cells, and CD4+CD25+FoxP3+ cells, we analyzed
the lung, peripheral blood, and DLNs at days 0, 1, 4, and 7 after i.v.
injection of hMSCs into naive mice at days −7 and −3. Time course
showed that the plasma level of IL-10 remained significantly ele-
vated until day 4 (i.e., 7 d after hMSC injection; Fig. 3E). Consistent
with the change in IL-10 levels, the percentage of MHC class
II+B220+CD11b+ cells was significantly increased in the lung,
peripheral blood, and DLNs until day 4, indicating that the cells
persist in mice until at least 7 d after hMSC injection (Fig. 3F).
On the contrary, CD4+CD25+FoxP3+ cells were elevated in the
lung, blood, and DLNs until day 1 (i.e., 4 d after hMSC injection)
in hMSC-pretreated mice, but not different from controls at day
4 and thereafter (Fig. S3).
Together, the results demonstrate that a distinct population of

MHC class II+B220+CD11b+ cells is induced in the lung by i.v.
hMSCs and circulates for at least 7 d postinjection.

MSC-Primed Lung Monocytes/Macrophages Are T-Cell Suppressive. From
the aforementioned observations, we hypothesized that the subset
of lung myeloid cells defined as MHC class II+B220+CD11b+ cells
might be involved in the hMSC-induced tolerance. To better
characterize the cells, we sorted B220+CD11b+ and B220−CD11b+

cells from the lung of mice at day 0 after treatment with i.v. hMSCs
at days −7 and −3. Giemsa staining showed that B220+CD11b+

cells were a morphologically homogenous population of monocytes/
macrophages, and B220−CD11b+ cells were a heterogeneous mix-
ture of monocytes and granulocytes (Fig. 4A). To investigate the
effects of B220+CD11b+ cells on T cells, we cocultured B220+

CD11b+ cells that were isolated from the lung of hMSC-pretreated
mice with CD4+ cells that were purified from blood of naive mice.
To assay T-cell proliferation, CD4+ cells were labeled with car-
boxyfluorescein diacetate succinimidyl ester (CFSE) and stimulated
with anti-CD3/anti-CD28 monoclonal antibodies. Flow cytometric

Fig. 3. Adistinct populationofMHC class II+B220+CD11b+

cells is induced by MSC pretreatment. (A) Schema of
assays. At days −7 and −3, MSC, Fibro, or HBSS vehicle
(BSS) were injected into naive BALB/c mice. At day 0, the
lung, peripheral blood, spleen, and DLNs were collected
for assays. (B and C) Representative and quantitative
flow cytometry results for expression of CD11b and
B220 after gating on MHC class II+ cells. Each dot
represents an individual animal. (D) Representative
flow cytometry plots of phenotypic markers on MHC
class II+B220+CD11b+ subset in the lung of MSC-pre-
treated mice. (E) Time course of plasma IL-10 levels in
mice pretreated with MSC or HBSS. (F) Kinetics of MHC
class II+B220+CD11b+ cells in tissues. Data (mean ± SD)
are representative of at least four independent exper-
iments (each with three mice per group) in MSC and
HBSS groups and three independent experiments (each
with three mice) in Fibro group (*P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001; ns, not significant).

160 | www.pnas.org/cgi/doi/10.1073/pnas.1522905113 Ko et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1522905113/-/DCSupplemental/pnas.201522905SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1522905113/-/DCSupplemental/pnas.201522905SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1522905113/-/DCSupplemental/pnas.201522905SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1522905113


analysis of CFSE dilution revealed that CD4+ cell proliferation was
significantly repressed by coculture with B220+CD11b+ cells com-
pared with coculture with B220−CD11b+ cells or without coculture
(Fig. 4B). To assay T-cell differentiation, the anti-CD3/anti-CD28–
activated CD4+ cells were primed with Th1- or Th17-polarizing
conditions and cocultured with B220+CD11b+ or B220−CD11b+

cells. The percentage of IFN-γ+CD4+ and IL-17+CD4+ cells was
significantly lower in CD4+ cells cocultured with B220+CD11b+

cells than in those cocultured with B220−CD11b+ cells or without
coculture (Fig. 4C). However, B220+CD11b+ or B220−CD11b+

cells did not promote the expansion of CD4+CD25+FoxP3+ cells
(Fig. S4). Therefore, the data indicate that B220+CD11b+ mono-
cytes/macrophages from the hMSC-primed lung inhibit T-cell pro-
liferation and Th1/Th17 differentiation.

MSC-Primed Lung Monocytes/Macrophages Induce Tolerance.To confirm
the role of the hMSC-induced B220+CD11b+ monocytes/macro-
phages in vivo, we transferred B220+CD11b+ or B220−CD11b+

cells isolated as described earlier into naive BALB/c or C57BL/6
mice through a tail vein. Corneal allotransplantation was then
performed in BALB/c mice or EAU was induced in C57BL/6 mice
(Fig. 5). The infusion of B220+CD11b+ cells significantly pro-
longed the survival of corneal allografts, whereas B220−CD11b+

cells did not (Fig. 5 A and B). The percentage of IFN-γ+CD4+

cells in DLNs was significantly reduced in the mice receiving
B220+CD11b+ cells (Fig. 5C). Similarly, the expression of IFN-γ
and IL-2 in the cornea was markedly decreased in the mice treated
with B220+CD11b+ cells (Fig. 5D). To further determine whether
monocytes/macrophages are necessary for the MSC-induced tol-
erance, we depleted mice of monocytes/macrophages by i.v. ad-
ministration of clodronate-encapsulated liposome at days −8 and
−4 and treated them with hMSCs at days −7 and −3. As the
maximum monocyte/macrophage depletion occurs 24 h after
clodronate liposome delivery (17), the mice were depleted of
monocytes/macrophages at the time of hMSC injection. Corneal
allotransplantation was performed at day 0. The hMSC pre-
treatment was not effective in preventing allograft rejection in

mice in which macrophages were depleted at the time of hMSC
injection (Fig. 5E).
In a parallel experiment, we found that adoptive transfer of

B220+CD11b+ cells markedly suppressed the development of
EAU (Fig. 5 F–H). However, hMSC pretreatment did not sup-
press EAU development in mice depleted of monocytes/macro-
phages (Fig. 5I).
Together, results indicate that monocytes/macrophages are

required for the hMSC-mediated tolerance, and B220+CD11b+

monocytes/macrophages induced by hMSCs are capable of sup-
pressing corneal allograft rejection and EAU.

MSCs Prime Monocytes/Macrophages Within the Lung in Situ in a TSG-6–
Dependent Manner. A number of studies indicate that therapeutic
effects of MSCs are associated with the secretion of paracrine
factors. We therefore examined whether the factor(s) secreted by
MSCs might modulate the lung monocytes/macrophages toward a

Fig. 4. Impact of lung B220+CD11b+ vs. B220−CD11b+ cells on CD4+ cells
in vitro. (A) Giemsa staining of B220+CD11b+ vs. B220−CD11b+ cells isolated
from the lung tissue of mice at day 0 after i.v. injections of MSC at days −7 and
−3. (B) Flow cytometry results for CFSE dilution in CD4+ cells purified from blood
of naive mice upon coculture with B220+CD11b+ or B220−CD11b+ cells. (C) Flow
cytometric analysis for expression of IFN-γ and IL-17 on CD4+ cells under Th1 or
Th17 polarizing condition. Data depict the percentage of IFN-γ+CD4+ cells and
IL-17+CD4+ cells among CD4+ cells. Each dot indicates a single animal, and the
bar indicates the mean ± SD (*P < 0.05, **P < 0.01, and ***P < 0.001).

Fig. 5. Adoptive transfer of the lung B220+CD11b+ cells induced by MSC
ameliorates corneal allograft rejection and EAU. (A) Schema of B220+CD11b+

or B220−CD11b+ cell transfer in a corneal transplant model. (B) Survival
curve of corneal grafts. Allo, allogeneic grafts; Auto, syngeneic autografts.
(C) Quantitative flow cytometry results for IFN-γ+CD4+ cells in DLNs. (D) Real-
time RT-PCR assays of the cornea. (E) Effects of depletion of monocytes/
macrophages on graft survival. PBS-LIP, PBS solution-encapsulated liposome;
Cl2MDP-LIP, clodronate-encapsulated liposome. (F) Schema of B220+CD11b+

or B220−CD11b+ cell transfer in an EAU model. (G) H&E staining of retinal
cross-sections (original magnification of 100×). Disease score assigned by
retinal histologic examination. (H) Real-time RT-PCR assays of the whole
eye. (I) Effects of depletion of monocytes/macrophages on EAU develop-
ment as assessed by histological disease score. Dot represents an individual
animal, and data are presented as mean ± SD from three independent
experiments, each experiment with three mice per group (*P < 0.05, **P <
0.01, and ***P < 0.001).
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regulatory phenotype. To this end, we used an in vitro transwell
system to coculture the lung cells of naive mice with hMSCs. As a
result, we found that the hMSC coculture significantly increased
the percentage of B220+ cells among lung CD11b+ cells (Fig. 6A).
The B220+CD11b+ cells expressed higher levels of IL-10 compared
with B220−CD11b+ cells (Fig. 6B). Next, to identify the paracrine
factor(s) of hMSCs associated with an increase in B220+CD11b+

cells, we performed microarrays to detect changes in the hMSC
transcriptome following incubation with the mouse lung cells. Of
interest were the gene(s) that encode secreted proteins and were
up-regulated by more than twofold in hMSCs upon coculture with
lung cells (Table S1). Of the 11 up-regulated genes for secreted
proteins, the following four genes have been previously shown to be
associated with immunomodulatory and antiinflammatory effects
of MSCs: stanniocalcin-1 (STC-1) (18), TSG-6 (4, 5, 11, 19), TGF-
β (7, 20, 21), and prostaglandin endoperoxidase synthase 2 (PTGS-
2) (10, 12, 21, 22). To examine whether any of these genes are
indeed increased in the lung of mice in vivo after i.v. hMSC in-
jection, we performed human-specific real-time RT-PCR assays to
analyze the lungs for expression of the four genes 12 h after i.v.
infusion of hMSCs in mice. Among the four genes, the most highly
up-regulated human transcript was TSG-6 (125-fold; Fig. S5). To
confirm whether TSG-6 expression of hMSCs is required for the
induction of B220+CD11b+ cells, we cocultured lung CD11b+ cells
with hMSCs transfected with TSG-6 siRNA- or control scrambled
(SCR) siRNA (siRNA). The TSG-6 siRNA-transfected hMSCs did
not increase the percentage of B220+CD11b+ cells, whereas SCR
siRNA-transfected hMSCs significantly enhanced B220+CD11b+

cells (Fig. 6C). Similarly, infusions of hMSCs with TSG-6 knock-
down into mice at days −7 and −3 did not induce MHC class
II+B220+CD11b+ cells in the lung (Fig. 6 D and E).

TSG-6 Expression of MSC Is Required for Tolerance in Vivo. To con-
firm that TSG-6 expression of hMSCs contributes to tolerance
induction by hMSCs, we injected TSG-6 siRNA- or SCR siRNA-
transfected hMSCs into naive mice at days −7 and −3 and in-
duced EAU at day 0 (Fig. 6F). The pretreatment with TSG-6
knockdown hMSCs was not effective in suppressing intraocular
inflammation and preventing retinal damage in mice with EAU,
whereas SCR siRNA-transfected hMSCs ameliorated EAU (Fig.
6 G and H).

Discussion
In this study, we tested the hypothesis that MSCs induce immune
tolerance by activating the endogenous immune regulatory sys-
tem of the recipient. To exclude the effects of direct immuno-
suppression by MSCs, we injected MSCs into mice at least 72 h
before immune challenge to the eye. As a result, we found that
the mice were protected from allo- and autoimmune attacks to
the eye even though MSCs no longer existed in the system. Be-
cause our findings are similar to an experimental strategy of
preexposing a tissue to stimuli to diminish the vulnerability of the
tissue to a subsequent attack (“preconditioning”) (23), we term
the induced protection observed with hMSCs as “MSC pre-
conditioning.” Similar protection has been observed in ischemia
or endotoxin tolerance, in which preexposure to ischemia or li-
popolysaccharide results in attenuated tissue injury during sub-
sequent insults (23–25). The nature of the induced protection
and underlying mechanisms of preconditioning are not yet clear,
but studies suggest that innate immune cells such as monocytes/
macrophages play a central role (26–28). Here we found that the
MSC preconditioning involved a distinct subset of suppressive
MHC II+B220+CD11b+ monocytes/macrophages in the lung.
Studies previously suggested that MSCs induce immune toler-

ance by up-regulating CD4+CD25+FoxP3+ Tregs (6, 7). An elegant
study by Akiyama et al. showed that i.v. infusion of mouse bone
marrow MSCs into naive mice induced T-cell apoptosis in periph-
eral blood and bone marrow from 6 to 72 h after infusion (6). The
apoptotic T cells triggered macrophages in the spleen to produce
TGF-β that subsequently resulted in the up-regulation of CD4+

CD25+FoxP3+ Tregs in peripheral blood at 24 and 72 h. Consistent
with this report, we observed an increase in CD4+CD25+FoxP3+

cells in peripheral blood that lasted until 96 h after MSC infusion.
However, a distinct type of suppressive MHC II+B220+CD11b+

monocytes/macrophages was induced at higher levels in the lung by
hMSCs and lasted longer in mice than CD4+CD25+FoxP3+ Tregs.
These monocytes/macrophages were effective in protecting against
EAU and corneal allograft rejection independently of FoxP3+

Tregs, indicating a direct role of monocytes/macrophages in the
MSC-induced tolerance.
Modulation of monocyte/macrophage function is a crucial com-

ponent of the host immune response. Recent studies showed that
monocytes/macrophages can reprogram their responses toward
immunogenic or tolerogenic phenotypes depending on the type and
concentration of ligands they encountered, in the phenomenon
termed “trained immunity and tolerance” (27, 28). In this context,
our study provides a possibility that MSCs use the plasticity of
monocytes/macrophages and prime them to produce tolerance. The
involvement of monocytes/macrophages in mediating therapeutic
effects of MSCs has been previously demonstrated (29). Nemeth
et al. showed that i.v. administration of mouse MSCs before or
shortly after sepsis induction reprogrammed the lung monocytes/
macrophages to increase IL-10 production and reduced mortality
in mice (10). The beneficial effects of mouse MSCs on macro-
phages were caused by the release of prostaglandin E2 (PGE2) by
MSCs. Another study by Choi et al. demonstrated that i.p. in-
jection of hMSCs modulated peritoneal macrophages to suppress
the production of proinflammatory cytokines and attenuated
zymosan-induced peritonitis in mice (11). The effects of hMSCs
on macrophages were mediated by TSG-6 secreted by hMSCs.

Fig. 6. MSCs with TSG-6 knockdown neither induceMHC class II+B220+CD11b+

cells nor prevent EAU. (A) Flow cytometry results for B220 expression in
mouse lung CD11b+ cells that were cocultured with MSCs. (B) Represen-
tative flow cytometry plot of IL-10 intracellular staining in B220+CD11b+

cells vs. B220−CD11b+ cells. (C) The percentage of B220+CD11b+ cells in mouse
lung CD11b+ cells that were cocultured with TSG-6 siRNA- or SCR-transfected
MSCs. (D) Schema of experiments. (E ) Flow cytometry results for MHC class
II+B220+CD11b+ cells in the lung. Each dot indicates a single animal, and the bar
represents the mean ± SD. (F) Schema of TSG-6 siRNA MSC pretreatment in an
EAU model. (G) Histologic disease score. (H) Real-time RT-PCR assays of the eye.
Data are presented as mean ± SD from two independent experiments, each with
three mice per group (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
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Similarly, we found that the exposure of hMSCs to lung mono-
cytes/macrophages activated hMSCs to produce TSG-6, which led
to reprogramming of monocyte/macrophage toward a tolerogenic
phenotype that is potent in preventing auto- and alloimmune
responses. However, unlike the study by Nemeth et al., we did not
observe any change in the expression of PTGS2 in hMSCs in vivo,
suggesting that TSG-6, not PGE2, might be a main factor medi-
ating the MSC action in our models.
TSG-6 is a 30-kDa glycoprotein expressed by many cells in re-

sponse to proinflammatory cytokines, and has multiple actions
related to modulation of inflammation and stabilization of the
extracellular matrix (30, 31). Recently, observations by our group
and others identified TSG-6 as being responsible for the ben-
eficial effects of MSCs in the treatment of disease models of the
heart (4), cornea (5, 19, 32), brain (33), lung (34), and pancreas
(35). TSG-6 exerts its antiinflammatory actions through multiple
mechanisms, one of which is the modulation of myeloid cells into a
tolerogenic phenotype. In the study by Lee et al., TSG-6 treatment
of bone marrow-derived myeloid precursors increased the number
of CD11c+B220+CD8α+ cells of plasmacytoid dendritic sub-
type, and transfer of myeloid cells cultured with TSG-6 delayed
the development of autoimmune diabetes in nonobese diabetic

mice (35). Therefore, MSCs and their secreted protein TSG-6 may
modulate the endogenous immune system through actions on
myeloid cells. Further research would be needed to investi-
gate the detailed mechanism by which MSCs and TSG-6
reprogram monocytes/macrophages.
In conclusion, our study provides a mechanistic insight into

how an exogenous infusion of MSCs modulates immune re-
sponses despite transient engraftment. The MSCs precondition
the recipient immune system toward a state of tolerance through
induction of nonspecific innate tolerance involving a distinct
subset of suppressive lung monocytes/macrophages.

Materials and Methods
Detailed information on study materials and methods is provided in SI Ma-
terials and Methods. The experimental protocols were approved by the in-
stitutional animal care and use committee of Seoul National University
Hospital Biomedical Research Institute (nos. 12–0247-C1A0 and 13–0104-
C3A0). EAU was induced as we previously reported (36). Corneal trans-
plantation was performed as we previously described (5).
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SI Materials and Methods
The experimental protocols were approved by the institutional
animal care and use committee of Seoul National University
Hospital Biomedical Research Institute (nos. 12–0247-C1A0 and
13–0104-C3A0).

Animal Model of Corneal Transplantation. Seven-week-old B6 mice
(C57BL/6J, H-2b; Orient Bio) were used as corneal donors, and
BALB/c mice (BALB/cAnNCrl, H-2d; Orient Bio) served as cor-
neal transplant recipients. Under anesthesia with zolazepam/
tiletamine (Zoletil; Virbac), a central 2-mm-diameter corneal but-
ton was excised from a donor using a trephine (Katena Prod-
ucts), and a recipient corneal bed was prepared by removing a
central 2.5-mm-diameter button in the recipient cornea using a
trephine. The donor cornea was secured to the recipient bed
with six interrupted 10–0 nylon sutures. All corneal sutures were
removed at day 14 after transplantation. Syngeneic corneal grafts
(BALB/c-to-BALB/c) were performed as negative controls. All
grafts were evaluated twice per week for 4 wk. Graft rejection
was defined as complete loss of graft transparency (i.e., the pupil
margin and iris structure are not visible through the graft) (5).

Animal Model of EAU. EAU was induced in 7-wk-old B6 mice
(C57BL/6J, H-2b; Orient Bio) using the standard method as
previously described (36). Briefly, mice were immunized with s.c.
injection into a footpad of 250 μg human IRBP peptide 1–20,
GPTHLFQPSLVLDMAKVLLD (20 mg/mL; Peptron), that was
emulsified in complete Freund adjuvant (Sigma-Aldrich) con-
taining Mycobacterium tuberculosis (2.5 mg/mL; BD Difco). Si-
multaneously, the mice received i.p. injection of 0.7 μg pertussis
toxin (300 μL; Sigma-Aldrich).

Preparation of hMSCs and Fibro. hMSCs were obtained from the
Center for the Preparation and Distribution of Adult Stem Cells
(medicine.tamhsc.edu/irm/msc-distribution.html) that supplies stan-
dardized preparations of hMSCs enriched for early progenitor
cells under the auspices of the National Institutes of Health/the
National Center for Research Resources Grant P40 RR 17447–06.
Passage-two hMSCs from the same adult donor were used in all
experiments. The cells consistently differentiated into three lineages
in culture, and were negative for hematopoietic markers (CD34,
CD36, CD117, and CD45) and positive for mesenchymal markers
CD29 (95%), CD44 (>93%), CD49c (99%), CD49f (>70%), CD59
(>99%), CD90 (>99%), CD105 (>99%), and CD166 (>99%). The
cells were cultured in complete culture medium (CCM) containing
17% (vol/vol) FBS (Gibco/Life Technologies), 2 mM L-gluta-
mine, 100 units/mL penicillin and 100 μg/mL streptomycin (PS;
Invitrogen/Life Technologies) until 70% confluence was
reached, and harvested with 2.5 mg/mL trypsin/1 mM EDTA
(Invitrogen/Life Technologies) for 2 min at 37 °C. After washing
three times, the cells were used for in vitro experiments or re-
suspended in HBSS (Lonza BioWhittaker) at a concentration of
10,000 cells per microliter for injection in vivo.
Fibro were purchased from CELLnTEC and expanded in

CCM in the same fashion as hMSCs. For in vivo treatment,
hMSCs (1 × 106 cells in 100 μL HBSS), Fibro (1 × 106 cells in
100 μL HBSS), or the same volume of BSS were injected into
tail veins of mice. For induction of apoptosis in hMSCs, hMSCs
were treated with five cycles of rapid freezing (−80 °C), thawing
at room temperature for 30 min, and subsequent incubation at
37 °C for 5 h (16).

siRNA Transfection. For siRNA experiments, hMSCs were trans-
fected with siRNA for TSG-6 (sc-39819; Santa Cruz Biotechnology)
or SCR siRNA (Stealth RNAi Negative Control; Invitrogen/Life
Technologies) with a commercial kit (Lipofectamine RNAiMAX
reagent; Invitrogen/Life Technologies) per the manufacturer’s in-
structions. To confirm knockdown of TSG-6, RNA was extracted
from aliquots of the cells (RNeasy Mini kit; Qiagen) 18 h after the
start of transfection (the same time point when TSG-6 siRNA or
SCR siRNAMSCs were injected into mice) and assayed for TSG-6
expression by real-time RT-PCR. The mean knockdown efficiency
of TSG-6 in hMSCs was 84%.

Macrophage Depletion. To deplete monocytes/macrophages of mice
at the time of hMSC injection, clodronate-encapsulated liposome
(50 mg/kg body weight; L-α-phosphatidyl-choline/cholesterol clodr-
onate; Encapsula NanoSciences) or the same volume of PBS-
encapsulated liposome (Encapsula NanoSciences) was adminis-
tered i.v. 24 h before hMSC injection (i.e., at days −8 and −4)
according to previous studies (17).

Real-Time RT-PCR. For RNA extraction, the tissues were minced
into small pieces with microscissors, lysed in RNA isolation re-
agent (RNA-Bee; Tel-Test), and homogenized with an ultrasound
sonicator (Ultrasonic Processor; Cole Parmer Instruments). Total
RNA was extracted using an RNeasy Mini kit (Qiagen) and
quantified using a NanoDrop spectrophotometer (Thermo Fisher
Scientific). Equal amounts of RNA (3 μg) from each sample were
used to synthesize single-stranded cDNA by reverse transcription
(High Capacity RNA-to-cDNA Kit; Applied Biosystems/Life
Technologies). The cDNA was analyzed by real-time PCR (ABI
7500 Real Time PCR System; Applied Biosystems/Life Tech-
nologies) for the following cytokines: IL-2 (TaqMan Gene Ex-
pression Assays ID, Mm00434256_m1), IFN-γ (Mm01168134_m1),
TNF-α (Mm00443260_g1), IL-1β (Mm00434228_m1), IL-6
(Mm00446190_m1), IL-10 (Mm00439614_m1), PTGS-2
(Hs00153133_m1), TGF-β (Hs00998133_m1), TNFAIP6/TSG-6
(Hs01113602_m1), and STC-1 (Hs00174970_m1). Human- or
mouse-specific GAPDH (HS99999905_05, Mm99999915_g1) was
used for normalization of gene expression. For all PCR probe sets,
TaqMan Gene Expression Assay kits were purchased from Ap-
plied Biosystems/Life Technologies. The assays were performed in
dual technical replicates for each sample.

ELISA. After centrifugation at 586 × g for 15 min at 4 °C, plasma
was collected and assayed by ELISA for IL-10 (Mouse Duoset kit;
R&D Systems) according to the manufacturer’s protocols.

Histopathology. Tissues were fixed in 10% (vol/vol) formalin and
embedded in paraffin. The tissues were sliced in 4-μm-thick sections
and subjected to H&E or CD3 immunohistochemical staining. For
CD3 immunostaining, antigen was retrieved using a steamer in
epitope retrieval solution (IHC WORLD). A rabbit anti-mouse
CD3 (ab16669; Abcam) was used as primary antibody, and goat
anti-rabbit IgG Alexa 488 (A11034; Invitrogen/Life Technologies)
as secondary antibody. A DAPI solution was used for counter-
staining (IHCWORLD). The stained slides were observed under a
laser confocal microscope (LSM700; Carl Zeiss MicroImaging),
and images were acquired at magnification of 100×. Retinal pa-
thology scores were assessed in the H&E-stained slides on a scale
of 0–4 using the criteria previously defined by Caspi (15).

Cell Isolation, Flow Cytometry, and FACS Sorting. Single-cell suspen-
sions were prepared from the spleen and lymph nodes by mincing
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tissues into small pieces and homogenizing between the frosted ends
of two glass slides in RPMI 1640 medium (WelGENE) containing
10% (vol/vol) FBS (Gibco/Life Technologies) and 1% PS (Gibco/
Life Technologies) on ice. The cell suspensions were then filtered
through a cell strainer, centrifuged, and washed with complete
RPMI medium. To prepare single-cell suspension from the lung,
the tissue was mechanically minced into small pieces using
microscissors and incubated in RPMI 1640 medium containing
10% (vol/vol) FBS (Gibco/Life Technologies), 1% PS (Invitrogen/
Life Technologies), collagenase type 1 (0.2 mg/mL; Sigma-
Aldrich), and DNase I (0.1 mg/mL; Sigma-Aldrich) for 30 min at
37 °C under constant shaking. After incubation, the tissues
were grinded between the frosted ends of two slides, and the
cells filtered through a cell strainer. The cells acquired from the
spleen and lung were additionally incubated in red blood cell
lysis buffer (BD BioSciences).
For flow cytometric analysis, the isolated cells were stained

with the following fluorescence-conjugated anti-mouse antibodies:
CD4, CD8, IFN-γ, IL-17, CD25, FoxP3, IL-10, MHC class II,
CD11b, CD11c, CD19, B220, Ly6C, and F4/80 (all from
eBioscience). For intracellular staining, the cells were stimu-
lated for 5 h with 50 ng/mL phorbol myristate acetate (Sigma-
Aldrich) and 1 μg/mL ionomycin (Sigma-Aldrich) in the pres-
ence of GolgiPlug (BD Pharmingen) before staining. The cells
were assayed for fluorescence using a flow cytometer (BD
FACSCanto Flow Cytometer; BD BioSciences). Analysis was
performed with the FlowJo program (Tree Star).
For isolation of B220+CD11b+ and B220−CD11b+ cells, a single-

cell suspension prepared from the lung was stained with anti-
CD11b and anti-B220 antibodies (eBioscience) and sorted using
a flow cytometer (BD FACSAria III cell sorter; BD Biosciences)
at purity > 95%. CD4+ cells were purified from whole blood
of mice by using CD4 magnetic-activated cell sorting beads
(Miltenyi Biotec) in accordance with the manufacturer’s proto-
cols (purity > 95%).

GiemsaStaining.The cells were collected onmicroscopic slides using
a cytospin machine and stained with Giemsa solution (GS-500;
Sigma-Aldrich).

In Vitro Coculture Studies.For cocultures of CD4+ T cells with B220+

CD11b+ or B220−CD11b+ cells, CD4+ T cells and B220+CD11b+

or B220−CD11b+ cells were prepared respectively from blood and
lung as mentioned earlier.
For T-cell proliferation assay, CD4+ cells were labeled with 5 mM

CFSE (1 μL/mL; Invitrogen) in RPMI 1640 medium (WelGENE)
for 10 min at 37 °C in the dark. After washing, the CFSE-labeled
CD4+ cells were cultured in RPMI 1640 medium containing 10%
(vol/vol) FBS (Gibco/Life Technologies) and 1% PS (Invitrogen/
Life Technologies) in plates coated with 2.5 μg/mL anti-CD3 and
2.5 μg/mL anti-CD28 monoclonal antibodies (eBioscience) in

the presence or absence of B220+CD11b+ or B220−CD11b+ cells
(CD4+:B220+CD11b+ or B220−CD11b+ ratio of 1:1) for 5 d. The
CFSE fluorescence was measured in CD4+ cells with a flow cy-
tometer (BD FACSCanto Flow Cytometer; BD BioSciences).
For T-cell differentiation assay, CD4+ cells were cultured in anti-

CD3/anti-CD28–coated plates with or without B220+CD11b+ or
B220−CD11b+ cells (CD4+:B220+CD11b+ or B220−CD11b+ ratio
of 1:1) for 3 d. To stimulate differentiation into Th1 cells,
20 ng/mL recombinant murine IL-12 (R&D Systems) and 2.5 μg/mL
anti–IL-4 antibody (R&D Systems) were added to the culture. To
stimulate differentiation into Th17 cells, 50 ng/mL recombinant
mouse IL-6, 5 ng/mL recombinant mouse TGF-β1, and antibodies
against IFN-γ (2.5 μg /mL) and IL-4 (2.5 μg /mL; all from R&D
Systems) were supplemented. CD4+ cells were restimulated for
5 h with 50 ng/mL phorbol myristate acetate (Sigma-Aldrich) and
1 μg/mL ionomycin (Sigma-Aldrich) in the presence of GolgiPlug
(BD Pharmingen), and stained with surface markers or intracel-
lular cytokines as described earlier. The cells were then analyzed
for the expression of CD4, CD25, Foxp3, IL-17A, and IFN-γ by a
flow cytometer.
For cocultures of mouse lung cells and hMSCs, the cells isolated

from the lung of mice as described earlier were cultured in RPMI
1640 medium containing 10% (vol/vol) FBS (Gibco/Life Tech-
nologies) and 1% PS (Invitrogen/Life Technologies) with hMSCs
in a transwell insert (lung cells:hMSCs ratio of 1:1) for 3 d and
analyzed for the expression of CD11b, B220, and IL-10 by flow
cytometry.

Adoptive Transfer.For adoptive transfer experiments, B220+CD11b+

or B220−CD11b+ cells that were isolated from the lung as men-
tioned earlier were injected into mice through the tail vein (5 × 105

cells per mouse).

Microarrays.Approximately 250 ng of total RNA in each sample
was loaded for GeneChip Human Genome U133 plus 2.0
Arrays (Affymetrix). The data were analyzed with Microarray
Suite version 5.0 using Affymetrix default analysis settings and
global scaling as normalization method. For comparative
analysis, data were filtered based on fold changes of two or
more (up- or down-regulated).

Statistical Analysis. Prism software (GraphPad) was used for sta-
tistical tests. Levene’s test was used to check homogeneity of
variance. Data were analyzed by the two-tailed Student’s t test to
compare means of two groups or by one-way ANOVA to compare
three or more groups. Tukey’s honestly significant difference test
was used for a follow-up pairwise comparison of the groups after
the null hypothesis was rejected (P < 0.05). The data are pre-
sented as the mean ± SD. Differences were considered significant
at P < 0.05.
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Fig. S1. The number of IFN-γ+CD4+ cells and IL17+CD4+ cells in DLNs. (A) The number of IFN-γ+CD4+ cells in DLNs at day 28 after corneal transplantation. Allo,
allografts; Auto, syngeneic autografts. Pretreatment with i.v. 1 × 106 human bone marrow MSCs significantly reduced the number of IFN-γ+CD4+ cells in DLNs
compared with pretreatment with HBSS vehicle (BSS) or human skin fibroblasts (Fibro). (B) The number of IFN-γ+CD4+ and IL17+CD4+ cells in DLNs at day 21
after EAU induction. The MSC pretreatment significantly decreased the number of IFN-γ+CD4+ and IL17+CD4+ cells in DLNs of EAU mice. Each dot represents an
individual animal, and the bar indicates the mean ± SD (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).

Fig. S2. Effects of apoptotic MSCs in models of corneal allotransplantation and EAU. MSCs were made apoptotic by five freeze/thaw cycles and incubation at
37 °C for 5 h, and injected i.v. into naive mice at days −7 and −3. At day 0, corneal allotransplantation was performed or EAU induced. (A and B) Pretreatment
with apoptotic MSCs did not prolong the survival of corneal allografts. Also, the levels of proinflammatory cytokines in corneal grafts were not affected. (C and
D) Pretreatment with apoptotic MSCs was not effective in preventing EAU development and repressing the levels of proinflammatory cytokines in the eye.
Results are presented as mean ± SD from two independent experiments, each experiment with four mice per group (ns, not significant).
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Fig. S3. Effects of MSC pretreatment on CD4+CD25+FoxP3+ cells. (A) A total of 1 × 106 MSC or HBSS were injected into naïve BALB/c mice at days −7 and −3. At
day 0, the lung, peripheral blood, spleen, and cervical lymph nodes (LN) were collected. (B) Representative and quantitative flow cytometry results for ex-
pression of CD25 and FoxP3 on CD4+-gated cells. Data depict the percentage of CD4+CD25+FoxP3+ cells among total CD4+ cells. Each dot depicts an individual
animal, and the bar indicates the mean ± SD. (C and D) Time course analysis of CD4+CD25+FoxP3+ cells. CD4+CD25+FoxP3+ cells were quantified by flow
cytometry in the lung, peripheral blood, and lymph node at the indicated time points after MSC or HBSS treatment at days −7 and −3. Data (mean ± SD) are
representative of four independent experiments (each with three mice per group; *P < 0.05 and **P < 0.01; ns, not significant).
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Fig. S4. Effects of MSC-induced lung B220+CD11b+ cells on CD4+CD25+FoxP3+ cell induction in vitro. B220+CD11b+ and B220−CD11b+ cells were sorted from the
lung of mice at day 0 after i.v. injections of 1 × 106 MSCs at days −7 and −3. CD4+ cells purified from blood of naive mice were cocultured for 3 d with B220+CD11b+

or B220−CD11b+ cells under Th1 or Th17 polarizing condition. Flow cytometric analysis of CD4+ cells for expression of CD25 and FoxP3 revealed that neither
B220+CD11b+ nor B220−CD11b+ cells induced CD4+CD25+FoxP3+ cells. Data depict the percentage of CD25+FoxP3+ cells among CD4+ cells. Each dot depicts an
individual animal, and the bar indicates the mean ± SD (ns, not significant).

Fig. S5. Analysis of mouse lungs for human-specific transcripts of the antiinflammatory and immunoregulatory molecules. RNA was extracted from lungs of
mice 12 h after i.v. infusion of 1 × 106 MSCs and assayed using real-time RT-PCR for human-specific transcripts of the antiinflammatory and immunoregulatory
molecules STC-1, TSG-6, TGF-β, and PTGS-2. Data indicated that MSC trapped in the lung were activated to up-regulate the expression of the antiinflammatory
molecule TSG-6 up to 125-fold compared with MSCs before injection. However, STC-1, TGF-β, and PTGS-2 were up-regulated in MSCs by 0.38, 1.03, and 1.34
fold, respectively, after in vivo injection. The mRNA levels were shown as the relative ratio vs. values in MSCs before injection.

Ko et al. www.pnas.org/cgi/content/short/1522905113 5 of 6

www.pnas.org/cgi/content/short/1522905113


Table S1. Gene transcripts for secreted proteins that are up-regulated more than twofold in
MSCs cocultured in transwell inserts with lung cells

Gene name Gene symbol GenBank accession no. Fold increase

Interleukin 11 IL11 NM_000641 2.58 ± 0.05
Stanniocalcin 1 STC1 AI300520 2.45 ± 0.07
Tissue factor inhibitor TFPI2 AL574096 2.41 ± 0.14
Tumor necrosis factor α-induced protein 6 TNFAIP6 NM_007115 2.33 ± 0.05
Macrophage migration inhibitory factor MIF NM_002415 2.25 ± 0.11
Interleukin 8 IL8 AF043337 2.24 ± 0.01
Transforming growth factor β TGFB NM_000358 2.20 ± 0.11
Interleukin 1 β IL1B NM_133376 2.20 ± 0.10
Prostaglandin-endoperoxide synthase 2 PTGS2 Y151286 2.19 ± 0.04
TIMP metallopeptidase inhibitor TIMP2 BF107565 2.15 ± 0.10
Vascular endothelial growth factor A VEGFA AF022375 2.07 ± 0.01
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