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Intravenous Mesenchymal Stem Cells Prevented
Rejection of Allogeneic Corneal Transplants by
Aborting the Early Inflammatory Response

Joo Youn Oh'?, Ryang Hwa Lee', Ji Min Yu', Jung Hwa Ko?, Hyun Ju Lee?, Ah Young Ko?, Gavin W Roddy'

and Darwin | Prockop'
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Ophthalmology, Seoul National University Hospital, Seoul, Korea

Mesenchymalstem/progenitorcells(MSCs)werereported
to enhance the survival of cellular and organ transplants.
However, their mode of action was not established. We
here used a mouse model of corneal allotransplantation
and demonstrated that peri-transplant intravenous (i.v.)
infusion of human MSCs (hMSCs) decreased the early
surgically induced inflammation and reduced the activa-
tion of antigen-presenting cells (APCs) in the cornea and
draining lymph nodes (DLNs). Subsequently, immune
rejection was decreased, and allograft survival was pro-
longed. Quantitative assays for human GAPDH revealed
that <10 hMSCs out of 1 x 10¢ injected cells were recov-
ered in the cornea 10 hours to 28 days after i.v. infusion.
Most of hMSCs were trapped in lungs where they were
activated to increase expression of the gene for a mul-
tifunctional anti-inflammatory protein tumor necrosis
factor-o. stimulated gene/protein 6 (TSG-6). i.v. hMSCs
with a knockdown of TSG-6 did not suppress the early
inflammation and failed to prolong the allograft survival.
Also, i.v. infusion of recombinant TSG-6 reproduced the
effects of hMSCs. Results suggest that hMSCs improve
the survival of corneal allografts without engraftment
and primarily by secreting TSG-6 that acts by aborting
early inflammatory responses. The same mechanism may
explain previous reports that MSCs decrease rejection of
other organ transplants.
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INTRODUCTION

Organ transplantation is the final therapeutic option in a variety
of devastating diseases. However, postoperative survival is most
often limited by rejection of the transplants by the immune sys-
tem. Moreover, prolonged administration of immunosuppressive
agents to prevent rejection can produce renal or hepatic toxic-
ity and increase the susceptibility to malignancies or infections.
One recent strategy for improving the engraftment of transplants
of cells and organs is the pre- or concurrent administration of
mesenchymal stem/progenitor cells (MSCs). Systemic infusion of

MSCs was reported to decrease graft rejection in animal models,
and thus the results have prompted a number of clinical trials.'™*
Previous studies largely attributed the improved survival of trans-
plants to the immunomodulatory effects of MSCs.”* Most of the
data, however, were based on in vitro experiments that may or
may not reflect actions of MSCs in vivo.

In order to define how MSCs improve the engraftment of
organ transplants, we here adopted a mouse model of allogeneic
corneal transplantation, a model in which the temporal sequence
of events from the introduction of the alloantigen to immune
rejection is distinct and well-established.”” We demonstrated
that intravenous (i.v.) administration of human MSCs (hMSCs)
at the time of grafting decreased the immune response and pro-
longed the survival of corneal allografts primarily by suppress-
ing the surgery-induced inflammation in the early postoperative
period. Suppression of inflammation subsequently inhibited the
afferent loop of the alloimmune response by decreasing the acti-
vation of dendritic cells (DCs) in the cornea and draining lymph
nodes (DLNs). Of special interest was the finding that the benefi-
cial effects of hMSCs were observed without engraftment of the
cells in the cornea, but rather were dependent on hMSCs being
trapped in the lungs after i.v. infusion with subsequent activation
to express the gene for tumor necrosis factor-o stimulated gene/
protein 6 (TSG-6), a multifunctional protein'®! that acts in part
by aborting the early phase of inflammation partially through
the modulation of nuclear factor (NF)-kB signaling in resident
macrophages.'>"?

RESULTS

i.v. hMSCs prolonged the survival of corneal
allografts

To determine whether i.v. hMSCs prolong the survival of corneal
allografts, we performed orthotropic corneal allotransplantation
using C57BL/6 mice (H-2°) as donors and BALB/c(H-2¢) as
recipients. Recipient mice received 1 x 10° hMSCs i.v. either once
immediately after surgery (day 0) or twice at 1 day before surgery
(day -1) and again immediately after surgery (day 0). HanK’s bal-
anced salt solution (HBSS) was injected iv. as a vehicle control.
Syngeneic corneal autografts (BALB/c-to-BALB/c) were performed
to serve as negative controls. For the follow-up period of 42 days,
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7 of 12 B6 corneal grafts in BALB/c mice (allografts) were rejected
within 28 days with a mean survival time of 21.3 days, whereas all of
the BALB/c corneal grafts in BALB/c mice (autografts, n = 12) sur-
vived (Figure 1a). i.v. hMSCs significantly prolonged the survival of
corneal allografts. Eleven out of 12 allografts remained free of rejec-
tion in mice that received two injections of i.v. h(MSCs (P = 0.006
versus allografts in the HBSS group), and 9 of 12 allografts survived
in mice that received a single injection of hMSCs (P = 0.047 versus
allografts in the HBSS group).

We performed histological studies on the grafts at day 28. In
the rejected allografts of HBSS-injected animals, hematoxylin-
eosin staining of sections showed extensive infiltration of inflam-
matory cells (Figure 1b). In contrast, inflammatory infiltrates
were markedly decreased in the allografts from mice treated with
hMSCs. Similar results were observed by immunostaining of the
sections for CD3" T cells (Figure 1c). There was extensive infil-
tration of CD3% T cells in the rejected grafts from vehicle control
animals and minimal infiltration of CD3% T cells in the allografts
from mice that received hMSCs.

Therefore, the data demonstrated that peri-transplant injec-
tion of i.v. hMSCs prolonged the survival of corneal allografts and
prevented rejection. Two injections (day -1 and day 0) were more
effective than a single injection (day 0).

i.v. hMSCs suppressed early inflammation and late
rejection of corneal allografts

In order to examine the effects of hMSCs, we analyzed cor-
neal grafts for the time course of expression of inflammation-
and immune-related molecules. Since the rejection of corneal
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allografts occurred by day 28 and the surviving grafts remained
free of rejectionafter day 28 (Figure 1a), weanalyzed corneal grafts
at day 28 for the immune rejection and the grafts at days 3 and 7
for the early surgery-induced inflammation. We found that both
autografts and allografts demonstrated the same early increases
at days 3 and 7 of the inflammatory cytokines interleukin (IL)-6,
IL-1B, and IL-12 as well as myeloperoxidase as a semiquanti-
tative measure of neutrophil infiltration(Figures 2a,b and 3)."
This finding indicates that the inflammation was induced by
surgery and the similar amount of damage was applied to tis-
sues by surgery between auto- and allografts. In contrast, there
were marked differences between autografts and allografts in the
late immune response. In allografts but not in autografts, there
was a gradual increase up to day 28 in the transcript levels of T
cell-derived cytokines (IL-2 and interferon (IFN)-y) and effec-
tor molecules implicated in the allograft rejection (granzyme
A, granzyme B, and perforin) (Figures 2a,b and 4)."® i.v. infu-
sion of hMSCs decreased both early inflammatory phase and
late immune response (Figure 2c). At days 3 and 7, the levels
of inflammatory cytokines were markedly reduced in allografts
from mice that received hMSCs. The levels of the transcripts for
IL-6 and IL-1P were reduced by about half, and the transcript
for IL-12a was reduced to baseline levels. Similar decreases were
seen at day 7 in levels of myeloperoxidase and ELISA for IL-13
and IL-12 (Figure 3). The decrease in the inflammatory phase
produced by hMSCs was accompanied by a decrease in the
immune response. At 28 days, there was a marked decrease in
the levels of transcripts for IL-2, IFN-y, granzyme A, granzyme
B, and perforin in the allografts from mice that received hMSCs
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Figure 1 Intravenous (i.v.) human mesenchymal stem cells (hMSCs) prolonged the survival and prevented the immune rejection of B6 corneal
grafts in BALB/c mice. (a) Representative photographs of the cornea 14 days after transplantation and the Kaplan-Meier survival curve of corneal
grafts. The graft survival was significantly prolonged by i.v. h(MSCs. Seven out of 12 B6 corneal grafts in BALB/c mice (allografts) were rejected within
28 days (median survival time 23.1 days). In contrast, 11 out of 12 allografts survived in mice that received i.v. hAMSCs both one day before surgery
(day 1) and immediately after surgery (day 0), and 9 of 12 allografts survived in mice that received a single injection of hMSCs at day 0 (MSC at day
1 and 0 vs. Hank's balanced salt solution (HBSS), P = 0.006; MSC at day 0 vs. HBSS, P = 0.047; generalized Wilcoxon test). n = 12 in each group.
(b) Hematoxylin—eosin staining of corneal grafts at day 28 showed heavy infiltration of inflammatory cells in the rejected allografts of control animals
and much less inflammatory cell infiltration in the allografts that received hMSCs. (c) Immunohistochemical staining showed that many CD3* T cells
infiltrated the allografts of control animals, whereas there were rare T cells in the grafts that received hMSCs.
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as well as the protein level of IFN-y (Figures 2c and 4). Also, Therefore, the results indicated that hMSCs suppressed the
flow cytometry demonstrated that the number of CD441 CD69"  surgery-induced inflammation in the early postoperative period
cells as markers for activated CD4 T cells was decreased in DLNs  and, apparently as a result, decreased the subsequent immune

in mice treated with hMSCs (Supplementary Figure S1). rejection of corneal allografts.
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Figure 2 Time course of gene expression levels in the cornea after transplantation surgery. Real-time reverse transcription (RT)-PCR showed
that the levels of proinflammatory cytokines (interleukin (IL)-6, IL-1f, and IL-12a) were upregulated at similar levels in (a) autografts and (b) allografts
at days 3 and 7 after transplantation, which defines the early phase of surgery-induced inflammation. The levels of T cell-derived cytokines (IFN-y)
were increased up to day 28 in allografts, but not in autografts, which indicates the late phase of the allogeneic immune rejection. In allografts that
received intravenous (i.v.) human mesenchymal stem cells (hMSCs) (c), levels of IL-6, IL-1B, and IL-12a were significantly lower at days 3 and 7, and
levels of IFN-y were markedly decreased at day 28 compared to autografts or allografts that did not receive hMSCs. n = 5 at each time-point in all
experimental groups.
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Figure 3 Intravenous (i.v.) human mesenchymal stem cells (hMSCs) decreased the early inflammatory response in corneal allografts. (a) The
amount of myeloperoxidase as a measure of neutrophil infiltration was significantly decreased by hMSCs at day 7 after transplantation. (b-f) Also,
the levels of proinflammatory cytokines, IL-6, IL-1f, and IL-12 were significantly decreased by i.v. h(MSCs at day 7. Results indicate that inflammatory
responses in the early postoperative period after transplantation surgery were suppressed by i.v. h(MSCs. Auto: autografts, Allo: allografts, Allo MSCx1:
allografts that received hMSCs once immediately after transplantation, Allo MSCx2:allografts that received hMSCs on the day before transplantation
and immediately after transplantation. n =5 in each group. *P < 0.05; **P < 0.01.
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Figure 4 Intravenous (i.v.) human mesenchymal stem cells (hMSCs) suppressed the late T cell-mediated immune response in corneal
allografts. (a,b) The transcript levels of activated CD4 T-cell cytokines (IL-2 and IFN-y) and protein level of (c) IFN-y were significantly decreased in
the allografts that received i.v. h(MSCs at day 28 after surgery, compared to the grafts without i.v. hAMSCs. (d—f) Also, the transcript levels of CD8 T-cell
effector molecules (granzyme A, granzyme B, and perforin) were significantly decreased by i.v. hMSCs. Auto: autografts, Allo: allografts, Allo MSCx1:
allografts that received hMSCs once immediately after transplantation, Allo MSCx2:allografts that received hMSCs on the day before transplantation
and immediately after transplantation. n = 5 in each group. *P < 0.05; **P < 0.01.

i.v. hMSCs decreased activation of APCs

Previous studies demonstrated that the principal antigen-
presenting cells (APCs) of the cornea, Langerhans cells, reside
in basal epithelium in the limbal area of the cornea.” Also,
CD11b*CD11c™ cells having dendritic morphology are present
in the anterior stroma, and a population of CD11b*tCD11c™ cells
having macrophage morphology is present in the posterior stro-
ma.'® In response to inflammatory insults including transplanta-
tion surgery, APCs undergo maturation by overexpressing major
histocompatibility complex (MHC) class IL."”'8Activated APCs,
most of which are of host origin, take up graft-derived antigens
in the cornea and migrate to DLNs, where they present antigens
to host T cells causing the T cell-mediated immune rejection.””
Thus, we next examined whether the decrease in inflammation
by i.v. hMSCs might lead to a reduction in the activation of APCs
in the cornea and DLNs. First, we examined the whole-mounted
epithelial sheets of the cornea for host-derived MHC class II
(murine Ia?) at one week after transplantation. We selected the
1-week time-point, because it is the time at which allosensitiza-
tion takes place and allorejection is not yet initiated.” Therefore,
it allowed us to examine the afferent sensitization arm of alloim-
munity. Immunostaining showed that the number of MHC class
IT* cells in the cornea was markedly lower in the allografts from
mice treated with hMSCs compared to the autografts or allografts
without hMSCs (Figure 5). Next, we analyzed subsets of MHC
class II'* cell population in DLNs (cervical LNs ipsilateral to the
transplanted eye). Flow cytometry showed that the proportions of
DCs, both MHC IT*CD11b*CD11c" cells and MHC II*CD11b™
CD11c" cells, were significantly decreased in mice treated with

2146

hMSCs (Figure 6). Two injections of hMSCs (day -1 and day 0)
were more effective than a single injection (day 0). In addition to
DCs, the proportion of MHC II*CD11b~CD11c* cells represent-
ing macrophages was significantly decreased in the group treated
with i.v. hMSCs. The findings of similar increases in APCs in the
cornea and DLNs between auto- and allografts suggested that a
transplant procedure and surgically induced inflammation con-
tributed to activation of APCs, which is consistent with the data
reported previously.'"® Treatment with i.v. h(MSCs was accompa-
nied by reduced activation of APCs in the cornea and DLNs as
well as reduced inflammation in the grafts. The data, therefore,
indicated that the afferent limb of the alloimmune response was
inhibited by hMSCs.

i.v. administered hMSCs did not engraft in the
corneal allografts

Previous reports showed that the vast majority of hMSCs infused
i.v. in mice were trapped in lungs and disappeared with a half-
life of ~24 hours without long-term engraftment into injured tis-
sues such as the cornea or heart.*?! To determine whether hMSCs
engrafted in the transplanted cornea after i.v. injection, we car-
ried out quantitative reverse transcription (RT)-PCR assays for
human-specific GAPDH in the corneas from mice that received
two i.v. infusions of 1 x 10° hMSCs at day -1 and day 0 of corneal
transplantation (Supplementary Figure S2 and Table S1). Results
demonstrated that <10 hMSCs were present in corneas 10 hours
to 28 days after the transplants. Therefore, the beneficial effects
of the hMSCs were not explained by the i.v. administered cells
engrafting in the cornea.
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Figure 5 Intravenous (i.v.) human mesenchymal stem cells (hMSCs) decreased the number of MHC class lI*cells in the cornea 1 week follow-
ing transplantation. Immunostaining for (a) murine la?* and enumeration of MHC class II*cells in the whole-mounted epithelial sheets of the cornea
(b) showed that the number of MHC class lI*cells indicating Langerhans cells was significantly increased both in autografts and allografts in response
to transplantation surgery. However, the number of MHC class lI*cells was significantly decreased in the allografts by i.v. h(MSCs. n = 3 in each group.
Auto: autografts, Allo: allografts, Allo MSCx1: allografts that received hMSCs once immediately after transplantation, Allo MSCx2:allografts that
received hMSCs on the day before transplantation and immediately after transplantation.
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Figure 6 Intravenous (i.v.) human mesenchymal stem cells (hMSCs) decreased the number of activated antigen-presenting cells in ipsilat-
eral cervical lymph nodes 1 week following transplantation. (a) Flow cytometry showed that the proportions of dendritic cells (DCs), both MHC
1TCD11b*CD11ct cells (b) and MHC II'CD11b-CD11c™ cells (c),were significantly decreased in mice treated with hMSCs. In addition, the propor-
tion of MHC IITCD11b*™CD11ccells representing macrophages was significantly decreased by i.v. (d) hMSCs. n = 4 in each group. Auto: autografts,
Allo: allografts, Allo MSCx1: allografts that received hMSCs once immediately after transplantation, Allo MSCx2:allografts that received hMSCs on
the day before transplantation and immediately after transplantation.

i.v. hMSCs trapped in lungs were activated to express  Table S1), we next examined the hypothesis that the effects of
the anti-inflammatory gene/protein TSG-6 hMSCs on corneal grafts were mediated by trophic factors pro-
Since the majority of i.v. hMSCs were trapped in lungs® and  duced from the cells trapped in lungs. We used human-specific
did not engraft in the cornea (Supplementary Figure S2 and  quantitative RT-PCR assays to screen the lungs 10 hours after
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corneal allotransplantation in mice that received i.v. hAMSCs twice
at day -1 and day 0. Data revealed that ~10% of injected cells
were present in lungs (Supplementary Figure $3). We assayed
for the expression of immunomodulatory and anti-inflammatory
molecules that have been previously shown to be secreted by
MSCs: COX2, NOS2, IDO, CCL2, TGE-B, TSG-6, STC-1, and
PTX3.>* We found that the most highly upregulated human tran-
script was for the anti-inflammatory protein TSG-6 (113.8-fold)
(Supplementary Figure $4).

i.v. hMSCs with TSG-6 siRNA knockdown did not
either reduce the early inflammation or prolong
allograft survival

To explore the role of TSG-6 in preventing graft rejection, we
knocked down the expression of TSG-6 in hMSCs by transient
transfection with siRNA and injected the cells into mice with
corneal allografts twice at day -1 and day 0 of surgery. Three out
of six allografts were rejected in mice that received a two-time
injection of hMSCs with TSG-6 knockdown, whereas all (6/6) of
the allografts remained free of rejection at 28 days in mice that
received a two-time injection of hMSCs with scrambled siRNA
control (P = 0.047; generalized Wilcoxon test) (Figure 7a).
Additionally, hMSCs with TSG-6 knockdown were not effective
in suppressing corneal inflammation at day 7 (Figure 7b). Also,
levels of transcripts for activated T cell-derived cytokines and
effector enzymes in corneal grafts were not suppressed by hMSCs
with TSG-6 knockdown, whereas hMSCs with scrambled siRNA
significantly decreased the levels of transcripts for T-cell cytokines
and enzymes (Figure 7c-h).

i.v. injection of recombinant TSG-6 reduced early
inflammation of the allografts and late rejection of
corneal allografts

Next, we tested the hypothesis that systemically administered
rhTSG-6 could reproduce the effects of i.v. hMSCs by reducing the
surgery-induced inflammation in corneal allografts. We adminis-
tered 35 pg of rhTSG-6 in 100 pl phosphate-buffered saline (PBS)
by tail vein injection immediately after corneal allotransplan-
tation. The survival of corneal allografts was significantly pro-
longed in mice treated with rhTSG-6, compared to PBS-injected
controls (the mean survival time: 25.6 = 1.5 days in the TSG-6
treated grafts and 18.6 £ 3.1 days in the PBS-treated grafts; P =
0.042; generalized Wilcoxon test) (Figure 8a). The expression of
MPO and proinflammatory cytokines (IL-6, IL-1f, IL-12a, and
IL-12b) in the cornea at day 7 was significantly decreased follow-
ing rhTSG-6 injection (Figure 8b-f). Also, levels of transcripts for
T cell-related cytokines, IL-2, IFN-v, granzyme B, and perforin,
were significantly decreased in the allografts from mice treated
with TSG-6 at day 28 (Figure 8g-j).

DISCUSSION

As summarized in Supplementary Figure S5, the results dem-
onstrated that i.v. h(MSCs increased the survival of the allografts
without long-term engraftment by aborting the early inflamma-
tory response and by decreasing activation of APCs in corneas
after transplantation surgery. Similar results were obtained with
i.v. recombinant TSG-6.
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Our data are consistent with the current paradigm that hMSCs
can produce therapeutic benefits without engraftment into injured
tissues and primarily by upregulating the genes that modulate
excessive inflammatory and immune reactions.”** In the pres-
ent experiment, the multifunctional anti-inflammatory protein
TSG-6'"!" accounted for beneficial effects of the hMSCs that were
infused i.v.. Since proinflammatory cytokines, including IL-1, play
a critical role in recruitment, activation, and migration of APCs
such as Langerhans cells,'”*® suppression of inflammation early
after grafting by hMSCs might contribute to a prolonged survival
of corneal allografts through inhibition of the afferent loop of the
immune response.

In addition to suppressing inflammation, MSCs may also
have other effects on the immune system. A large number of
in vitro and in vivo data demonstrate that MSCs can be immu-
nosuppressive through their interaction with a broad range of
immune cells (T and B cells, regulatory T cells, NK cells, DCs,
macrophages, and neutrophils) and by secreting a number
of molecules such as IDO, PGE,, nitric oxide, CCL2, TGF-f,
TSG-6,1L-10, or HLA-G.**-* This considerable diversity and dis-
crepancy in experimental findings for the immune-modulatory
mechanisms of MSCs probably reflects their remarkable ability
to respond to the microenvironments of injured tissues. In the
present experiment, we injected hMSCs i.v. 1 day before and at
the time of transplantation. Although the cells rapidly disap-
peared from the system after injection,?! the MSCs significantly
decreased the early surgery-induced inflammation by upregu-
lating the anti-inflammatory molecule TSG-6. Notably, in our
present experimental setting, the expression of immunomodu-
latory and anti-inflammatory molecules that have been previ-
ously shown to be secreted by MSCs (COX2, NOS2, IDO, CCL2,
TGEF-B, STC-1, and PTX3) was not upregulated in hMSCs at the
transcriptional level. However, we cannot rule out the possibility
that consistent expression of molecules other than TSG-6 at pro-
tein levels might contribute to the action of hMSCs observed in
the present study. Also, administration of hMSCs may have pre-
conditioned the complex systems for inflammatory and immune
responses so that the effects were apparent after most of hMSCs
were no longer detected.

One of the critical observations here was that the hMSCs were
more effective if they were infused i.v. both the day before surgery
and immediately after the surgery than if they were infused only
immediately after the surgery. The result may reflect the fact that
hMSCs do not express therapeutic proteins such as TSG-6 in cul-
ture unless activated by proinflammatory cytokines such as tumor
necrosis factor-o. or IFN-7, and they are not activated to express
TSG-6 until about 10 hours after they are trapped in the lungs fol-
lowing i.v. infusion.?' Therefore, the preoperative administration
of hMSCs might be more effective to reduce the surgery-induced
inflammation as shown in this study.

We used a mouse model in the present study since corneal
allotransplantation is the most well-studied in mice and thus the
temporal sequence of events from the introduction of the alloan-
tigen to immune rejection is well-established in this model.””
However, the surgical procedure of transplanting corneas in
mouse eyes might have induced more severe tissue damage and
surgically induced inflammation compared to transplantation
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Figure 7 intravenous (i.v.) human mesenchymal stem cells (hMSCs) with TSG-6 siRNA knockdown did not suppress the early surgery-induced
inflammation and did not prolong the survival of corneal allografts. (a) The Kaplan-Meier survival curve of B6 corneal grafts in BALB/c mice.
Three out of six allografts were rejected in mice that received a two-time injection of hMSCs with TSG-6 knockdown (TSG-6 siRNA MSC), whereas all
allografts survived in mice that received a two-time injection of hMSCs with scrambled siRNA (SCR MSC). (b) The myeloperoxidase (MPO) amount as
a measure of neutrophil infiltration was not significantly decreased by hMSCs with TSG-6 knockdown at day 7 after grafting. n= 3 in each group. The
levels of activated T cell-derived cytokines (c—e) and effector enzymes (f~h) were not decreased in corneal grafts of mice treated with TSG-6 knock-
down hMSCs, whereas hMSCs with scrambled siRNA significantly decreased the levels of T-cell cytokines and enzymes in corneal grafts. n= 3 in each
group. Auto: autografts, Allo: allografts, Allo MSCx1: allografts that received hMSCs once immediately after transplantation, Allo MSCx2:allografts
that received hMSCs on the day before transplantation and immediately after transplantation. n = 6 in each group. *P < 0.05; **P < 0.01.

in humans. Further studies in larger animal models will be  beneficial effects of the hMSCs, the results raise the possibil-

beneficial. ity that therapy with the protein may be more practical than
The results may well explain the beneficial effects of MSCs  therapy with the cells.
observed in various animal models of organ transplantation In summary, our results suggest that MSCs prolonged the

such as heart, lung, skin, and islets.?*? In addition, the data  survival of corneal allografts by suppressing the surgery-induced
may extend upon previous studies that mostly focused on  inflammation early after transplantation. The action of MSCs was
examining immune tolerance as a mechanism for MSCs to  exerted without significant engraftment of the cells in the cornea
improve transplant survival. Early inflammatory responses may  and primarily by secreting trophic factors including the anti-in-
also be inviting targets for therapy. The results presented here  flammatory molecule TSG-6. The observations may account for
add another rationale for using MSCs as a primary or second-  the favorable effects of MSCs seen previously in models of solid
ary therapy to decrease the need for pharmacological immu-  organ and cellular transplantation. Moreover, the data provide a
nosuppression in patients with transplants. Moreover, since i.v.  basis for using either MSCs or TSG-6 to improve the survival of
administration of recombinant TSG-6 reproduced many of the  transplants of the cornea and possibly other organs.
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Figure 8 Intravenous (i.v.) injection of recombinant TSG-6 suppressed the early surgery-induced inflammation and the late immune rejec-
tion of the corneal allografts. (a) The Kaplan—-Meier survival curve of B6 corneal grafts in BALB/c mice. Six out of nine allografts survived in mice
that received a single injection of rhTSG-6, whereas two out of nine allografts survived in mice that received phosphate-buffered saline (PBS). (b—f)
The myeloperoxidase (MPO) amount and the levels of transcripts for proinflammatory cytokines were significantly decreased in the corneal allografts
at day 7 by i.v. recombinant TSG-6 (35ug) injected immediately after surgery. n = 3 in each group. (g-j) The levels of transcripts for T cell-related
cytokines were also decreased by i.v. recombinant TSG-6 at day 28. n = 6 in each group.

MATERIALS AND METHODS

Cell preparations. Vials of frozen passage one hMSCs were obtained
from the Center for the Preparation and Distribution of Adult Stem Cells
(http://medicine.tamhsc.edu/irm/msc-distribution.html) that supplies
standardized preparations of MSCs enriched for early progenitor cells to
over 300 laboratories under the auspices of an NIH/NCRR grant (P40
RR 17447-06). All of the experiments were performed with hMSCs from
one donor. The cells consistently differentiated into three lineages in cul-
ture, were negative for hematopoietic markers (CD34, CD36, CD117, and
CD45), and were positive for mesenchymal markers CD29 (95%), CD44
(>93%), CD49¢ (99%), CD49f (>70%), CD59 (>99%), CD90 (>99%),
CD105 (>99%), and CD166 (>99%). Following culture at high density for
24 hours to recover viable cells, hMSCs were plated at low density (100
cells/cm?), incubated in complete culture medium with 16% fetal bovine
serum for 8 days until 70% confluence was reached, and harvested with
0.25% trypsin/1 mmol/l EDTA at 37°C for 2 minutes. The trypsin was
thereafter inactivated by adding the complete culture medium to the cells,
and the cells were washed with PBS by centrifugation at 1,200 r.p.m. for
5 minutes. The cells were frozen in a:-MEM with 30% fetal bovine serum
and 5% DMSO at a concentration of 1 x 10° cells/ml. Passage two cells were
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used for all experiments. Following lifting the cells before injection, a final
wash was performed using HBSS (BioWhittaker, Walkersville, MD). After
washing by centrifugation, the cells were suspended in HBSS at a concen-
tration of 10,000 cells/pl for injection.

For siRNA experiments, hMSCs were transfected with siRNA for
TSG-6 (sc-39819; Santa Cruz Biotechnology, Santa Cruz, CA) or scrambled
siRNA (Stealth RNAi Negative Control; Invitrogen, Carlsbad, CA) with
a commercial kit (Lipofectamine RNAIMAX reagent; Invitrogen). To
confirm successful knockdown of TSG-6 expression, RNA was extracted
from aliquots of the cells (RNeasy Mini kit; Qiagen, Valencia, CA) and
assayed for TSG-6 by real-time RT-PCR. The knockdown efficiency
of TSG-6 in hMSCs was 82-85% from 10 to 24 hours after the start of
transfection (Supplementary Figure S6). The same cells used for assaying
the knockdown efficiency were injected into mice for experiments. The
cells were prepared for injection 10 hours after transfection with TSG-6-
siRNA or scrambled siRNA.

Animal model of corneal transplantation. The experimental protocols

were approved by the Institutional Animal Care and Use Committee of
Texas A&M Health Science Center and Seoul National University Hospital
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Biomedical Research Institute. Eight-week-old female B6 mice (C57BL/6],
H-2b; Charles River Laboratories International, Wilmington, MA) were
used as corneal donors and BALB/c mice (BALB/cAnNCrl, H-2d; Charles
River Laboratories International) served as corneal transplant recipients.
Central 2-mm diameter corneal grafts were excised from donor
corneas of B6 mice using a 2.0 mm trephine (Katena Products, Denville,
NJ).The recipient corneal graft bed was prepared by removing a central
1.5-mm diameter button in recipient corneas of BALB/c host mice with
a 1.5-mm trephine (Katena Products). The prepared donor corneal grafts
were placed in the recipient bed and secured with eight interrupted
11-0 nylon sutures. Syngeneic autografts (BALB/c-to-BALB/c) served
as experimental controls and were performed in the same fashion. The
lids were closed with an 8-0 nylon tarsorrhaphy which was maintained
(except for clinical evaluation) until graft rejection developed. All grafts
were evaluated three times weekly for 6 weeks. Graft rejection was defined
as a complete loss of graft transparency (i.e., the pupil margin and iris
structure are not visible through the graft). Recipient mice received 1 x
10° hMSCs in 100 ul HBSS via tail vein either once (immediately after
surgery) or twice (1 day before surgery and immediately after surgery).
HBSS was injected i.v. in the control group. For i.v. TSG-6 experiments,
each mouse received 35ug of recombinant human (rh) TSG-6 (R&D
Systems, Minneapolis, MN) in 100 pl PBS or PBS 100 ul via tail vein.

Histopathology. For tissue extraction, following sacrifice of the mice, the
cornea was excised and fixed in 10% paraformaldehyde. The cornea was
cut into 4 pm sections and stained with hematoxylin—eosin or subjected to
immunohistochemistry. The formalin-fixed corneal sections were deparaf-
finized with ethanol and antigen was retrieved using a steamer in epitope
retrieval solution (IHC WORLD, Woodstock, MD). Primary antibodies
used were as follows: rabbit polyclonal antibody to CD3 (ab5690; Abcam,
Cambridge, MA), rat monoclonal antibody to F4/80 (ab6640, Abcam),
rabbit polyclonal antibody to iNOS (ab15323; Abcam), mouse monoclonal
antibody to MRC (ab8918; Abcam), and mouse monoclonal antibody to
MHC class IT T Ad (ab64531; Abcam). A DAPI solution (VECTASHIELD
Mounting Medium; Burlingame, CA) was used for counterstaining.

Real-time RT-PCR assays of cornea and lungs. For RNA extraction, the
cornea or lung was minced into small pieces, lysed in RNA isolation reagent
(RNA Bee; Tel-Test, Friendswood, TX), and homogenized using a motor-
driven homogenizer. Total RNA was then extracted using RNeasy Mini kit
(Qiagen) and used to synthesize double-stranded cDNA by reverse tran-
scription (SuperScript III; Invitrogen). Real-time amplification was per-
formed using TagMan Universal PCR Master Mix (Applied Biosystems,
Carlsbad, CA). An 18s rRNA probe (Tagman Gene Expression Assays ID,
Hs03003631_g1) was used for normalization of gene expression. For all
the PCR probe sets, Tagman Gene Expression Assay kits were purchased
from Applied Biosystems. The assays were performed in triple technical
replicates for each biological sample.

Real-time RT-PCR standard curve for hGAPDH. A standard curve was
generated by adding serial dilutions of hMSCs to mouse tissue as previ-
ously described.*?! Briefly, 10-100,000 hMSCs were added to a mouse
cornea. Following RNA extraction (RNeasy Mini kit; Qiagen), cDNA was
generated by reverse transcription (SuperScript IIT; Invitrogen) using 1 ug
total RNA. A human-specific GAPDH (hGAPDH) primer and probe set
(TagMan Gene Expression Assays ID, GAPDH HS$99999905_05) was used.
The values were normalized to total eukaryotic 18s rRNA. The standard
curve was made based on hGAPDH expression from a known number of
hMSCs added to one mouse cornea.

ELISAs. For protein extraction, the cornea was minced into small pieces and
lysed in tissue extraction reagent (Invitrogen) containing protease inhibi-
tor coctail (Roche, Indianapolis, IN). The samples were sonicated on ice
(Ultrasonic Processor; Cole Parmer Instruments, Vernon Hills, IL). After
centrifugation at 12,000 r.p.m. at 4°C for 20 minutes, the supernatant was
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collected and assayed by ELISA for IL-1B, IFN-y, and IL-12p70 (Mouse
Duoset kit; R&D Systems), CCR7 (USCN; Life Science, Missouri City,
TX), and MPO (HyCult Biotech, Plymouth Meeting, PA).

Flow cytometry. DLNs were harvested from transplanted animals at days 7
and 28 after surgery. Each sample from an individual animal was separately
prepared and anlayzed. No pooling of lymph node cells between animals
was done. DLNs were placed and miced between the frosted ends of two
glass slidesin RPMI media containing 10% fetal bovine serum and 1%
penicillin-streptomycin. Cell suspensions were collected, and incubated
for 30 minutes at 4°C with fluorescein-conjugated anti-mouse antibod-
ies. The primary antibodies used were as follows: I-A%-PE, CD11b-FITC,
CD1Ic-allophycocyanin, CD3-FITC, CD4-PE, and CD8-allophycocyanin
(eBioscience, San Diego, CA). Three color phenotypic analyses were per-
formed using a FACSCanto flow cytometer (BD BioSciences, Mountain
View, CA). A total of 20,000 events from each sample were collected. The
gate was set on either I-A%" or CD3 cell population, and further analysis
of surface markers was done within this gate. Data were analyzed using
Flowjo program (Tree Star, Ashland, OR).

Statistical analysis. Survival analysis was performed using SPSS software
(SPSS 12.0, Chicago, IL). The Kaplan-Meier method was used to evalu-
ate the overall cumulative probability of graft survival, and the life-table
method was used to estimate the median time to graft rejection. The graft
survival between the groups was compared using Breslow (generalized
Wilcoxon) test. Comparisons of parameters other than graft survival were
made among the groups using one-way ANOVA using SPSS software.
Differences were considered significant at P < 0.05.

SUPPLEMENTARY MATERIAL

Figure S1. i.v. hMSCs decreased the number of activated T cells in
ipsilateral cervical lymph nodes 4 week following transplantation.
Figure $2. The quantitative assay for human mRNA for GAPDH in the
cornea after i.v. administration of hMSCs.

Figure $3. The quantitative assay for human mRNA for GAPDH in
the lung after i.v. administration of hMSCs.

Figure S4. Real-time RT-PCR analysis for human-specific transcripts
of the anti-inflammatory and immunoregulatory molecules.

Figure $5. Graphic summary of the effects of hMSCs on corneal
allografts.

Figure $6. The knockdown efficiency of TSG-6 in hMSCs was ~82%
by real-time RT-PCR 10 hours after transfection with TSG-6-siRNA or
scrambled siRNA which was the same time-point when TSG-6-siRNA
MSCs were injected into mice.

Table $1. The standard curve for the number of human mesenchy-
mal stem cells (hMSCs) in one mouse cornea based on the expression
of human-specific GAPDH (hGAPDH) relative to total eukaryotic 18s
rRNA.
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