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Abstract
Background—Side effects of lifetime immunosuppression for cell transplants often outweigh
the benefits, therefore, induction of transplant tolerance is needed. We have shown that
cotransplantation with myeoid-derived suppressor cells (MDSC) effectively protect islet allografts
from rejection without requirement of immunosuppression. This study was to investigate the
underlying mechanisms.

Methods—MDSC were generated by addition of hepatic stellate cells (HpSC) from various stain
mice into dendritic cell (DC) culture. The quality of MDSC was monitored by phenotype and
function analyses. MDSC mixed with islet allografts were transplanted into diabetic recipients. T
cell response was analyzed following transplant by flow and histochemical analyses, and
compared to islet alone and islet/DC transplant groups. B7-H1 knockout mice were used to
determine the role of B7-H1 on MDSC in regulation of T cell response.

Results—Cotransplantation with MDSC (not DC) effectively protected islet allografts without
requirement of immunosuppression. This is associated with attenuation of CD8 T cells in the
grafts and marked expansion of T regulatory (Treg) cells, which contributed to MDSC-induced T
cell hyporesponsiveness. Antigen-specific Treg cells were prone to accumulate in lymphoid
organs close to the grafts. Both in vitro and in vivo data demonstrated that B7-H1 was absolutely
required for MDSC to exert immune regulatory activity and induction of Treg cells.

Conclusion—The described approach holds great clinical application potential, and may
overcome the limitation of requiring chronic administration of immunosuppression in cell
transplants. Understanding the underlying mechanisms will facilitate the development of this
novel therapeutic strategy.

Address for correspondence: Drs Lina Lu or Shiguang Qian, Department of Immunology, Lerner Research Institute, Cleveland Clinic,
9500 Euclid Ave., NE60, Cleveland, Ohio 44195. Tel: (216) 444-2574; Fax: (216) 445-4658; lul2@ccf.org.
Authors' current address: H-S.C. Department of Surgery, Transplantation Institute, Chang-Gung Memorial Hospital, Taoyuan,
Taiwan; C-C H. Department of Surgery, Chang Gung Memorial Hospital, Chiayi, Taiwan; T.W.
H-S. C. participated in research design, performed most experiments, analyzed the data, and wrote the manuscript; C-C H. performed
propagation and analysis of MDSC; L.W. performed molecular biology studies; R.C and T.W. participated in manuscript writing;
J.J.F. senior discussant and contributed to experimental design; S.Q. and L.L. participated in research design, wrote and finalized the
manuscript, sponsored the project.
Disclosure: The authors of this manuscript have no conflict interests to disclose, and the manuscript was not funded by a commercial
organization.

NIH Public Access
Author Manuscript
Transplantation. Author manuscript; available in PMC 2013 February 15.

Published in final edited form as:
Transplantation. 2012 February 15; 93(3): 272–282. doi:10.1097/TP.0b013e31823ffd39.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
myeloid-derived suppressor cells; hepatic stellate cells; islet transplant; T regulatory cells; B7-H1

Introduction
Organ transplantation has been extensively applied for decades, but cellular transplants,
including islets and hepatocytes, remain largely experimental, because the side effects of
immunosuppression often outweigh the benefits. Therefore, it is crucial to develop an
approach to reduce or avoid immunosupression. We have noted that liver transplants often
achieve spontaneously acceptance in many species (1-3), but hepatocyte allografts are
acutely rejected (4), suggesting an immune regulatory activity in liver non-parenchymal
cells, and demonstrated that hepatic stellate cells (HpSC), well known for storing vitamin A
and participating in fibrogenesis, are immunosuppressive (5). Allogeneic islets
cotransplanted with HpSC achieves long-term survival in mice via inhibition of T cell
response and marked expansion of regulatory T (Treg) cells and myeloid-derived suppressor
cells (MDSC) (6,7).

MDSC were initially found to accumulate in cancer patients as key contributors to tumor
immune evasion (8), and recently recognized as a subset of innate immune cells capable of
regulating adaptive immunity (8,9). MDSC contain heterogeneous cell populations including
dendritic cells (DC), monocytes, macrophages, and granulocytes, but share many common
characteristics: immature phenotype, inability to become mature, high expression of
arginase 1, iNOS, and immune suppressive activity (9). MDSC can be induced by coculture
of immune competent cells with tumor cell lines in vitro (10,11). We have shown HpSC are
potent MDSC inducers. Addition of small amounts of HpSC into DC culture (derived from
bone marrow [BM] cells in mice) leads to generation of MDSC, cotransplantation with
which effectively protects islet allografts without immunosuppression (7). We reported here
that MDSC protected islet allografts via attenuation of T cell response by enhancement of
antigen-specific Treg cells which was mediated by B7-H1 pathway.

Results
Generation of MDSC

The MDSC were generated by addition of HpSC isolated from B6 mouse liver into BM cell-
derived DC culture as previously described (7,12). The quality of MDSC was monitored by
analyses for phenotype and function. Flow analysis gated on myeloid cells (CD11b+)
showed that HpSC markedly suppressed the generation of CD11c+ cells (declined from 46%
to 10%), while generated CD11c- cells with immature phenotype, expression of high Ly6C,
Gr-1, and modest levels of F4/80 and B220 (Fig. 1A), reflecting heterogenous nature (8).
Since expression of Gr-1 was high in both groups as previously reported (7), Gr-1 was not
an appropriate marker to distinguish MDSC in this experimental setting. CD11b+ cells were
then purified by beads positive sorting (purity >95%), and hereafter referred as DC (without
HpSC) and MDSC (with HpSC), respectively. Upon LPS stimulation, DC expressed high
IL-12 and IL-10, while MDSC expressed low IL-12, but high arginase-1 and iNOS and
TGF-β (Fig. 1B). The immune stimulatory activity was evaluated by culture of irradiated
DC or MDSC with CFSE labeled OVA-specific CD4+ or CD8+ T cells at a ratio of 1:20 in
the presence of OVA protein. Compared to DC that elicited robust response, MDSC
stimulated very low T cell proliferative response and IFN-γ production (Fig. 1C). To
examine the immune suppressive activity, a graded number of MDSC (B6) were added into
a one-way MLR culture, resulting in markedly suppressed T-cell response in a dose related
manner. This was not due to over-crowd of cells since addition of the same number of DC
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did not suppress T cell response (Fig. 1D). HpSC from BALB/c or C3H mice generated
similar levels of MDSC compared to B6 HpSC, with immature phenotype, resistance to
maturation upon LPS stimulation (Fig. 1E), and expressing high arginase 1 (Fig. 1F),
indicating that induction of MDSC by HpSC is not MHC restricted.

Cotransplantation with MDSC effectively protects islet allografts
When 2.5 × 106 of the in vitro-generated B6 MDSC (optimal number as shown in our
previous study [7]) induced by B6, BALB/c or C3H HpSC were mixed with 300 BALB/c
islets, and transplanted into diabetic B6 mice, survival of islet allografts was markedly
prolonged (p<0.05, vs. islet only control), similar to that cotansplanted with HpSC (2.5 ×
105, p>0.05), while cotransplantation with same number of DC did not prolong islet graft
survival (p>0.05, vs. islet only control, Fig. 2A). The recipients bearing long-term survived
islet grafts well responded to glucose challenge in a glucose tolerance test comparable to
normal mice (Fig. 2B), indicating a normal function of islet grafts. All recipients with long-
term survived grafts underwent nephrectomy (to remove islet grafts), and resulted in prompt
restore of hyperglycemia. Histochemical staining showed positive for insulin (Fig. 2C),
indicating the functional islet grafts.

Cotransplantation with MDSC Expands Treg cells
To understand the underlying mechanisms, the subsets of T cells in the islet grafts were
studied at various time points post transplant by both flow and immunohistochemical
analyses. Flow analysis revealed that the number of CD4+ cells were slightly reduced in
islet/MDSC grafts on POD3, but quickly rebounded to the levels similar to islet/DC and islet
alone grafts on POD10, and remained high in long-term survived grafts. The number of
CD8+ cells that were markedly reduced in islet/MDSC grafts at POD 10, and kept
consistently low in islet/MDSC grafts (Fig. 3A, left panels), This tendency was confirmed in
immunohistochemical analysis (Fig. 3A, right panels), suggesting that MDSC
cotransplantation reduces CD8 effector T cells. To assess Treg activity, lymphocytes from
islet grafts, draining lymph node (D-LN), spleen and peripheral blood at various time points
were analyzed for expression of CD25 and Foxp3 by flow cytometry gated on CD4+ cells.
The frequency of CD25+Foxp3+ cells was marked increased in grafts, D-LN and blood in
islet/MDSC recipients, compared to islet alone and islet/DC groups, while CD25-Foxp3+

cells increased in spleen, as well as in grafts and D-LN, (Fig. 3B). CD25-Foxp3+ cells have
been recognized as a reservoir of Treg cells whose CD25 expression can be regained upon
stimulation (13). Kinetic analysis showed consistent increase of Foxp3+ cells in islet/MDSC
recipients; ∼40% CD4+ cells in the grafts and D-LN were Foxp3+ (Fig. 3C, left panels). This
bias was also demonstrated in the immunohistochemical analysis (Fig. 3C, right panels),
indicating that islet/MDSC cotransplantation is associated with expansion of Treg cells.

MDSC induce T cell hyporesponsiveness which is mediated by Treg cells
The response of T cells isolated from D-LN of islet/MDSC recipients were subjected to a
recall stimulation with donor (BALB/c) spleen cells, and showed markedly low proliferative
response compared to islet/DC group (Fig. 3D), demonstrating an MDSC-induced T cell
hyponresponsiveness. To determine the role of Treg cells in T cell inhibition, Treg cells
were depleted using the CD4+CD25+ cell isolation kit (Miltenyi Biotec). CD4+Foxp3+ cells
were reduced to <2% compared to >20% in non-treated group (data not shown), indicating
the Treg cells were efficiently depleted, which is expected since most of CD25+ cells in D-
LN were Foxp3+ (see Fig. 3B). Following the depletion of Treg cells, T cell proliferative
response restored to the levels similar to islet/DC group (Fig. 3D), suggesting that Treg cells
contribute to T cell hyporesponsiveness.
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MDSC induce antigen-specific Treg cells
T cells isolated from D-LN or spleen in islet/MDSC recipients (POD 10) were separated
(using the CD4+CD25+ cell isolation kit) into Treg (CD4+CD25+) and non-Treg
(CD4+CD25-) portions. The function of these cells were studied in a one-way MLR culture.
As shown in Fig. 3E, Treg (CD4+CD25+) cells stimulated by donor (BALB/c) or third party
(C3H) spleen cells demonstrated minimal proliferative response, exhibiting anergic feature
as expected. Whereas, non-Treg cells robustly responded to either BALB/c or C3H
stimulation, which was significantly suppressed by addition of the Treg cells, either from D-
LN or spleen, in a dose related manner. Importantly, the Treg cells isolated from D-LN only
modestly suppressed the response of non-Treg cells stimulated by third party antigens
(C3H), not as effectively as the Treg cells from spleen (Fig. 3E, right panels), indicating that
Treg cells in D-LN demonstrate more antigen-specific, but less non-antigen specific,
suppressive activity than that in spleen, suggesting that MDSC induced antigen-specific
Treg cells intend to accumulate in lymphoid organs close to the inflammatory site (graft).

B7-H1 on MDSC is required for expansion of Treg cells
To determine the role of B7-H1 on MDSC, we propagated DC and MDSC from the B7-H1-/-

mice. Flow analysis showed that null B7-H1 did not affect expression of other key surface
molecules on either DC or MDSC (Fig. 4A). Cotransplantation with B7-H1-/- MDSC largely
lost their ability to protect islet allografts, compared to wild type (WT) MDSC (p<0.05, Fig
4B), suggesting a critical role of B7-H1. Lymphocytes isolated from the grafts, D-LN and
spleen were analyzed by flow cytometry. The incidence of CD8+ cells in islet/B7-H1-/-

MDSC recipients was comparable to WT MDSC group. Whereas, the frequencies of
CD4+Foxp3+ cells were markedly decreased in all tested compartments in B7-H1-/- MDSC
recipients, compared to WT MDSC group (Fig. 4C), suggesting that B7-H1 in unlikely
involved in MDSC-induced attenuation of CD8+ cells, but play an important role in MDSC-
induced expansion of Treg cells.

Direct evidence of the role of B7-H1 on MDSC in induction of Treg cells
To directly study effect of B7-H1 on induction of Treg cells, DC or MDSC generated from
WT or B7-H1-/- mice were added into the culture of BALB/c T-cells at a ratio of 1:20 with
IL-2 for 3 days, and analyzed for CD4 T cells. Exposure to WT DC slightly enhanced the
incidence of Foxp3+ cells (Treg, Tr), but markedly increased CD25+Foxp3- cells (T effector,
Te), resulting in Tr:Te = 9:11= 0.8. WT MDSC expanded Foxp3+ cells, but slightly
enhanced CD25+Foxp3- cells (Tr:Te = 16:3 = 5.3), indicating that MDSC expanded Treg
cells (Fig 4D). MDSC deficient in B7-H1 markedly reduced capacity of inducing Treg cells,
resulting in markedly lower ratio of Tr:Te=5:2=2.5 (Fig. 4D), suggesting requirement of B7-
H1 for expansion of Treg cells. To test in vivo, OVA specific CD4+ T-cells were i.v.
injected into naïve B6 mice followed by footpad injection with OVA-pulsed WT or B7-H1-/-

MDSC. Lymphocytes isolated from the popliteal LN (injected side) 3 days later were
analysis by flow gated on Vα2+ (OT II phenotypic) cells. Administration of OVA-pulsed
MDSC stimulated expansion of CD4+Foxp3+ cells (19%) compared to 6.9% in without
OVA control, while administration of B7-H1-/- MDSC stimulated less Treg expansion
(9.1%) (Fig. 4E), providing in vivo evidence that expansion of Treg cells depends on B7-
H1.

Discussion
The superior outcomes of whole organ transplants to cell transplants have led to an
assumption that the organ accessory cells contribute to immune regulation. This was
supported by observations in clinical islet transplants - graft survival was positively
correlated with the contamination of ductal-epithelial cells in islet preparation (14), which is
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not due to containing islet progenitor cells, since β-cell renewal in adults does not originate
from islet progenitors (15). This hypothesis was also supported by cotransplantation with
Sertoli cells (stromal cells in testis) leading to long-term survival of islets in several animal
models (16,17). We have recently showed that mouse islet allografts, when transplanted
with HpSC, achieved long-term survival (5,6). Potent immunosuppressive activity of
stromal cells in testis and liver is not surprising as both are immune privilege organs (18).
This approach may overcome the limitation of requiring chronic administration of
immunosuppression in cell transplants - only by reducing the need for such agents, will
cellular transplantation be widely applied (19). However, the limited source of Sertoli cells
and HpSC may hurdle wide application.

A solution appears emerged. We have shown that HpSC protect cell transplants via
induction of MDSC. Large amounts of MDSC can be generated by addition of small number
of HpSC into DC culture. Cotransplantation with the propagated MDSC protects islet
allografts as effectively as HpSC (7). Our findings, in this study, demonstrated that
induction of MDSC by HpSC was not MHC restricted since the HpSC from allogeneic and
third party strains also induced similar levels of MDSC, which will definitely enhance the
feasibility in clinical applications. To generate MDSC, HpSC from any source, such as
surgical specimens or discarded liver donors, can be added into DC culture from patient
peripheral blood mononuclear cells (PBMC), the protocol of which has well been
established in cancer immunotherapy (20). It is also worthwhile to test whether human
HpSC cell lines, such as LX-2, which was established by spontaneous immortalization in
low serum condition (21), can be used for generation of MDSC.

Consistent with previous reportes, the present study demonstrated that cotransplantation
with islet/MDSC suppressed T cell response via expansion Treg cells. It has however, been
controversial whether MDSC-induced inhibition of T cells response is antigen-specific
(22-26). Our data suggested that islet/MDSC cotransplantation enhanced both antigen-non-
specific and-specific Treg cells, and the antigen-specific Treg cells were prone accumulated
in the D-LN. Accumulating data have shown that the inducible Treg are usually antigen-
specific, while expanded nature Treg are not. The suppressive activities of antigen-specific
Treg cells are often superior to non-specific Treg cells (10,11,13). Distribution of more
antigen-specific Treg cells in D-LN close to the battle field (the graft) is expected to more
efficient suppress the inflammatory response.

This study demonstrated that B7-H1-/- MDSC lost their ability to protect islet allografts.,
There was a marked reduction of Treg cells in the recipients of islet/B7-H1-/- MDSC
compared to WT MDSC controls, but deficient in B7-H1 on MDSC did not affect the
decrease of CD8 T cells in islet grafts, suggesting a critical role of B7-H1 in induction of
Treg cells by MDSC. This is in agreement with the studies showing that PD-1, B7-H1's
receptor, is expressed on Treg cells in mice (27), and a profound defect in conversion of
naive CD4 T cells into inducible Treg cells is seen in the absence of B7-H1 (28). However,
B7-H1 is not consistently favoring induction of Treg cells. A study reported that B7-H1
ligation negatively regulated Treg cells in humans during chronic hepatitis C virus (HCV)
infection, as blockade of B7-H1 enhanced IL-2-dependent proliferation of Treg cells in
response to HCV antigens (29), reflect a complex effect of B7-H1 pathway on development,
maintenance and function of Treg cells. The conflicting data may also suggest that other
factor (s) may participate in B7-H1-mediated regulation of Treg cell development. TGF-β
has been shown to be a key signaling factor for Treg development. Similar to Foxp3-/- mice,
TGF-β deficient mice develop an autoimmune syndrome, which is associated with impaired
proliferation of peripheral inducible Treg cells (30-32). B7-H1 and TGF-β also show a
synergistic effect on promoting inducible Treg cell development (28,33,34). This may
partially explain what we have seen in this study. DC expressed high B7-H1 (Fig. 1A)
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though, but failed to expand Treg cells, probably because they expressed low TGF-β, but
produced large amount of IL-12 which promote Th1 differentiation. Moreover, a study
revealed that TGF-β-induced Treg cells derived from diabetes-prone NOD mice were
defective in suppressive activity, and found that a small group genes related to suppressive
activity, including LRRC32, CTLA4 and CD73, formed a coregulated cluster which affected
T cell differentiation (35), suggesting that multiple co-factors participate in regulation of
Treg cell development.

Materials and Methods
Mice

Male C57BL/6 (B6; H-2b), BALB/c (H-2d), C3H (H-2k) and OT I, OT II (both H-2b) mice
were purchased from the Jackson Laboratory (Bar Harbor, ME). B7-H1 Knockout (KO)
mice were kindly provided by Dr. Lieping Chen (Johns Hopkins University Medical School,
Baltimore, MD). All mice were maintained at specific pathogen-free animal facility and
used under NIH guidelines.

Generation of MDSC
As previously described (7,12), HpSC isolated from the mouse liver were added at the
beginning of culture of 2 × 106/well BM cells from B6 mice (HpSC:BM cell ratio of 1:50)
in RPMI-1640 medium containing 10% FCS in the presence of mouse granulocyte-
macrophage colony-stimulating factor (GM-CSF, 8 ng/ml, Schering-Plough, Kenilworth,
NJ) for 5-7 days. The floating cells were harvested and CD11b+ cells were purified by
positive sorting with MACS microbeads (Miltenyi Biotec). The cells cultured in the absence
of HpSC were used as DC. For further stimulation, cells were exposed to LPS at 1μg/ml for
the last 18 hours of culture.

Islet Transplantation
As previously described (5-7), 300 islets were transplanted under renal capsule of diabetic
recipients induced by a single intraperitoneal (i.p.) injection of streptozotocin (STZ) (180
mg/kg). The first day of two consecutive readings of blood glucose greater than ≥350 mg/dL
was defined as the date of graft failure. The kidney bearing islet grafts was removed in all
recipients with euglycemia for >60 days to test restore of hyperglycemia. Glucose Tolerance
Test: mouse fasting overnight was i.p. injected with 50% dextrose solution at 2g/kg. Blood
glucose was measured before and after glucose injection at indicated time points.

Flow cytometric analysis
Anti-CD4, -CD8, -CD11b, -CD11c, -CD25, -CD40, -CD86, -IAb, -Gr-1, -IFN-γ, -Ly6C, -
F4/80, -B220, and -Vα2 monocloncal antibodies (mAbs) were purchased from BD
PharMingen (San Diego, CA), anti-B7-H1 from eBioscience (San Diego, CA). For
intracellular IFN-γ staining, cells were pre-fixed using 2% paraformadehyde, permeabilized
by 0.1% saponin in 0.1 % bovine serum albumin solution. Foxp3 was stained using fixation
and permeabilization buffers in a FoxP3 kit (eBioscience).

Immunohistochemistry
The tissue cryostat sections were stained using the immunofluorescence protocols for CD4,
CD8 (BD PharMingen) or Foxp3 (eBioscience). Insulin was identified using anti-insulin
mAb as previously described (7).
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Quantitative polymerase chain reaction (qPCR)
Total RNA was extracted with TRIzol Reagent. cDNA was synthesized with SuperScript II
reverse transcriptase (Invitrogen, Carlsbad, CA). The mRNAs were quantified using Applied
Biosystems 7500 Fast PCR System in duplicate. The expression levels were normalized to
18S mRNA.

Mixed leukocyte reaction (MLR)
Responder Nylon-eluted T cells (2 × 105/ well) were cultured in round-bottom 96-well with
graded doses of γ-irradiated (20Gy) stimulator cells, maintained in RPMI-1640 complete
medium, for 3-5 days in 5% CO2 in air. T cell proliferative response was determined by
thymidine uptake ([3H]TdR (1 μCi/well), and expressed as mean counts per minute (cpm) ±
1 SD). In some experiments, CFSE dilution was used to evaluate proliferative response of
CFSE labeled CD8+ and CD4+ cells. For suppressor assays, the tested cells were added at
the beginning of the MLR culture at the indicated ratios.

Statistical Analysis
Graft survival was analyzed using the log-rank test. The parametric data were analyzed by
Student t test (2-tailed). p< 0.05 was considered statistically significant.
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Abbreviations

BM bone marrow

CFSE carboxyfluorescein diacetate succinimidyl ester

DC dendritic cells

GM-CSF granulocyte-macrophage colony-stimulating factor

HpSC hepatic stellate cells

IFN interferon

IL interleukin

i.p. intraperitoneal

i.v. intravenous

KO knockout

LN lymph node

MLR Mixed leukocyte reaction

mAb monocloncal antibody

MDSC Myeloid-derived Suppressor cells

OVA chicken oval albumin antigen

POD post operative day

qPCR quantitative polymerase chain reaction

STZ streptozotocin

Treg T regulatory (cells)

WT wild type
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Figure 1. Generation of MDSC
To generate MDSC, B6 HpSC were added at the beginning of B6 BM cell culture (2 × 106/
well) at a ratio of 1:80 in the presence of mouse rGM-CSF (8 ng/ml) for 5 days (MDSC).
Absence of HpSC served as control (DC). (A) The floating cells were harvested for flow
analysis following staining with anti-CD11b, -CD11c and indicated key surface molecules,
expressed as histograms gated on CD11b+ cells (filled area is isotype control); (B) CD11b+

cells were purified by positive selection with magnetic beads. Expression of arginase 1,
iNOS, IL-10, IL12p35, IL-12p40 and TGF-β with or without LPS stimulation was
determined by qPCR. (C) MDSC stimulate low T cell response. CFSE labeled OVA specific
CD4+ or CD8+ T cells from spleens of OT II and OT I mice, respectively, were cultured for
3 days with irradiated B6 DC or MDSC at the ratio of 20:1 with or without OVA protein
(100 μg/ml). The CFSE dilution and expression of IFN-γ (intracellular staining) were
analyzed by flow cytometry. (D) MDSC suppress T cell response. CFSE labeled BALB/c
spleen T cells were cultured with irradiated B6 DC at a ratio of 20:1 for 3 days. The
generated MDSC (B6) were added at the beginning into the culture at an DC: MDSC ratio
of 1:0.5 or 1:1. Addition of DC at a ratio of 1:1 served as control. The number is percentage
of dividing cells or IFN-γ positive cells. (E) and (F) Induction of MDSC by HpSC is not
MHC-restricted. The HpSC from B6, BALB/c or C3H mice were added into B6 BM cell
culture with or without LPS stimulation as described above. The floating cells were
harvested, and analyzed by flow cytometry for expression of key surface molecules on
MDSC, and displayed as histograms gated on CD11b+ cells. The number is percentage of
positive cells (E). The CD11b+ cells were purified and analyzed for expression of arginase 1
by qPCR (F). The data are representative of three separated experimental
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Figure 2. Cotransplantation with MDSC protects islet allografs
(A) Impact of cotransplantation with MDSC on survival of islet allografts. 300 islets
(BALB/c) mixed with 2.5 × 106 MDSC generated by B6, BALB/c or C3H HpSC were
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transplanted into diabetic B6 recipients (islet allografting alone and cotransplanted with B6
HpSC or B6 DC served as controls). Cotransplantation with HpSC or DC (both from B6),
and transplantation of islet allografts alone served as controls. (B) Randomly selected 3
recipients with euglycemia for >60 days (normal B6 mice served as controls) underwent
glucose tolerance test as described in Methods, and the data were demonstrated as mean
glucose (mg/dl) ±1SD. (C) The kidney bearing islet allografts was removed in a recipient
with euglycemia for 125 days, resulting in prompt hyperglycemia. The islet grafts were
stained for insulin (red). (D)
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Figure 3. Impact of cotransplantation with MDSC on T cell response
The islet grafts, D-LN, spleen and blood were collected from the recipients of islet alone,
islet/DC or islet/MDSC on post operative day (POD) 3, 10, or >90 (LT) for
immunohistochemical and flow analyses. (A) Cotransplantation with MDSC reduces CD8+

T cells. Left panels: The number of CD4+ and CD8+ T cells in islet grafts was calculated
based on flow analysis on POD 3, 10 and >90, and expressed as mean/graft±1SD. Right
panels: Sections of islet allograft on POD 10 were stained with anti-CD4 (red) and anti-CD8
(green) mAb. (B and C) Cotransplantation with MDSC enhances Treg cells. (B)
Cotransplantation with MDSC enhances Foxp3+ Treg cells. Isolated cells (POD 10) from
indicated compartments were stained for CD4, CD25 and Foxp3, and analyzed by flow
cytometry gated on CD4+ cells. The number is percentage of positive cells. (C) left panels:
The frequencies of Foxp3+ cells in islet grafts and D-LN kinetically analyzed by flow
cytometry, and expressed as mean±1SD. Right panels: Sections of islet grafts and D-LN
(POD 10) were stained for CD4 (red) and Foxp3 (green). (D) CD4+CD25+ cells contribute
to T cell hyporesponsiveness. T cells isolated from recipient D-LN (POD 10) were
stimulated by graded number of irradiated BALB/c splenocytes for 3 days. T cells from
islet/MDSC recipients showed markedly lower proliferative response, which was restored to
the levels similar to islet/DC group when the CD4+CD25+ T cells were deleted (Treg cell
deleted) by magnetic bead (Militenyi Biotech) sorting. (E) Suppressive activity of
CD4+CD25+ cells is Ag-specific. T cells isolated from D-LN or spleen in islet/MDSC
recipients (POD 10) were separated (using the CD4+CD25+ cell isolation kit) into Treg
(CD4+CD25+) and non-Treg (CD25-) portions. The function of these cell populations were
studied in a one-way MLR culture. To test suppressive activity, graded numbers of
CD4+CD25+ cells (Treg) were added at beginning into an MLR culture, in which
CD4+CD25- T-cells (Non-Treg) were stimulated by irradiated BALB/c or C3H splenocytes
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for 5 days. T cell proliferation was determine by thymidine uptake. The data are
representative of three separate experiments.
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Figure 4. Induction of Treg cells requires B7-H1
(A) Phenotype of MDSC generated from B7-H1-/- mice. B7-H1-/- DC and MDSC were
stained for CD11b, CD11c and the key surface molecules, analyzed by flow cytometry gated
on CD11b+ cells, and expressed as hitograms (filled area is isotype control). (B) B7-H1-/-

MDSC lose ability to protect islet allografts and expand Treg cells. 2 × 106 B7-H1-/- or wild
type (WT) MDSC mixed with 300 BALB/c islets were transplanted into diabetic B6
recipients (islet grafting alone served as control). Left panel: islet graft survival. Right panel:
Cells isolated from the islet grafts, D-LN and spleen on POD 10 were stained for CD4, CD8,
CD25 and Foxp3. Expression of Foxp3 and CD25 were analyzed by flow cytometry gated
on CD4+ cells. (C) Failure of B7-H1-/- MDSC to expand Treg cells in vitro. B6 DC or
MDSC (either WT or B7-H1-/-) were cultured with BALB/c spleen T-cells [at a ratio of
1:20, and in the presence of IL-2 (10U/ml)] for 3 days. Treg cells were analyzed by flow
cytometry gated on CD4+ cells. (D) Failure of B7-H1-/- MDSC to expand Treg cells in vivo.
Normal B6 mice were adoptive transferred (i.v.) with 107 OVA specific CD4+ T cells (from
OT II mice), while footpad was injected with 5 × 105 B7-H1-/- or wild type (WT) MDSC
pulsed with OVA protein (100 μl/ml overnight). Footpad injection with WT MDSC without
antigen pulse served as control. Lymphocytes were isolated from the popliteal lymph nodes
(injected side) 3 days later, and analyzed by flow for expression of CD4, Foxp3 gated on
Vα2+ (OT II phenotypic) cells. The data are representative of two separate experiments. The
number is percentage of positive cells.
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