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Abstract

Background—Islet transplantation is an alternative to pancreas transplantation to cure type 1

diabetes, but both require chronic immunosuppression, which is often accompanied by deleterious

side effects. The purpose of this study was to explore prolongation of islet allograft survival by co-

transplantation with myeloid-derived suppressor cells (MDSCs) without requirement of

immunosuppression, and determine the role of inducible nitric oxide synthase (iNOS) produced by

MDSCs in immune regulation.

Methods—Bone marrow cells were isolated from wild type (WT) or iNOS−/− mice and cultured

in the presence of GM-CSF and hepatic stellate cells (HSCs), resulting in the generation of

MDSCs. WT or iNOS−/− MDSCs were co-transplanted with islet allografts under the renal capsule

of diabetic recipient mice.

Results—Addition of HSCs into DC culture promoted generation of MDSCs (instead of DCs).

MDSCs had elevated expression of iNOS upon exposure to IFN-γ and inhibited T cell responses

in an MLR culture. Co-transplantation with WT MDSCs markedly prolonged survival of islet

allografts, which was associated with reduced infiltration of CD8+ T cells due to inhibited

proliferative response. These effects were significantly attenuated when MDSCs were deficient in

iNOS. Furthermore, iNOS−/− MDSCs largely lost their ability to protect islet allografts.
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Conclusions—Co-transplantation with HSC-induced MDSCs significantly extends islet

allograft survival through iNOS-mediated T cell inhibition. The results demonstrate the potential

use of in vitro generated MDSCs as a novel adjunctive immunotherapy for islet transplantation.

Keywords

Immune regulation; T cell response; islet transplantation

Introduction

The loss of insulin-producing pancreatic β cells leads to the onset of type 1 diabetes.

Currently, administration of exogenous insulin remains the conventional form of therapy,

which is difficult to completely replace all aspects of β cell function. Presently, the cure for

the loss of islet tissue can only be accomplished by the transplantation of either the whole

pancreas or isolated pancreatic islets. Both require chronic immunosuppression, which is

accompanied by deleterious side effects. Islet transplantation with an optimized protocol of

immunosuppression stored β cell function (1,2). However, a large multicenter trial

disappointingly revealed that the gain were short term (3). We have noted that outcomes of

organ transplantation are superior to somatic cell transplantation. This is the case in animal

models – liver transplants are often spontaneously accepted in mice (4–6), but survival of

allogeneic hepatocyte transplants is limited (~10 days), obviously due to due to

immunological rejection since syngeneic hepatocyte transplants can achieve long-term

survival (7), suggesting that liver non-parenchymal cells (NPC) are capable of protecting the

parenchymal cells from immune attack. We have tested various liver NPC and found that

hepatic stellate cells (HSCs), an abundant population of liver tissue stromal cells, have very

potent immunosuppressive activity (8). HSCs mixed with islet allografts and transplanted

under the renal capsule effectively protect islet grafts from rejection, without requirement of

immunosuppression (8). The use of HSCs for islet transplantation holds great potential for

clinical application. However, one of the major challenges associated with HSCs is that they

have to be patient derived. HSCs from allogeneic or third party sources cannot protect

allografts as well (9). Isolation of HSCs from patients is an invasive procedure and poses

risks to the patient.

Myeloid derived-suppressor cells (MDSCs), a heterogeneous population of myeloid cells,

were initially identified in tumor settings and demonstrate remarkable immunosuppressive

activity. Their functional importance in immune regulation makes them attractive candidates

for use in therapy of transplantation and autoimmune diseases (10,11). Thus far, efforts to

develop MDSC-based therapeutic strategies have been limited by the lack of reliable

methods to generate large amounts of MDSCs (12). We have shown that HSCs are potent

inducers of MDSCs. MDSCs can be generated in vitro by addition of small numbers of

HSCs (either MHC matched or mismatched) into dendritic cell (DC) cultures (13), which is

mediated by soluble factors produced by HSCs (14–16). Islet allografts that were co-

transplanted with HSC-induced MDSCs were protected as effectively as those co-

transplanted with HSCs, although the number of MDSCs that was required was 10 times

greater (15). MDSCs produce key immune suppressive factors, including arginase 1 (Arg-1),

inducible nitric oxide synthase (iNOS), and reactive oxygen species (17). In this study, we
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investigated the underlying mechanism and demonstrated that protection of islet allografts,

by co-transplanted MDSCs, is dependent on iNOS mediated T cell inhibition.

Results

HSC-induced MDSCs demonstrate immune inhibitory activity in vitro

MDSCs were generated in vitro by adding B6 HSCs into a B6 bone marrow (BM) cell

culture in the presence of GM-CSF and IL-4. As previously demonstrated (15), the addition

of HSCs markedly inhibited generation of DCs, but promoted propagation of MDSCs. Thus,

the percentage of CD11c+ cells declined from 57% (without HSC control) to 5% (with the

addition of HSCs). Moreover, the percentage of CD11b+CD11c− cells increased from 41%

in DC group to 90% (Fig. 1A, left panels) in the MDSC group. The phenotype the MDSCs

generated by addition of HSCs into DC culture has been previously described (15). In this

study, we showed that HSC-conditioned myeloid (CD11b+) cells contained markedly more

Gr-1+ cells (Fig. 1A, right panels). Expression of Gr-1 has been used as a marker for

MDSCs in mice (17). Furthermore, myeloid cells generated in the presence of HSCs had

elevated levels of iNOS and Arg-1 mRNA, high IL-27 (p28), but low bioactive IL-12 (p40)

with lipopolysaccharides (LPS) stimulation (Fig. 1B). Addition of HSC-induced MDSCs

into a mixed lymphocyte reaction (MLR) culture significantly suppressed T cell proliferative

response (Fig. 1C).

Co-transplantation with HSC-induced MDSCs effectively protects islet allografts from
rejection

The in vivo immunoregulatory activity of the MDSCs was tested in an islet allograft

transplantation model. MDSCs (2×106) were mixed with 300 BALB/c islets and

transplanted under the renal capsule of diabetic recipients (B6). Survival of the islet grafts

was monitored by the non-fasting blood glucose levels. ~55% of islet grafts in the MDSC-

treatment group survived >60 days. None of the islet grafts in the control group (no-

treatment) or DC co-transplantation group survived more than 25 days (Fig. 2A, left panel).

The kidneys from recipients bearing long-term surviving islet grafts (>60 days) were

removed and stained for insulin to confirm the presence of islet grafts (Fig. 2A, right panel).

To clarify the mechanisms associated with improved graft survival with MDSC co-

transplantation, recipients were sacrificed on post-operative day (POD) 10. The leukocytes

isolated from islet allografts were stained with anti-CD4, -CD8, -CD11b and –CD11c mAbs

and analyzed by flow cytometry. MDSC co-transplantation was associated with reduced

infiltration of CD8+ T cells (Fig. 2B, left panel). As expected, islet/MDSC grafts contained

significantly more CD11b+CD11c− cells (15), while islet/DC grafts exhibited an

accumulation of CD11c+ cells (including both mature (CD11b−CD11c+) and immature DC

(CD11b+CD11c+) (Fig. 2B, right panel). To address the effect of MDSC co-transplantation

on T cell response, T cells were isolated from the spleen of recipients and restimulated by

graded numbers of irradiated BALB/c (donor) splenocytes in vitro. While T cells from the

DC-treated group elicited a strong proliferative response and had a high frequency of

interferon (IFN)-γ producing CD8+ T cells, those isolated from MDSC-treated recipients

generated a significantly lower proliferative response (Fig. 2C, left panel) and had fewer

IFN -γ producing CD8+ T cells (Fig. 2C, right panels), suggesting induction of T cell
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hyporesponsiveness. Taken together, these results suggest that MDSC co-transplantation

effectively protects islet allograft via inhibition of T cell response.

T cell inhibition by MDSC co-transplantation is mediated by iNOS

Compared to DCs, MDSCs had higher expression of iNOS, which was markedly enhanced

following exposure to IFN-γ (Fig. 3A, left panel) in a time-dependent manner (Fig. 3A

middle panel) and was associated with an increase in nitrite production (Fig. 3A, right

panel). We tested the role of iNOS in the inhibitory activity of MDSCs in an experimental

system in which the chicken ovalbumin (OVA)-specific T cells isolated from TCR

transgenic mice OT-I (CD8) and OT-II (CD4) were stimulated by OVA plus DCs (as

APCs). Addition of MDSCs markedly inhibited the proliferative response and production of

IFN-γ in both CD4 and CD8 OVA-specific T cells (Fig. 3B). Addition of the iNOS inhibitor

L-NMMA (10 µM) into the co-cultures reduced the suppressive capacity of MDSCs (Fig.

3B), providing in vitro evidence that blocking iNOS activity impedes the ability of MDSCs

to inhibit T cells. This was re-examined using iNOS−/− mice. MDSCs propagated from

iNOS−/− mice did not express iNOS mRNA prior to and following exposure to IFN-γ (Fig.

3C). Deficiency in iNOS appeared not to affect the expression of the key molecules on

MDSCs, including CD11b, CD11c and Gr-1 (Fig. 3C, right panels). However, in contrast to

wide type (WT) controls, iNOS−/− MDSCs failed to inhibit proliferative response and IFN-γ
production in OVA-specific T cells (Fig. 3D), indicating that iNOS is critical for MDSCs to

exert immune regulatory activity.

MDSCs deficient in iNOS lose their ability to protect islet allografts

To gain in vivo evidence, MDSCs propagated from iNOS−/− mice were co-transplanted with

islet allografts as described above. Compared to WT controls, iNOS−/− MDSCs largely lost

their ability to protect islet allografts (Fig. 4A). To understand the underlying mechanisms,

the recipients were sacrificed on POD 10. Analyses of the kidneys by

immunohistochemistry showed that the WT MDSC group retained healthy islets, while very

few functional islets were identified in iNOS−/− MDSC treatment group (Fig. 4A, right

panels). Flow analysis revealed greater CD8+ T cell infiltration in iNOS−/− MDSC co-

transplanted islet grafts compared to the WT controls (Fig. 4B, upper panels).

Immunohistochemical staining performed in parallel, confirmed these observation, showing

increased infiltration in islet grafts contransplanted with iNOS−/− MDSC (Fig. 4B, lower

panels). The influence of co-transplantation with iNOS−/− MDSCs on donor specific CD8+

T cell responses was examined by adoptive transfer of CSFE-labeled CD8+ 2C T cells (Ld

specific, B6 background) into the recipients. Three days later, the graft infiltrating

lymphocytes were isolated for flow analysis. Co-transplantation with WT MDSCs was

associated with fewer graft infiltrating CD8+ 2C T cells with low proliferative activity

according to CFSE dilution analysis, while co-transplantation with MDSCs deficient in

iNOS largely lost their ability to inhibit 2C T cell responses (Fig. 4E). These results provide

in vivo evidence that inhibition of T cells and protection of islet allografts by MDSCs is

dependent on iNOS expression and NO mediated effector functions.
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Discussion

MDSCs were initially described in cancer patients and tumor-bearing mice and participate in

the inhibition of the cell-mediated immune response against the tumor. MDSCs are absent

under physiological conditions, however their expansion is triggered under conditions of

autoimmunity, inflammation and infection (18), suggesting that MDSCs play as a crucial

regulatory component of the immune system. Adoptive cellular therapy with MDSCs is an

attractive strategy to inhibit immune response in settings of organ transplantation and

autoimmune diseases. The importance of MDSCs in transplantation settings was first

demonstrated in a rat allogeneic kidney model, in which recipients were administered anti-

CD28 mAb. A population of CD3− class II− CD11b+ CD80/86+ cells, which were

characterized as MDSCs, were prevalent in the peripheral blood and grafts of tolerogenic

recipients (19,20). Based on these findings, we were interested in utilizing MDSCs for

induction of hyporesponsiveness in transplantation. However, the main challenge was

identifying a reliable approach to generate sufficient amounts of MDSCs. We have shown

that HSCs are potent inducers of MDSCs. Addition of small amounts of HSCs into DC

culture skews differentiation of MDSCs instead of conventional DCs, which is mediated by

soluble factors released from HSCs, including complement 3 (C3) (15,16). Importantly, co-

transplantation of HSC-induced MDSCs can prolong survival of islet allografts as

effectively as HSCs, although the number of MDSCs required to achieve the same outcome

is greater (9). However, neither HSC or MDSC cotransplantation achieves long-term

survival in all islet grafts, reflecting deviated immunoregulatory activity of the used HSCs

and MDSCs. We have shown that only activated HSCs demonstrate immune regulatory

activity (9), which is currently determined by expression of α-smooth muscle actin (SMA),

while expression of α-SMA may not correlated with immunoregulatory activity of HSCs.

MDSCs contain heterogeous cell populations which renders quality control more difficult.

Results of the present study highlighted the importance of iNOS in exerting immune

regulatory activity in an allogeneic transplantation setting. MDSCs deficient in iNOS were

significantly compromised in their ability to inhibit T cell responses in vitro and were not as

effective in protecting islet allografts in vivo. iNOS has been implicated as an effector

molecule in MDSC-mediated immune suppression. T cell proliferation and activation is

dependent on the availability of L-arginine. L-arginine, a nonessential amino acid, is a

substrate for two enzymes, iNOS and Arg-1. MDSCs express both enzymes at high levels

(17). The increased activity of Arg- 1 and iNOS in MDSCs leads to enhanced L-arginine

catabolism, which results in a reduction or depletion of L-arginine in the microenvironment.

Limitations in the availability of L-arginine inhibit T cell function (21,22). In addition,

enhanced iNOS activity leads to increased production of NO (23,24). NO is a powerful

modulator of inflammation and can regulate T cells by interfering with the activation of

several important signaling molecules in T cells, including Janus-activated kinase 1 (JAK1),

JAK3, signal transducer and activator of transcription 5 (STAT5), extracellular signal-

regulated kinase (ERK), and AKT (25). NO can also induce T cell apoptosis (17,26).

However, compared to the islet transplantation alone group, graft survival in the iNOS−/−

MDSCs group was modestly prolonged, suggesting that there may be some other

mechanisms involved in the regulation of immune responses against islet allografts. For
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example, we observed that iNOS−/− MDSCs, like WT MDSCs, were still able to induce

CD4+CD25+Foxp3+ regulatory T cells (Tregs) in vivo (data not shown).

The data presented in this study showed that the expression of iNOS in MDSCs was induced

by IFN-γ, a proinflammatory cytokine mainly produced by immune effector cells, including

T and NK cells, etc. suggesting that MDSCs actively participate in the regulation of immune

responses, triggered by inflammation itself and through the expression of the effector

molecule NO. This observation was in agreement with previous studies on other cell types

and in other experimental settings. For example, one report found that production of iNOS

in APCs was dependent on Th1-cell-derived IFN-γ (27). MDSCs exhibited increased

expression of iNOS in many tumors and other pathological conditions (17). However, IFN-γ
might not be the only stimulus for iNOS. A recent study revealed that lymphocytes could

still induce iNOS expression in the intestinal epithelium in response to parasite infection in

mice lacking IFN-γ, suggesting the involvement of other regulatory factors.

In summary, HSCs are powerful non-tumor-associated inducers of MDSCs. Co-

transplantation with HSC-induced MDSCs can significantly prolong survival of islet

allografts by iNOS-mediated T cell inhibition. These results suggest the potential use of the

in vitro generated MDSCs as novel adjunctive immunotherapy for islet transplantation.

Materials and Methods

Mice

Male C57BL/6J (B6, H2b), BALB/c (H2d) and iNOS−/− mice (H2b), OTI and OTII (H2b)

transgenic mice that expressed OVA specific TCR on CD8+ or CD4+ T cells, respectively,

were purchased from the Jackson Laboratory (Bar Harbor, ME). 2C (H2b) transgenic mice

expressed Ld specific TCR on CD8+ T cells. All mice were used in accordance with the

guidelines of National Institutes of Health.

Preparation of HSCs

HSCs were isolated from the mouse liver and prepared as previously described (9,14).

Briefly, the liver was perfused with collagenase IV (Sigma-Aldrich, St. Louis, MO) solution

(1.0 mg/mL) via the portal vein. After 30 minutes of digestion at 37°C, the isolated cells

were filtered through a nylon mesh (200 microns mesh size). The HSCs were enriched by

Percoll density gradient centrifugation (Sigma-Aldrich; 1.130 relative density for 10 min at

39,000g) and cultured in RPMI 1640 complete medium supplemented with 20% fetal bovine

serum for 14 to 21 days. The purity of HSCs exceeded 90% determined by desmin

immunostaining.

Generation of MDSCs

As previously described (15), BM cells (2 × 106/well) were isolated from tibias and femurs

of B6 mice and cultured in RPMI-1640 medium containing 10% FCS and mouse

granulocyte-macrophage colony-stimulating factor (GM-CSF, 8 ng/ml) and IL-4 (1000

U/mL, both from Schering-Plough, Kenilworth, NJ) for 5 days. HSCs from B6 mice were

added at the beginning of DC culture (HSC:BM cell ratio = 1:50) to generate MDSCs.
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CD11b+ cells were purified by positive sorting with MACS micro-beads (Miltenyi Biotec,

Auburn, CA). The cells cultured in the absence of HSCs were used as DCs. For further

stimulation, cells were exposed to LPS (1 µg/ml, Sigma-Aldrich) or IFN-γ (100U/ml, R &

D Systems, Minneapolis, MN) for the last 18 hours of culture.

Flow Cytometric Analysis

Anti-CD4, -CD8, -CD11b, -CD11c, -CD40, -CD45.1, -CD45.2, -CD86, -B7-H1, -H2Kb, -

IAb, -Gr-1 and -IFN-γ mAbs were purchased from BD Biosciences (San Diego, CA). The

appropriate isotype-matched irrelevant antibodies were used as controls. Flow analysis was

performed on a FACSCalibur flow cytometer (BD Biosciences). For CFSE labeling, T cells

suspended in PBS (1×107 cells/mL) were incubated with 2 µM CFSE (Molecular Probes,

Eugene, OR) for 10 minutes at 37°C and washed with complete medium. To perform the

intracellular staining, cells were permeabilized with 0.1% saponin, followed by staining with

specific mAb.

Real-time quantitative (q) PCR

Total RNA was extracted with TRIzol Reagent (Life Tech, Carlsbad, CA). Complementary

DNA was synthesized with SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA).

The primers were TGGCCACCTTGTTCAGCTACG/GCCAAGGCCAAACACAGCATAC

for iNOS, CACGGCAGTGGCTTTAACCT/TGGCGCATTCACAGTCACTT for arginase

1, and CACCCTTGCCCTCCTAAAC/CACCTGGCAGGTCCAGAG for IL-12p40 and

ACCCATTGAAGCCACGACTT/AGCTGACACCTGGATGCAATACT for IL-27p28. The

messenger RNAs were quantified using Applied Biosystems 7500 Fast PCR System in

duplicates. The expression levels were normalized to 18S messenger RNA.

Mixed Lymphocyte Reaction (MLR)

One-way MLR culture was performed in triplicates in 96-well, round-bottom microculture

plates (Corning, NY). Nylon wool-eluted splenic T cells (2 × 105/ well) from B6 mice were

used as responders. T cell proliferation was elicited by graded doses of γ-irradiated 20Gy;

(X-ray source) indicated stimulator cells. Cultures were maintained in RPMI-1640 complete

medium, for 3 days in 5% CO2. T cell proliferative response was determined by either

thymidine uptake or flow CFSE dilution assay. IFN-γ was measured by intracellular mAb

staining. To examine the suppressive effect, the irradiated regulator cells were added the

MLR culture at the indicated ratio of regulators:effectors.

Measurement of nitrites

Nitrites produced by MDSCs or DCs were measured by the Griess reagent kit (G2930,

Promega, Madison, WI) as recommended by the manufacturers. Spectrophotometric

absorbance was measured at 550 nm after 4 min at room temperature.

Islet Transplantation

As previously described (9,14,15), diabetes was induced in recipient mice (B6) through a

single intraperitoneal injection of streptozotocin (STZ, Sigma-Aldrich). Only mice with non-

fasting blood glucose ≥350 mg/dL were used as recipients. 300 islets were isolated from the
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pancreases of donor (BALB/c) mice, alone or mixed with 2×106 MDSCs or DCs, and

transplanted under the renal capsule of the diabetic recipient without immunosuppression.

Islet transplantation was considered successful when recipient’s blood glucose level was

≤150 mg/dL after transplantation. Rejection was determined by two consecutive blood

measurements (glucose level ≥250 mg/dL).

Immunohistochemistry

Insulin in the islet graft was stained by anti-insulin mAb (Santa Cruz Biotechnology, Santa

Cruz, CA), and color was developed using 3-amino-9-ethylcarbazole. CD4+ and CD8+ T

cells in the graft were identified by fluorescent staining using the specific mAbs (BD

PharMingen) and fluorochrome-conjugated avidin-biotin system.

Statistics

Graft survival between groups of transplanted animals was compared using the log-rank test.

The parametric data were analyzed by Student’s t-test (2-tailed). Values of p<0.05 were

considered statistically significant.
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Figure 1. A. Quality monitoring of MDSCs used in this study
HSCs from B6 mouse were added at the beginning of DC (B6) culture as described in Methods for 5 days. The cells cultured in

the absence of HSCs were used as DCs. For further stimulation, cells were exposed to LPS at 1µg/ml for the last 18 hours of

culture. A) HSC-induced MDSCs express low CD11c, high Gr-1. The floating cells harvested from the culture of MDSCs were

analyzed by flow cytometry for expression of CD11b and CD11c. The percentage of positive cells in whole cell population (left

panels) is indicated. Expression of Gr-1 is displayed as histograms gated on the CD11b+ cell populations. Empty areas are

isotype controls. The percentage of Gr-1 positive cells in the CD11b+ cell population (right panels) is indicated. B) MDSCs

express high levels of iNOS, Arg-1 and IL-27, but low IL-12. CD11b+ cells were purified by positive sorting with magnetic

beads for the functional studies. The mRNA expression was determined by qPCR. C) MDSCs inhibit T cell proliferative

response. Graded number of irradiated MDSCs or DCs were added at beginning into a one-way MLR culture in which B6

spleen T cells were stimulated by irradiated BALB/c DCs (T:DC = 20:1) for 3 days (n = 3). T cells proliferation was assessed by

thymidine uptake.
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Figure 2. Co-transplantation with MDSCs prolongs survival of islet allografts
2 × 106 MDSCs or DCs were propagated from B6 BM cells in the presence or absence of HSCs, mixed with BALB/c islets

(300), and transplanted under the renal capsule of B6 diabetic recipients. Recipients without co-transplantation (none) were used

as the control. A) Co-transplantation with MDSCs markedly prolongs survival of islet allografts (left panel). Kidneys bearing

long-term surviving islet grafts (>60 days) were removed for visual examination and insulin staining to determine the function

of the islet graft. The pictures in the right panels are nephrectomy specimens at day 60. B) MDSC co-transplantation inhibits

infiltration of CD8+ T cells in islet graft. Leukocytes isolated from the islet graft on POD 10 were stained for CD4, CD8, CD11b

and CD11c, and analyzed by flow cytometry. The absolute numbers of CD4, CD8, CD11b+CD11c−, CD11b+CD11c+,

CD11b−CD11c+ cells in each graft was calculated based on the flow analysis data (n = 3). C) Co-transplantation with MDSCs is

associated with T cell hyporesponsiveness. T cells isolated from spleen of the recipients were restimulated in vitro by irradiated

BALB/c splenocytes at a ratio of 1:1 for 3 days. T cell proliferative response was assessed by thymidine uptake (left panel, n =

3). Production of IFN-γ was determined by intracellular staining and expressed as percentage of IFN-γ positive cells in CD4+

and CD8+ T cell populations (right panels). The data are representative of three separate experiments.
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Figure 3. iNOS in MDSCs is critical for exerting inhibitory activity
A) iNOS expression in MDSCs is markedly upregulated by exposure to IFN-γ. MDSCs or DCs were exposed to IFN-γ
(100U/ml, overnight, 18 hours) and expression of iNOS was determined by qPCR (left panel). Expression of iNOS was

dynamically analyzed following exposure to IFN-γ (100U/ml) (middle panel). The concentrations of nitrites in the supernatants

were measured by Griess assay (right panel). B) Blockade of iNOS activity impedes inhibitory activity of MDSCs in vitro. The

iNOS inhibitor L-NMMA (10 µM) was added at the beginning into a one-way MLR culture, in which the proliferative response

of OT-I (CD8+) or OT-II (CD4+) OVA specific T cells was inhibited by addition of MDSCs (DCs served as the control), as

described above. T cell proliferation was analyzed by CFSE-dilution assay. The percentage of dividing T cells is indicated.

Arakawa et al. Page 17

Transplantation. Author manuscript; available in PMC 2015 April 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Production of IFN-γ was determined by intracellular staining. The percentage of IFN-γ positive cells is indicated. C)

Deficiency in iNOS gene expression does not affect generation of MDSCs. qPCR assay results confirmed the absence of iNOS

in MDSCs propagated from iNOS−/− mice with or without IFN-γ stimulation (left panel). The expression patterns of CD11c,

CD11b and Gr-1 on MDSCs and DCs propagated from iNOS−/− mice (right panels) were similar to those propagated from WT

mice (compared to Fig. 1A). The percentage of positive cells is indicated. D) MDSCs deficient in iNOS lose their ability to

inhibit T cell response in vitro. iNOS−/− or WT MDSCs were added at the beginning into a one-way MLR culture in which the

proliferative response of OT-I (CD8+) or OT-II (CD4+) OVA specific T cells was elicited by OVA and syngeneic DCs (addition

of WT DCs was used as control). The percentage of dividing cells is indicated. IFN-γ expression was analyzed by flow

cytometry following intracellular mAb staining. The percentage of IFN-γ positive cells is indicated. The data are representative

of three separate experiments.
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Figure 4. MDSCs deficient in iNOS lose their ability to protect islet allografts
MDSCs (2 × 106) propagated from iNOS−/− or WT B6 mice were mixed with BALB/c islet grafts (300), and transplanted under

renal capsule of B6 diabetic recipients. Recipients without MDSC co-transplantation served as the control (none). A) Survival of

islet allografts was determined by monitoring blood glucose levels as described in Methods (p<0.05, WT vs. iNOS−/− MDSC

group). B) Co-transplantation with iNOS−/− MDSCs was associated greater numbers of infiltrating CD8+ T cells in islet grafts

compared to WT controls. The recipients (n = 3) were sacrificed on POD 10 and the lymphocytes were isolated from the islet

grafts and stained with anti-CD4 and CD8 mAbs. The CD4/CD8 ratio and CD4+ and CD8+ T cell numbers were calculated

based on flow cytometric analysis (upper panels, p<0.05, compared between groups). The cryostat sections of islet graft were

fluorescently stained for CD4 (red) and CD8 (green) and visualized under the microscope (lower panels). C) Co-transplantation

with iNOS−/− MDSCs is associated with enhanced infiltration of donor specific CD8+ T cells in the grafts compared to WT

controls. On POD 3, recipients were injected (i.v.) with 1.5 × 107 CFSE-labeled T cells from 2C TCR transgenic mice (B6

background). Three days later, lymphocytes were isolated from islet grafts and stained with anti-CD8 mAb for flow analysis.

The CFSE+CD8+ cells were identified as Ld-specific CD8+ T cells. Left panels: CFSE dilution assays; the percentage indicates

CFSE+CD8+ T cells in the whole cell population. Middle panels: CFSE dilution assays gated on CFSE+CD8+ T cells, expressed

as histograms. The percentage of dividing CD8+ 2C T cells is indicated. The data are representative of three separate

experiments. Right panel: absolute numbers of CD8+ 2C T cells in islet grafts were calculated based on the flow analysis data

(n=3, p<0.05, compared between groups).
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