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Immunogenicity of allogeneic mesenchymal stem cells
transplanted via different routes in diabetic rats

Le-Hui Gu1,2, Tian-Tian Zhang1,2, Yang Li2,3, Hong-Jie Yan2, Hui Qi2 and Fu-Rong Li1,2,3

Due to their hypoimmunogenicity and unique immunosuppressiveproperties, mesenchymal stem cells (MSCs) are considered

oneof themostpromisingadult stemcell types forcell therapy.AlthoughmanystudieshaveshownthatMSCsexert therapeutic

effects on several acute and subacute conditions, their long-term effects are not confirmed in chronic diseases.

Immunogenicity is a major limitation for cell replacement therapy, and it is not well understood in vivo. We evaluated the

immunogenicity of allogeneicMSCs in vivoby transplantingMSCs intonormalanddiabetic rats via the tail veinorpancreasand

found that MSCs exhibited low immunogenicity in normal recipients and even exerted some immunosuppressive effects in

diabetic rats during the initial phase. However, during the later stage in the pancreas group, MSCs expressed insulin and MHC

II, eliciting a strong immune response in the pancreas. Simultaneously, the peripheral blood mononuclear cells in the

recipients in the pancreas group were activated, and alloantibodies developed in vivo. Conversely, in the tail vein group, MSCs

remained immunoprivilegedanddisplayed immunosuppressiveeffects in vivo. Thesedata indicate thatdifferent transplanting

routes and microenvironments can lead to divergent immunogenicity of MSCs.
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INTRODUCTION

Mesenchymal stem cells (MSCs) are non-hematopoietic, multi-

potent stromal cells that can differentiate into a variety of cell

types and have been investigated as a treatment for a wide range

of diseases such as diabetes, myocardial infarction, stroke and

various autoimmune diseases because of their self-renewal capa-

city, as well as their unique immunosuppressive and paracrine

properties.1–4 Historically, MSCs have been considered hypoim-

munogenic in vitro because of their limited expression of MHC

I, lack of expression of MHC II and costimulatory molecules,

inability to stimulate T-cell proliferation and even resistance

against the cytotoxicity of cytotoxic lymphocytes.5–7 However,

MSCs are no longer considered immunologically silent in vivo.

Zangi et al.8 demonstrated that MSCs can induce memory

against allogeneic MHC I and MHC II molecules in the CD81

and CD41 T cells of T-cell antigen receptor transgenic mice.

Similarly, Badillo et al.9 showed that the introduction of allo-

geneic MSCs into an immunologically competent mouse elicits

both cellular and humoral host immune responses rather than

the induction of tolerance. Schu et al.10 showed that costimula-

tion with IFN-c and IL-1b induces MSCs to express elevated

levels of MHC I, MHC II and VCAM-1 and to significantly

increase cytotoxic lysis. Additionally, a recent report11 suggests

that the route of delivery may affect MSC immunogenicity in

vivo to some extent. The transplantation routes through which

allogeneic MSCs appear to be non-immunogenic or very weakly

immunogenic include the intra-cranial, intra-cerebral and intra-

articular routes, and implantation into skin wounds. In contrast,

intravenous, intraperitoneal, subcutaneous and intra-myocar-

dial administration are sometimes associated with detectable

anti-donor immunity. The immunosuppressive effects of

MSCs are well established, but these findings demonstrate the
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complexity and variability of MSC immunogenicity in vivo. In

the present study, the immunogenicity of allogeneic MSCs in

vivo was analyzed by transplantation into normal and diabetic

rats via the tail vein or pancreas. The results revealed that MSCs

exhibit low immunogenicity and even exert some immunosup-

pressive effects in diabetic rats during the initial phase (day 1 to

day 7). However, during the later stage (day 14 to day 28), MSCs

transplanted via the pancreas differentiate into insulin-pro-

ducing cells and upregulate expression of MHC II, leading to

the activation of peripheral blood mononuclear cells (PBMCs)

and development of alloantibodies, which leads to the immune

rejection of MSCs. In contrast, MSCs transplanted via the tail

vein exhibited low immunogenicity in vivo. All of these data

suggest that the changes in MSCs immunogenicity in vivo are

associated with the transplantation route.

MATERIALS AND METHODS

Animals

Rats were purchased from the Experimental Animal Center of

Southern Medical University and housed under specific patho-

gen-free conditions. All animal procedures were approved by the

Institutional Animal Care and Use Committee at Shenzhen PKU-

HKUST Medical Center. Four-week-old male Sprague-Dawley

(SD) rats were used as MSC donors. Eight-week-old male Wistar

rats were used as MSC recipients. Male Wistar rats with an initial

body weight of 200–250 g were fasted for 12 h and then intraper-

itoneally injected with streptozotocin (Sigma, St Louis, MO, USA)

at a dose of 45 mg/kg. After 48 h, tail vein blood samples were

obtained for blood glucose (BG) measurements using a BG device

(Abbott Diabetes Care INC, Abbott Park, Illinois, USA). Rats with

a non-fasting BG of o300 mg/dl for 2 consecutive days, which was

stable for 1 week, were considered diabetic.

Isolation and culture of rat MSCs and GFP labeling

Bone marrow cells were flushed from the cavities of tibias and

femurs from male SD rats as described previously.12 The cells

were cultured in Iscove’s modified Dulbecco’s medium (Gibco,

Carlsbad, California, USA) with 10% FBS, 100 U/ml penicillin

G and 100 mg/ml streptomycin and maintained for 3–5 days in a

humidified incubator at 37 uC with 5% CO2. To purify the

MSCs, non-adherent cells were eliminated by replacing the

medium at 48 h after cell seeding. Flow cytometry on a

FACSCanto II (BD Pharmingen, San Diego, CA, USA) was

performed to analyze characteristic MSC markers including

CD29, CD34, CD44, CD45 and CD11b/c. MSCs were also char-

acterized by differentiation toward adipogenic and osteogenic

lineages using previously described protocols.13 The purified

MSCs at passage (P)3 were transduced with a lentiviral vector

carrying a GFP reporter gene as described previously.14,15

Immune antigen expression in MSCs

The immunophenotype (MHC I, MHC II, CD40, CD80, CD86)

of MSCs was examined by flow cytometry on a FACSCanto II

(BD Pharmingen, San Diego, CA, USA) with specific phycoer-

ythrin-conjugated monoclonal antibodies (eBioscience, San

Diego, CA, USA) and performed as previously described.16

CellQuest software (BD Pharmingen, San Diego, CA, USA)

was used for data analysis. Results are expressed as percentage

of positive cells or as mean relative fluorescence intensity,

obtained as a ratio between the mean fluorescence intensity of

cells stained with specific mAb and the mean fluorescence

intensity obtained with isotype control.

Lymphocyte proliferation assay

PBMCs as effector cells were isolated from normal and diabetic

rats. MSCs pretreated with 25 mg/ml mitomycin C (Roche, Basel,

Switzerland) were used as stimulator cells. A total of 13105

effector cells were cocultured with 13104 stimulator cells in 96-

well U-bottom plates. Effector cells treated with ConA (5 mg/ml;

Sigma) were used as a positive control. Autoproliferation of

effector cells was used as a negative control. After coculture for

3 days, the proliferation of effector cells was assayed with a cell

counting kit (Dojindo, Xiongben, Japan) and the OD at 450 nm

was measured with a Bio-Rad 550 microplate reader (Bio-Rad,

Hercules, California, USA). The following formula was used to

calculate the SI: SI5sample OD/negative control OD.

Cell transplantation

All animals were randomly assigned based on the transplanting

route and animal model.

Tail vein transplantation (TVT) groups: (i) Normal1PBS

(n515); (ii) Normal1MSCs (n515); (iii) Diabetes1PBS

(n515); and (iv) Diabetes1MSCs (n515); normal/diabetic

rats received an injection of PBS (1 ml) or P7 GFP-MSCs

(53106) via the tail vein. Pancreas subcapsular transplantation

(PST) groups: (i) Normal1PBS (n515); (2) Normal1MSCs

(n515); (iii) Diabetes1PBS (n515); and (iv) Diabetes1MSCs

(n515); normal/diabetic rats received an injection of PBS

(1 ml) or P7 GFP-MSCs (53106) into five distinct sites of

the pancreas subcapsule by celiotomy.

Histopathological analyses

The lungs and pancreas were removed from rats in the TVT

groups (n53) and PST groups (n53), respectively, on days 1,

3, 7, 14 and 28 post-transplantation, and then fixed in 10%

buffered formalin. Paraffin-embedded 5-mm sections were rou-

tinely stained with hematoxylin and eosin. The hematoxylin and

eosin-stained lung sections were evaluated under a light micro-

scope by a histopathological inflammatory scoring system based

on the inflammatory infiltration around the bronchioles, bron-

chi, blood vessels and interstitial pneumonia, as described prev-

iously (specific scoring criteria is detailed in Supplementary Table

1).17 The final score per sample was on a scale from 0 to 26 (least

to most severe). The hematoxylin and eosin-stained pancreas

sections were semiquantitatively analyzed by counting the num-

ber of inflammatory cells infiltrating into the pancreas in five

high power (3400) fields per sample, as described previously.18

Gene expression analysis of inflammatory cytokines

The lungs and pancreas were obtained from rats in the TVT

groups (n53) and PST groups (n53), respectively, on days 1,

3, 7, 14 and 28 post-transplantation. The lung and pancreas
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tissues were frozen in liquid nitrogen, ground and then the total

RNA was isolated using TRIzol reagent (TaKaRa, Tokyo Japan).

Total RNA was reverse transcribed into cDNA using a

PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa)

according to the manufacturer’s instructions. Quantitative gene

expression of IFN-c, IL-10 and TGF-b was determined using

SYBR Green Premix EX Taq (TaKaRa) and performed using

standard methods described previously.19 The primer sets were

as follows: IFN-c, forward 59-cgaggtgaacaacccacagat-39 and

reverse 59-gactccttttccgctccttag-39; TGF-b, forward 59-ctgctga-

cccccactgatac-39 and reverse 59-ctgtattccgtctccttggttc-39; IL-10,

forward 59-gctatgttgcctgctcttactg-39 and reverse 59-tctggctgact-

gggaagtg-39; IL-4, forward 59-caccttgctgtcaccctgt-39 and reverse

59-ctttcagtgttgtgagctt-39 GAPDH, forward 59-cccatctatgagggt-

tacgc-39 and reverse 59-tttaatgtcaccacgatttc-39.

Cell-mediated lysis assay

At 1, 7, 14 and 28 days post-transplantation, 13106 PBMCs

harvested from the recipients in each group (n53) were cocul-

tured with 13105 MSCs for 72 h, and then apoptosis was

assessed using an Annexin V-APC Cell Apoptosis Analysis

Kit (including 7-AAD staining; Keygen Biotech, Guangzhou,

China) according to the manufacturer’s instructions. Stained

cells were analyzed by a FACSCanto II (BD Pharmingen, San

Diego, CA, USA). MSCs cultured alone were used as controls.

Alloantibody analysis

At 7, 14 and 28 days post-transplantation, blood was collected

from the rats in each group (n53) via a cardiac puncture. The

blood was coagulated and centrifuged to obtain the serum.

Cultured allogeneic MSCs at P7 were fixed with 4% para-

formaldehyde, washed, blocked and then incubated with the

serum samples (diluted at 1 : 2 in PBS) at 4 uC overnight. The

cells were carefully washed and then immunostained with a

RPE-conjugated anti-rat IgG1 antibody (1 : 200; SoutherBiotech,

Birmingham, Alabama, USA) for 1 h at room temperature. The

nuclei were counterstained with DAPI (1 : 800; Sigma).

Immunofluorescence staining for PCNA, CD86, MHC II and

insulin

Rats were euthanized at 7, 14 and 28 days post-transplantation to

remove their lungs and pancreas. Frozen tissue blocks were embed-

ded in O.C.T. compound (SAKURA Tissue-Tek, Pennsylvania,

USA). Sections (5 mm) were then prepared for immunofluor-

escence staining. Frozen tissue sections were fixed in 4% para-

formaldehyde and permeabilized with 0.5% Triton X-100. The

sections were then incubated with a rabbit anti-GFP antibody

(1 : 800; Abcam, Cambridge, UK) either alone or with mouse

anti-rat PCNA (GeneTex, Alton PkwyIrvine, CA, USA), mouse

anti-rat MHC II (1 : 200; eBioscience), mouse anti-rat CD86

(1 : 200; eBioscience) or mouse anti-rat insulin (1 : 400;

Abcam) antibodies at 4 uC overnight. Then, the sections were

incubated with RPE-conjugated goat anti-mouse IgG (1 : 200;

SoutherBiotech) and/or FITC-conjugated goat anti-rabbit IgG

(1 : 200; SoutherBiotech). The nuclei were counterstained with

DAPI (1 : 800), and the cells were visualized under a fluor-

escence microscope.

Terminal deoxynucleotidyl transferase dUTP nick-end

labeling (TUNEL) assay

Paraffin-embedded tissue sections of the lungs and the pan-

creas were subjected to a TUNEL assay. An in situ apoptotic cell

death detection kit (Roche, Basel, Switzerland) was used to

detect apoptotic cells following the manufacturer’s instruc-

tions. The sections were also stained with a rabbit anti-GFP

(1 : 800; Abcam) primary antibody and Cy3-labeled goat

anti-rabbit IgG (H1L) (1 : 100; Earthox LLC, San Francisco,

USA) secondary antibody. Nuclei were counterstained with

DAPI. The fluorescence signals of the transplanted MSCs,

including apoptotic MSCs, were observed under a fluorescence

microscope. The average number of apoptotic MSCs were

counted in five high power (3400) fields per sample.

Assessment of the curative effect of MSC transplantation

Non-fasting BG levels were measured by a BG device at 4:00

p.m. every 3 days post-transplantation until day 30, and the

weight of each recipient was monitored at the same time. On

days 3, 7, 14 and 28 post-transplantation, the serum of each

recipient was collected to measure the insulin and C-peptide

levels using Rat Insulin and Rat C-peptide ELISA kits

(Mercodia, Uppsala, Sweden), respectively, according to the

manufacturer’s instructions. On days 14 and 28 post-trans-

plantation, recipients in each group underwent fasting for 6–

8 h and then were intraperitoneally injected with a 10% glucose

solution (2 g/kg). Tail vein blood samples were collected for BG

measurements at 0, 15, 30, 60, 120 and 180 min.

Statistical analysis

All data are expressed as the mean6s.d. Statistical analysis was

performed using one-way ANOVA to compare the difference

among different groups. Independent sample t-tests were used

to statistically compare the number of cells between the tail vein

and pancreas groups. BG levels were compared using repeated-

measures analysis of variance. Values of P,0.05 were consi-

dered to be significant.

RESULTS

Isolation, differentiation and immunophenotyping of MSCs

After purification, MSCs were spindle-shaped with a fibro-

blast-like morphology and attached to the plate during cell

culture. Flow cytometric analysis for the immunophenotypic

characterization of MSCs demonstrated that these cells were

positive for CD29 (99.88%) and CD44 (99.83%), but negative

for CD11b/c (0.60%), CD34 (1.06%) and CD45 (1.77%) (data

not shown). After Ad-GFP transduction for 48 h, flow cyto-

metric analysis showed that GFP-positive cells accounted for

92.6% of the cell population (data not shown). After 21 days of

adipogenic induction, the cells were stained positive for Oil

Red O, showing lipid-filled vesicles. After 21 days of osteogenic

induction, these cells displayed osteogenesis, as shown by

Alizarin red staining of calcium deposits (Figure 1a). These

results demonstrated that the MSCs had multipotency.
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Immune antigen expression on MSCs and lymphocyte

proliferation assay in vitro

FACS revealed that the MSCs expressed low levels of MHC I

and no MHC II, CD40, CD80 or CD86 in vitro (Figure 1b).

Under coculture conditions, the stimulation index of PBMCs

from normal and diabetic rats after coculture with MSCs was

0.6160.08 and 0.7160.16, respectively (Figure 1c), which was

significantly different compared with the positive control

group (ConA) (P,0.01), while no difference was observed

with the negative control group (auto-PBMC, P.0.05).

These data indicated that the MSCs used in this study had

low immunogenicity in vitro.

Histopathological analysis of lungs and pancreas

In TVT groups, histopathological examination of the lungs

showed no changes in normal rats (Normal1PBS and

Normal1MSCs), but obvious changes were observed in dia-

betic rats (Diabetes1PBS and Diabetes1MSCs). The intersti-

tial spaces of the alveoli became thick with polymorphonuclear

leukocyte infiltration, and edematous changes of the alveolar

walls were observed in the Diabetes1PBS group (Figure 2a).

All of these changes returned to normal after MSC administra-

tion, especially on day 14 post-transplantation. The histo-

pathological inflammatory scoring system (Supplementary

Table 1) shows that the scores for the lungs in the Normal1

PBS and Normal1MSCs groups were relatively low. In contrast,

the scores for the lungs in the Diabetes1PBS and Diabetes1

MSCs groups were higher. Thereafter, the scores decreased

markedly at 7, 14 and 28 days post-transplantation in the

Diabetes1MSCs group due to a significant reduction of inflam-

matory cell infiltration around the pulmonary perivascular

region (Figure 2b). In the PST groups, the histopathological

features of the pancreas were evaluated using a semiquantitative

method, where the number of inflammatory cells infiltrating the

pancreas was counted (Figure 2c). We found that there was no

significant difference between the Normal1PBS and Normal1

MSCs groups, while the number of inflammatory cells was sig-

nificantly decreased on days 3, 7, 14 and 28 in the Diabetes1
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Figure 1 Adipogenesis and osteogenesis of MSCs and immunogenicity testing in vitro. Cells were spindle-shaped after three passages and
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MSCs group compared to the Diabetes1PBS group (Figure 2d).

These data suggest that the inflammatory events in the pancreas

were downregulated by MSC transplantation.

Quantitative real-time PCR analysis of inflammatory

cytokine mRNA levels

To further investigate the inflammatory responses in the lungs

and pancreas, quantitative real-time PCR was performed to

analyze the expression of inflammatory cytokine (IFN-c, TGF-

b, IL-10 and IL-4) mRNA. In the TVT groups, no significant

difference on the expression of four cytokines mRNA was found

between the Normal1PBS and Normal1MSCs groups. In the

Diabetes1 MSCs group compared with the Diabetes1PBS

group, IFN-c mRNA expression was downregulated on day 3,

and the trend lasted to the end of the study period. Un-

expectedly, TGF-b mRNA expression was not changed signifi-

cantly. IL-10 and IL-4 mRNA expression was upregulated on

days 7, 14 and 28 (Figure 3a–d).

In the PST groups, similarly, the expression of the mRNA for

the four cytokines was not changed significantly in the
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Normal1PBS and Normal1MSCs groups at any time point of

the study. In the Diabetes1MSCs group, IFN-c and TGF-b
mRNA expression was downregulated on day 3 compared with

the Diabetes1PBS group, and the downward trend was main-

tained to day 28. The expression of IL-4 mRNA increased sig-

nificantly at the same time, while the expression of IL-10
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mRNA was upregulated on days 7, 14 and 28. These data indi-

cated that the MSCs did not elicit an inflammatory response in

normal rats, but displayed certain immunosuppressive effects

in diabetic rats (Figure 3e–h).

Cell-mediated lysis

To determine the cytotoxicity of PBMCs isolated from rats

treated with MSCs at various time points, we cocultured

PBMCs with MSCs and evaluated the cytolytic capacity of

MSCs by flow cytometry. In the TVT groups, the degree of

cytolysis elicited by PBMCs from the Normal1MSCs and

Diabetes1MSCs groups was similarly low (P.0.05) through-

out the study and not significantly different from the control

group (P.0.05). However, on days 14 and 28, a much higher

level of MSC cytolysis was observed in the PST

(Normal1MSCs and Diabetes1MSCs) groups compared with

the control group (P,0.01). This result indicates the activation

of the PBMCs in the PST groups at 14 and 28 days post-trans-

plantation (Figure 4a).

The production of alloantibodies after MSC transplantation

To investigate whether allogeneic MSCs elicit an antibody res-

ponse in vivo, we collected serum from the MSC-treated rats on

days 7, 14 and 28. Alloantibodies against the donor MSCs in the

circulation of the recipient were detected by immunostaining.

In the TVT groups, no detectable alloantibodies were found in

the serum of recipients. In the PST groups, a specific anti-

donor alloantibody (IgG1) against MSCs appeared in the

serum on days 14 and 28, while it was negative on day 7

(Figure 4b). These results suggest that an antibody response

occurred at 14 and 28 days post-transplantation in the PST

groups.

Immunofluorescence staining for PCNA, insulin, MHC II

and CD86

The fate of MSCs in vivo was analyzed by double immunofluor-

escence with antibodies against GFP and proliferation (PCNA),

differentiation (insulin), as well as immune antigen markers

(MHC II and CD86) in the lungs and pancreas at 7, 14 and 28

days post-transplantation. On day 7, in both the TVT group

and the PST group, GFP1 MSCs did not express any markers,

indicating a lack of differentiation and proliferation, and

appeared to exhibit low immunogenicity at this time point,

as there was no observed immune antigen expression

(Figure 5a). On days 14 and 28, GFP1 MSCs were positive

for MHC II and insulin (Figure 5b and c), but negative for

PCNA and CD86 (data not shown) in the pancreas of the

PST groups, but not in the lungs of the TVT groups, suggesting

that MSCs can differentiate into insulin-producing cells and

upregulate MHC II expression in the pancreas.

Apoptosis of MSCs in vivo

On days 7, 14 and 28 post-transplantation, TUNEL assays were

performed to evaluate MSC apoptosis in vivo. In the TVT

groups, we observed only a few GFP1 cells with TUNEL stain-

ing by day 7 (Figure 6a), while no detectable GFP1 MSCs were

observed in the lungs at 14 and 28 days post-transplantation

(data not shown). In PST groups, similarly, only a few GFP1

cells with TUNEL staining were found on day 7. However, the

number of GFP and TUNEL double-positive cells significantly

increased by day 14 compared with that on day 7 (P,0.01), but

fewer GFP1 cells were detectable by day 28 in the pancreas

(Figure 6a and b).

Reversal of hyperglycemia in streptozotocin-induced

diabetic rats
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Figure 4 Cytotoxicity of PBMCs toward MSCs and alloantibody produc-
tion in the serum at various time points post-transplantation. PBMCs
collected from recipients of each group on days 1, 7, 14 and 28 post-
transplantation were considered as effector cells, and then cocultured
with MSCs (target cell to effector cell ratio: 1 : 10) for 72 h. PBMCs from
the TVT group (Normal1PBS) as control. Percentage of apoptotic
MSCs were evaluated by annexin V-APC/7-AAD staining and flow cyto-
metry (a). **P,0.01. Peripheral blood serum was collected from reci-
pients on days 7, 14 and 28 post-transplantation, and then incubated
with MSCs. Incubated samples were stained with a RPE-conjugated
secondary antibody against rat IgG1. Micrographs illustrate the IgG1
antibody in the MSC-treated pancreas group on days 14 and 28 (b).
MSC: mesenchymal stem cell; PBMC: peripheral blood mononuclear
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declined gradually compared to the Diabetes1PBS group. In

the TVT group, the BG levels dropped rapidly and decreased to

280.8645.4 mg/dl by day 12, followed by a BG fluctuation, and

reached 285.4633.8 mg/dl by day 30. In the PST group, BG

levels dropped relatively steadily and declined until reaching

almost euglycemic values (215.8622.4 mg/dl) by day 30

(Figure 7a). The BG in the PST group was obviously lower than

that in the TVT groups by day 18 (P,0.05). The weight of

diabetic rats was improved to some extent in both MSC-treated

groups by the end of the study (Figure 7b). In addition, the

levels of insulin and C-peptide in the serum gradually increased

post-transplantation. On day 14, the levels of insulin and C-

peptide in the TVT group and PST group were significantly

increased compared with those in the Diabetes1PBS group

(P,0.05), but no significant difference was observed between

the TVT and PST group (P.0.05). On day 28, the levels of

insulin and C-peptide were increased further. In addition,

the insulin level in the PST group (0.6760.04 mg/l) increased

significantly compared with that in the TVT group

(0.5460.03 mg/l) (P,0.05) (Figure 7c). In the intraperitoneal

glucose tolerance test on day 14, the BG levels were slightly

decreased after glucose stimulation in both MSC-treated

groups. On day 28, compared with the Diabetes1PBS rats,

the BG levels dropped rapidly after 15 min of glucose stimu-

lation, and the degree of BG decline was much more obvious in

the PST group (Figure 7d). All of these data show that the MSCs

improved the conditions of diabetes, and it appears that the

therapeutic effect in the PST group was more obvious than that

in TVT group.

DISCUSSION

MSCs are considered to be immunoprivileged and may escape

the attack of the immune system. Due to their hypoimmuno-

genicity, immunosuppressive and paracrine properties, MSCs

are used as a ‘universal donor’ in cell replacement therapy.

Although many studies have shown that MSCs exert thera-

peutic benefits in several acute and subacute conditions, the

long-term effects have not been confirmed in chronic disease.

The reason for this knowledge gap might be the change in the

immunoprivileged state in vivo, which leads to the failure of

MSCs to survive in the host. As multipotent stem cells, the

immunogenicity of MSCs may be altered in different micro-

environments (such as hypoxia, low nutrition, hyperglycemia,

inflammation, acidic pH, mechanical loading, and osmotic

conditions).20–22 In the present study, we analyzed the immu-

nogenicity of allogeneic MSCs in vivo by transplanting MSCs
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Figure 5 Immunofluorescence staining of differentiation, proliferation,
and immune antigen marker expression of transplanted MSCs. Rats
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tively. Representative micrographs illustrate the expression of GFP

(green, transplanted cells), immune antigens (red, CD86 and MHC
II), a proliferation marker (red, PCNA) and a differentiation marker
(red, insulin) in the lung and pancreas tissues of recipients. GFP1

MSCs were visible in all samples. By day 7, the expression of CD86,
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into normal and diabetic rats via the tail vein or pancreas and

investigated the possibilities of these modalities for the thera-

peutic treatment of diabetes.

As a precursor stem cell, the phenotype of MSCs is imma-

ture, and they express low levels of MHC I and lack expression

of MHC II and costimulatory molecules (CD40, CD80, CD86)

in the quiescent state. Our data showed that the cultured MSCs

expressed low MHC I and expressed no MHC II, CD40, CD80

and CD86, implying that MSCs lack the ability to present

alloantigens directly to recipient CD41 T cells. Lymphocyte

proliferation would be the expected outcome after successful

presentation. However, no lymphocyte proliferation was

observed in our study. Thus, even with the assistance of antigen

presenting cells, MSCs did not activate allogeneic CD41 T cells

to elicit an immune response in vitro. These data are consistent

with previous reports showing that MSCs lack immunogenic

antigens in vitro.23,24

It has been demonstrated that the structure and function of

the lungs may change in diabetic rats induced by Streptozotocin

(STZ); a decline of pulmonary diffusion function has been

observed, and these rats are prone to pulmonary fibrosis and

concurrent infection.25 Additionally, macrophages first invade

the pancreatic parenchyma and destroy islet b cells, supposedly

by the release of IL-1, which induces free radical formation,

leading to a shortage of insulin.26,27 In our study, we found that

the inflammatory score of lung and inflammatory cell infiltra-

tion into the pancreas of diabetes rats was much higher than

that in normal rats and rapidly decreased after MSC admini-

stration. Similarly, the expression of pro-inflammatory factors

(IFN-c, TGF-b) was downregulated, while anti-inflammatory

factors (IL-4, IL-10) were upregulated both in the lung (TVT

groups) and in the pancreas (PST groups) after MSC trans-

plantation. These results suggest that MSCs may shift the balance

of T-cell subsets from pro-inflammatory to anti-inflammatory, as

described previously.28 According to Liu et al.,29 these immuno-

modulatory effects may be due to MSC secretion of various cyto-

kines, especially KGF, to modulate the thymic microenvironment.

These immunological changes may contribute to the reduction

of inflammatory injury of b cells and restored BG homeostasis,

although other mechanisms may be involved in the process,

such as the secretion of bioactive factors (IL-6, HGF, TGF-b1,

SDF-1, VEGF, IL-1b, PGE) and reduction of systemic oxidative

stress.30,31

A previous study demonstrated that allogeneic MSCs can

escape host immune surveillance in vivo.32 In our study, in

the TVT (Normal1MSCs and Diabetes1MSCs) groups, the

cell-mediated lysis assay showed that PBMCs have minimal

cytotoxicity against MSCs, and no alloantibody that reacted

with MSCs was observed in the serum by immunostaining.

These data indicate that MSCs may not activate the recipients’

immune system. While we cannot find MSCs in the lungs at day

14 post-transplantation in the TVT groups, this phenomenon

may explained by the ‘first-pass effect’ theory, which has been

demonstrated by previous research;33–35 namely, a large num-

ber of MSCs are entrapped in the lung and fail to survive, and

only a few cells can pass the endovascular barrier to play a

therapeutic role. In the PST groups (Normal1MSCs and

Diabetes1MSCs), we discovered insulin expression on MSCs
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by days 14 and 28. This observation suggests that the MSCs

differentiated into insulin-producing cells in the pancreas,

which is supported by previous studies.36,37 However, another

mechanism, whereby MSCs injected into the pancreatic tissue

fuse to pancreatic cells, may also be involved in the process, as

reported by Ferrand et al.38 Our immunostaining results

showed that MHC II expression was positive on MSCs. These

data suggest that MSCs transition from an immunoprivileged

state to an immunogenic phenotype that may trigger cellular

cytotoxicity or immune rejection. As expected, PBMCs in the

PST groups had a much higher level of cytotoxicity toward

MSCs, and alloantibodies were detected in the serum com-

pared with that in the TVT groups. Moreover, TUNEL staining

showed that MSCs undergo extensive apoptosis at day 14.

These data are in accordance with previous reports that differ-

entiation initiates an immune ‘switch’ that alters the immune

characteristics of MSCs.39

The pancreas islet function was obviously improved after

MSC transplantation via two routes, which was evidenced by

the corrected hyperglycemia, increased secretion of insulin and

C-peptide in the serum, and improvement in the glucose tol-

erance test. As our previous study showed the existence of new
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islets in the pancreas and reversal of hyperglycemia after MSCs

were transplanted into the pancreatic subcapsular region,40 the

therapeutic effects in our study in the PST groups was much

better than those in the TVT groups. This distinction may be

explained by the different quantity of MSCs residing in the

pancreas. In the TVT groups, a large number of MSCs were

entrapped in the lung, and limited cells were able to bypass the

endovascular barrier and reach the pancreas. In the PST

groups, more MSCs were located in the pancreas, and the pan-

creas microenvironment can directly stimulate MSCs to secrete

trophic factors exerting repair effects, promoting differenti-

ation and immunomodulatory effects,41,42 although immune

privilege is lost by the expression of MHC II.

In conclusion, we analyzed the immunogenicity of allo-

geneic MSCs in vivo by transplanting MSCs into normal and

diabetic rats via the tail vein or pancreas. We found that MSCs

had low immunogenicity in normal recipients and even exerted

some immunosuppressive functions in diabetic rats during the

initial phase. However, during the later stage, with the expres-

sion of insulin, MSCs upregulated the expression of MHC II to

elicit a strong antigen antibody reaction that resulted in

immunological rejection in the PST groups. In contrast,

MSCs transplanted via the tail vein remained immunoprivi-

leged. These data indicate that different transplantation routes

and microenvironments can lead to changes in the immuno-

genicity of MSCs.
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