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Allogeneic mesenchymal stem cells (allo-MSCs) have 
potent regenerative and immunosuppressive potential 
and are being investigated as a therapy for osteoarthri-
tis; however, little is known about the immunological 
changes that occur in allo-MSCs after ex vivo induced or 
in vivo differentiation. Three-dimensional chondrogenic 
differentiation was induced in an alginate matrix, which 
served to immobilize and potentially protect MSCs at the 
site of implantation. We show that allogeneic differenti-
ated MSCs lost the ability to inhibit T-cell proliferation 
in vitro, in association with reduced nitric oxide and pros-
taglandin E2 secretion. Differentiation altered immunoge-
nicity as evidenced by induced proliferation of allogeneic 
T cells and increased susceptibility to cytotoxic lysis by 
allo-specific T cells. Undifferentiated or differentiated allo-
MSCs were implanted subcutaneously, with and without 
alginate encapsulation. Increased CD3+ and CD68+ infil-
tration was evident in differentiated and splenocyte encap-
sulated implants only. Without encapsulation, increased 
local memory T-cell responses were detectable in recipi-
ents of undifferentiated and differentiated MSCs; how-
ever, only differentiated MSCs induced systemic memory 
T-cell responses. In recipients of encapsulated allogeneic 
cells, only differentiated allo-MSCs induced memory T-cell 
responses locally and systemically. Systemic alloimmune 
responses to differentiated MSCs indicate immunogenicity  
regardless of alginate encapsulation and may require 
immunosuppressive therapy for therapeutic use.
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publication 17 December 2013. doi:10.1038/mt.2013.261

INTRODUCTION
Mesenchymal stem (stromal) cells (MSCs) are a nonhematopoietic 
adult stem cell population that can be isolated from various tissues, 
including bone marrow, adipose tissue, and umbilical cord.1 Their 
potential to differentiate to mesenchymal cell types, including osteo-
blasts, adipocytes, and chondrocytes, make these remarkable cells 
particularly attractive for use in regeneration and/or replacement of 

damaged or diseased tissue.2 Both preclinical studies3,4 and clinical 
trials5 have shown efficacy of MSC administration in cartilage repair 
for the treatment of degenerative cartilage disease6,7, including osteo-
arthritis (OA). Another distinctive characteristic of MSCs is their 
ability to interact with many immune cell populations to modulate 
host immune responses in vivo.8,9 MSC administration is, therefore, 
attractive for the treatment of graft-versus-host disease, as well as an 
aid to enable allogeneic cell engraftment.10 In this context, both autol-
ogous and allogeneic MSC (allo-MSC) administration has been suc-
cessfully used to treat various autoimmune diseases in experimental 
models and clinical trials11–15. One limitation for the use of autologous 
MSC is the reported possibility that those isolated from patients with 
autoimmune disorders are less efficacious than those from healthy 
donors15,16. In this respect, allo-MSCs from healthy donors are an 
attractive source of regenerative cells for the treatment of OA. The 
fact that allo-MSCs can be readily isolated and expanded in vitro to 
sufficient numbers to treat several patients17 is a further indication of 
the potential of these cells in regenerative medicine.

OA is characterized by articular cartilage loss and synovial 
inflammation.18 The use of allo-MSCs to treat OA is envisioned 
based on their (i) impressive ability to differentiate to cartilage19,20; 
(ii) their inherent ability to release anti-inflammatory factors,21 
including prostaglandin E2 (PGE2), TSG-6, and nitric oxide 
(NO)22–24; and (iii) their low levels of major histocompatibility 
complex (MHC) and costimulatory proteins.25 However, despite 
these unique characteristics, growing evidence indicates that 
allo-MSCs are not fully immunoprivileged in an immunocompe-
tent host.26 Encapsulating these cells in matrices such as calcium 
alginate, either differentiated ex vivo or undifferentiated, may be 
necessary to retain the cells at the site of injury or to shield them 
from an allogeneic immune response in vivo.27 Recent reports 
have highlighted changes in the immunological response to allo-
geneic differentiated MSCs following administration in vivo.28–31 
However, currently no unequivocal functional data exist that char-
acterize the immunological consequences of chondrogenic differ-
entiation in vivo in a fully allogeneic model.15,32,33 In fact, studies 
addressing immunological changes in chondrogenically differen-
tiated cells have produced conflicting results.15,32,33 Consequently, a 
comprehensive understanding of the allogeneic immune response 
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to chondrogenically differentiated MSCs is crucial for elucidating 
the success of stem cell–based cartilage repair in vivo. The focus of 
this study was to analyze changes in immunosuppressive poten-
tial of, and the recipient immune response to, chondrogenically 
differentiated MSCs using a fully MHC-mismatched (allogeneic) 
immunocompetent rat model. We demonstrate that allogeneic 
differentiated MSCs have decreased immunomodulatory poten-
tial and increased levels of surface MHCs compared with undif-
ferentiated MSCs. These changes were associated with loss of 
immunosuppressive capacity and increased tendency to stimulate 
proinflammatory alloimmune responses in vitro. In vivo, chon-
drogenically differentiated, encapsulated allo-MSCs induced 
memory T-cell responses both locally and systemically unlike 
their undifferentiated counterparts. Therefore, in the absence of 
immunosuppressive therapy, the allogeneic host response may 
limit the effective engraftment of allogeneic differentiated MSCs 
in vivo, regardless of whether the cells were encapsulated.

RESULTS
MSCs lose their immunosuppressive properties on 
chondrogenic differentiation in vitro
MSCs were isolated from Lewis (LEW) and Dark Agouti (DA) 
rats, expanded in culture, and were shown to express low lev-
els of MHC-I, uniformly high levels of CD90, CD29, and CD73, 
and lacked expression of CD45, MHC-II, CD80, and CD86 
(Figure  1a). Cell surface expression of DA MSCs is shown, 
which was comparable with LEW MSC expression profiles (data 
not shown). Rat MSCs could be induced to differentiate into 
osteocytes and adipocytes (Figure 1b). In anti-CD3/CD28 stim-
ulated cocultures, DA MSCs suppressed LEW lymphocyte pro-
liferation, albeit at lower efficiency than syngeneic LEW MSCs 
(Figure 1c). Following 3-week culture, with TGF-β3 and BMP-2 
in alginate layers (Figure  2a and Supplementary Figure S1), 
MSCs developed morphological features and showed safranin 
O staining that was comparable with similarly cultured primary 
chondrocytes (Figure 2b). Positive safranin O staining indicates 
sulfated glycosaminoglycan in the alginate layers of chondro-
genically primed MSCs and primary chondrocytes, in contrast 
to the absence of staining in undifferentiated MSCs. This was 
confirmed by 1,9-dimethyl-methylene blue assay (Figure 2c), 
which indicates the formation of glycosaminoglycan-rich tis-
sue in differentiated DA MSCs after alginate culture, a charac-
teristic of articular cartilage (Figure 2c). Transcripts encoding 
Col2a1, aggrecan, and sox-9 were upregulated in chondrogeni-
cally primed MSCs, to similar levels as that of primary chon-
drocytes, providing further evidence of MSC differentiation to 
a chondrogenic phenotype (Figure 2d). Undifferentiated MSCs 
and chondrogenically differentiated DA MSCs were cocultured 
with polyclonal stimulated allogeneic and syngeneic mixed lym-
phocytes (Supplementary Figure S2a). Allogeneic undifferenti-
ated MSCs significantly inhibited total T-cell proliferation, in a 
dose-dependent manner; however, chondrogenically differenti-
ated MSCs did not (Figure 3a). These results were confirmed 
using undifferentiated and differentiated LEW MSCs in coculture 
with DA T cells (Supplementary Figure S2c). Allogeneic undif-
ferentiated MSCs suppressed both CD4+ and CD8+ T-cell pro-
liferation as indicated by carboxyfluorescein succinimidyl ester 

(CFSE) dilution at 1:100 MSC: T-cell ratio; however, this effect 
was lost following chondrogenic differentiation (Figure 3b). The 
loss of immunosuppressive effects following chondrogenic dif-
ferentiation of allo-MSCs was also observed in human periph-
eral blood mononucleated cell (PBMC): MSC cocultures. Using 
three MSC donors, we observed significant suppression of prolif-
eration in CD4+ and CD4− T-cell populations following culture 
with allogeneic undifferentiated MSCs; however, similar to our 
observations in the allogeneic rat model, this suppressive effect 
was lost following chondrogenic differentiation (Supplementary 
Figure S3a,b). Analysis of supernatants confirmed significant 
dose-dependent reduction of NO (Figure 3c) and PGE2 (Figure 
3d) secretion in coculture containing rat allogeneic differentiated 
MSCs as compared with undifferentiated MSCs.

Chondrogenic differentiation enables the induction 
of allogeneic lymphocyte proliferation and activation 
and increased allo-MSC susceptibility to cytotoxic 
T-cell lysis in vitro
Chondrogenically differentiated MSCs demonstrated surface 
expression levels of MHC-I, MHC-II, CD80, and CD86 that were 
clearly higher than those of undifferentiated MSCs but lower than 
the levels expressed by bone marrow–derived dendritic cells, which 
were profiled as positive controls (Figure 4a,b). The mean fluores-
cence intensities of MHC-II-, CD80-, and CD86-positive cells were 
significantly lower than that of bone marrow–derived dendritic 
cells (Figure 4b), despite the fact that the frequency of differentiated 
cells expressing each of these antigens was similar to that of bone 
marrow–derived dendritic cells. To functionally confirm the induc-
tion of an immunogenic phenotype, one way–mixed lymphocyte 
reaction assays were performed to assess the ability of differentiated 
MSCs to induce the proliferation of allogeneic lymphocytes (Figure 
5a). Chondrogenically differentiated DA MSCs induced readily 
detectable proliferation of LEW lymphocytes, whereas undifferen-
tiated DA MSCs did not (Figure 5b). More specifically, lymphocyte 
proliferation was shown to include both CD4+ and CD8+ T-cell 
subsets (Supplementary Figure S2b) in a cell dose-dependent 
manner (Figure 5c). The interleukin-2 (IL-2) receptor subunit (IL-
2R), or CD25, is upregulated on the surface of activated T cells and 
B cells. The percentages of CD4+CD25+ and CD8+CD25+ cells in 
MSC-containing mixed lymphocyte reactions are shown in Figure 
5d. We observed significant activation of CD4+ and CD8+ lym-
phocytes in cocultures with chondrogenically differentiated cells 
in contrast to undifferentiated cells (Figure 5d). Allogeneic T cells 
cocultured with chondrogenically differentiated MSCs secreted 
higher levels of interferon-γ (IFN-γ) and significantly less PGE2 
(Figure 5e). Similar results were observed in cocultures using a 
LEW MSC and DA allogeneic lymphocytes strain combination 
(data not shown), indicating that these observations are not a DA 
MSC–specific effect. Because cytotoxic lymphocytes use the gran-
ule exocytosis pathway to kill target cells, we used flow cytometry 
to analyze the expression of granzyme B in proliferating CD8+ 
allospecific T cells. The frequency of CD8+-expressing granzyme 
B cells was significantly increased in cocultures with chondrogeni-
cally differentiated cells in contrast to undifferentiated cells (Figure 
5f), indicating the induction of cytotoxic CD8+ T cells by allogeneic 
differentiated MSCs, although the frequency was significantly lower 
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than that observed in CD3/CD28 stimulated T cells. Recognition of 
MHC-I expression on allogeneic cells is essential to elicit cytotoxic 
CD8+ T-cell (CTL) effector functions.34 Because MHC-I expression 
was significantly increased following chondrogenic differentiation, 
we hypothesized that chondrogenically differentiated allo-MSCs 
may be more susceptible than their undifferentiated counterparts to 
lysis by donor-specific cytotoxic T cells (CTLs). To test this possibil-
ity in vitro, we performed cytotoxicity assays with Calcein-labeled 
allogeneic undifferentiated and differentiated cells (Supplementary 

Figure S4). Allogeneic undifferentiated MSCs, which express low 
levels of MHC-I, were effectively lysed by CTLs added at a ratio of 
100:1 when compared with syngeneic MSCs. However, this effect 
was significantly more evident in allogeneic differentiated cells, 
which showed a marked upregulation in MHC-I expression in vitro. 
In this case, differentiation resulted in a twofold increase of specific 
lysis (Figure 5g). These results suggest that chondrogenic differen-
tiation induces the proliferation of CTLs, which correlated with an 
increased susceptibility to lysis by donor-specific CTLs.

Figure 1 Characterization of rat mesenchymal stem cells (MSCs). (a) Rat MSCs are CD45, MHC-I, MHC-II, CD80, and CD86 low or negative and 
have surface expression of CD90, CD29, and CD73. Histograms of flow cytometry data from DA MSC (passage 3) are shown. Antibody-specific stain-
ing is indicated by the heavy black line, with appropriate isotype controls indicated by the gray line. (b) Osteogenic and adipogenic differentiations 
were induced in rat MSCs as previously described.49 Alizarin Red (osteogenesis) and Oil red O (adipogenesis) staining are shown. Quantification of 
calcium and Oil red O are shown in panel c. (c) CFSE-labeled T cells were stimulated with anti-CD3/CD28 beads in the presence of undifferentiated 
allogeneic and syngeneic rat MSCs at indicated ratios. Representative results of three independent experiments are shown ± SEM. #P < 0.001 synge-
neic MSCs compared with CD3/CD28 stimulated T cells. ≠P < 0.001 allogeneic MSCs compared with CD3/CD28 stimulated T cells. DA, Dark Agouti; 
CFSE, carboxyfluorescein succinimidyl ester; MHC, major histocompatibility complex. *P < 0.05; **P < 0.01
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Chondrogenically differentiated MSCs induce local 
innate and adaptive immune infiltration, which is 
evident up to 6 weeks after implantation
Immunological rejection of allogeneic organs and tissues is 
characterized by a cellular immune response comprising of T 
cells and mononuclear phagocytes within the implant area. To 
determine the immunological consequences of subcutaneous 
implantation of allogeneic undifferentiated and chondrogeni-
cally differentiated MSCs in vivo, we analyzed the innate and 
adaptive immune cell infiltrate by hemotoxylin and eosin (H&E) 
and immunohistochemical staining for mononuclear phago-
cytes (CD68+) and T-cell (CD3+) markers (Supplementary 
Figure S5a). In these experiments, MSC-containing implants 
were compared with implants containing allogeneic splenocytes, 
which would be expected to induce robust antidonor immune 
responses. Allogeneic undifferentiated MSC alginate implants 
were clearly visible and contained low numbers of infiltrat-
ing mononuclear cells (Figure 6a and Supplementary Figure 
S5b). In contrast, the implants retrieved from allogeneic differ-
entiated MSC- and splenocyte-containing implants exhibited 
structural damage and were heavily infiltrated by mononuclear 
immune cells. Furthermore, immunohistochemical analysis 
demonstrated increased numbers of T cells and mononuclear 

phagocytes within implants containing differentiated allo-MSCs 
and splenocytes compared with those containing undifferenti-
ated allo-MSCs (Figure 6a,b). The number of CD3+ T cells 
increased from 17.22 ± 1.928 in undifferentiated MSC implants to 
44.33 ± 4.910 and 68.67 ± 8.762 in allogeneic differentiated MSC- 
and splenocyte-implanted recipients, respectively. Similarly, the 
number of CD68+ mononuclear phagocytes increased from 
29.58 ± 8.387 in allogeneic undifferentiated MSC implants to 
107.3 ± 20.78 and 238.3 ± 24.89 in allogeneic differentiated MSC 
and splenocyte implants, respectively. Syngeneic differentiated 
MSC implants displayed very low levels of CD68 staining (data 
not shown). These results indicate that a local immune response, 
characterized by T-cell and mononuclear phagocyte infiltrates, 
is mounted against implanted chondrogenically differentiated 
allo-MSC that is largely absent in undifferentiated allo-MSC 
implants.

Chondrogenically differentiated allogeneic cells 
induce a systemic allogeneic lymphocyte response, 
which is not prevented by encapsulation in alginate
Donor (DA)- and third party (Wistar Furth, WF)-specific 
T-cell responses were next analyzed using CFSE-labeled lym-
phocyte preparations from draining lymph nodes and spleens 

Figure 2 Confirmation of chondrogenic differentiation in three-dimensional alginate layer culture. (a) Chondrogenic differentiation of mes-
enchymal stem cells (MSCs) was induced using TGF-β3 and BMP-2 for 3 weeks in alginate layers. (b) Safranin O staining indicates the presence of 
glycosaminoglycan (GAG)-producing cells in differentiated alginate cultures and primary chondrocyte controls but not in undifferentiated alginate 
layers. (c) Cells were released from alginate layers and the GAG: DNA ratios were determined. (d) Differentiated MSCs in alginate layers upregulated 
Collagen IIa, type 1 (Col2a1), aggrecan and sox-9 gene transcripts as determined by reverse transcription polymerase chain reaction. Data from three 
independent experiments are shown ± SEM. *P < 0.05. **P < 0.01. ***P < 0.001. DA, Dark Agouti; CFSE, carboxyfluorescein succinimidyl ester; ICM, 
incomplete chondrogenic medium; MHC, major histocompatibility complex; PC, primary chondrocyte.
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from groups of LEW rats 6 weeks following various unencap-
sulated and alginate encapsulated subcutaneous cell implants 
(Supplementary Figure S6). Lymphocyte proliferation follow-
ing 4-day culture with purified DA or WF OX62+ dendritic cells 
(Figure 7a) was quantified based on the percent proliferation as 
indicated by CFSE dilution (Figure 7b). In the case of unencap-
sulated cells, enhanced donor-specific T-cell proliferation was 
observed for the draining lymph node cells of animals that had 

received undifferentiated allo-MSCs, differentiated allo-MSCs, 
and allo-splenocytes. However, splenocytes from the same ani-
mals demonstrated increased donor-specific proliferation only 
in recipients of chondrogenically differentiated allo-MSCs and 
splenocytes (Figure 7b, left). Similar results were obtained for 
groups of animals that received alginate-encapsulated cells with 
the exception that there was a minimal increase in donor-specific 
T-cell proliferation in draining lymph nodes of the recipients of 

Figure 3 Chondrogenic differentiated mesenchymal stem cells (MSCs) do not suppress allogeneic T-cell proliferation. (a) CFSE-labeled alloge-
neic T cells were stimulated with anti-CD3/CD28 beads in the presence of undifferentiated or differentiated MSCs at indicated ratios for 4 days. (b) 
The corresponding CFSE dilution histograms are shown to indicate the percentage of CD4+ and CD8+ lymphocyte proliferation. CD4+ and CD8+ 
proliferation was determined as outlined in the gating strategy in Supplementary Figure S2b. As above, allogeneic stimulated Lewis T cells were 
cultured in the presence of undifferentiated and differentiated DA MSCs. Coculture supernatants were harvested and analyzed by (c) Griess assay 
and (d) PGE2 ELISA. Data from three independent experiments are shown, except in the case of PGE2 for which two independent experiments are 
shown. *P < 0.05. **P < 0.01. ***P < 0.001. DA, Dark Agouti; CFSE, carboxyfluorescein succinimidyl ester; dMSC, differentiated MSC; MHC, major 
histocompatibility complex.
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undifferentiated allo-MSCs (Figure 7b, right). The results were 
interpreted as indicating that (i) subcutaneously implanted undif-
ferentiated allo-MSCs may induce an antidonor T-cell memory 
response that remains localized to draining lymphoid tissue and 
is abrogated by alginate encapsulation and (ii) similarly implanted 
chondrogenically differentiated allo-MSCs induced an antidonor 
T-cell memory that was detectable in both draining lymphoid 
tissue and spleen and is not preventable by alginate encapsula-
tion. Finally, the nature of the antidonor antibody responses elic-
ited was analyzed by flow cytometry of donor strain (DA) cells 
incubated with recipient sera from the various groups described 
above. Compared with recipients of syngeneic MSCs, anti-DA 
antibody was detectable in sera from all recipients of allo-MSCs 
whether undifferentiated, chondrogenically differentiated, unen-
capsulated, or alginate-encapsulated as well as in sera from recipi-
ents of allogeneic splenocytes (data not shown). However, when 
isotype-specific staining was applied, it was observed that implan-
tation of alginate-encapsulated cells was associated with higher 
IgG2/IgG1 ratios (indicative of a predominant T-helper 1 type 
immune response)35 when compared with implantation of unen-
capsulated cells (Figure 7c). For recipients of both unencapsulated 

and encapsulated cells, the IgG2/IgG1 ratios among the groups 
followed a rank order of allogeneic splenocytes > differentiated 
allo-MSCs > undifferentiated allo-MSCs (Figure  7c). Thus, in 
similar fashion to the T-cell responses, donor-specific B-cell (anti-
body) response with potential to mediate allograft rejection was 
shown to be enhanced by chondrogenic differentiation of MSCs. 
These results also indicated that alginate encapsulation, while pro-
viding some barrier to the induction of antidonor T-cell responses 
against weakly immunogenic undifferentiated MSCs, enhances 
the generation of antidonor IgG2 antibodies.

DISCUSSION
Therapeutic applications of allo-MSCs that involve direct regener-
ation of mesenchymal tissues, such as cartilage and bone, require 
that MSC differentiation along a single lineage be achieved and 
maintained in vivo. In the context of OA, understanding the 
immunogenicity of bone marrow–derived allo-MSCs following 
either induced or spontaneous differentiation is fundamentally 
important if these cells are to be used successfully to treat patients 
with OA.3 To date, limited studies have addressed this clinically 
relevant question, with most relying solely on interpretation of in 

Figure 4 Chondrogenic differentiation induces the expression of immune antigens in vitro. (a) Undifferentiated and differentiated mesenchymal 
stem cells (MSCs) were characterized for the expression of MHC-I, MHC-II, and costimulatory molecules CD80 and CD86 by flow cytometry using 
fluorochrome-matched isotype control antibodies. Bar graphs indicate the percentage of positive cells. Bone marrow–derived dendritic cells (BMDCs) 
were used as positive controls. (b) The mean fluorescence intensity (MFI) of MHC-I, MHC-II, CD80, and CD86 was calculated for undifferentiated 
MSCs, differentiated MSCs, and BMDCs. The results of three independent experiments are shown ± SEM. Statistical significance was determined 
using ANOVA. *P < 0.05. **P < 0.01. ***P < 0.001. MHC, major histocompatibility complex; NS, not significant.
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Figure 5 Chondrogenically differentiated mesenchymal stem cells (MSCs) induce proliferation of allogeneic T cells in vitro and have increased 
susceptibility to lysis by antigen-specific T cells. (a) CFSE-labeled lymphocytes were cultured in the presence or absence of undifferentiated MSCs 
or differentiated MSCs at varying ratios. (b) On day 5, cells were harvested and proliferation was analyzed. Representative plots of three independent 
experiments are shown. (c) Percentages of CD4+ and CD8+ lymphocyte proliferation are indicated at ratios of 1:100 and 1:50 (MSC: lymphocyte). 
(d) Lymphocytes were cocultured as in a. Representative dot plots indicating percentages of CD4+CD25+ and CD8+CD25+ lymphocytes are shown. 
(e) Cell culture supernatants were analyzed by enzyme-linked immunosorbent assay to determine the levels of interferon-γ (IFN-γ) and prostaglandin 
E2 (PGE2). (f) Representative flow plots of the frequency of granzyme B expression in CD8+ T cells are shown (left) and a summary graph of this data 
is shown (right). DA-specific allogeneic cytotoxic T cells (CTLs) were generated in a one-way mixed lymphocyte culture of Lewis and DA T cells as 
outlined in Supplementary Figure S4. (g) The percentage lysis is shown following incubation of syngeneic Lewis or allogeneic DA rat MSCs, either 
undifferentiated or differentiated with alloantigen-specific CTLs in an effector to target ratio of 100:1. The results of three independent experiments 
are shown ± SEM, n = 3. Statistical significance was determined by two-tailed, unpaired t-tests and ANOVA. *P < 0.05. **P < 0.01. ***P < 0.001. DA, 
Dark Agouti; CFSE, carboxyfluorescein succinimidyl ester; MHC, major histocompatibility complex.
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vitro data to indicate immunological changes that occur in these 
cells following chondrogenic differentiation33. Consequently, 
knowledge of the immunological consequences of chondrogeni-
cally differentiated allo-MSC transplantation is essential before 
their therapeutic application, and is the focus of this study. We 
determine the immunological functions of, and donor-specific 
immune responses to, allogeneic chondrogenically differentiated 
MSCs. Chondrogenic differentiation was induced in an alginate 
gel system, allowing for simple single cell isolation, balanced dis-
tribution of cells, and diffusion of factors throughout the hydrogel 
and facilitates the three-dimensional environment required for 
chondrogenesis20

The proposition that allo-MSCs are immunoprivileged 
and can be transplanted across MHC barriers without adverse 
immune effects has developed over the last decade. The con-
cept of the potent immunosuppressive and immune privileged 
nature of MSCs has resulted in increasing numbers of studies 
with allo-MSCs. Despite this, it has been noted that these studies 
have not generally been accompanied by robust investigation of 
possible antidonor immune responses. The use of MSCs for the 
treatment of OA is relevant from two perspectives: first, with their 
well-described immunomodulatory properties they could attenu-
ate the inflammatory environment36 of the joint and second, by 
way of their regenerative potential, MSCs could differentiate to 
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Figure 6 Chondrogenically differentiated mesenchymal stem cells (MSCs) induce local innate and adaptive immune infiltration, which are 
evident up to 6 weeks after implantation. Lewis rats were subcutaneously implanted with 106 allogeneic undifferentiated, differentiated MSCs or 
allogeneic splenocytes encapsulated in alginate as outlined in Supplementary Figure S5a. Six weeks after implantation, the area surrounding the 
implant was removed for histological analysis. (a) Representative histological sections illustrating hemotoxylin and eosin (H&E) staining (10×, upper 
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replace damaged cartilage.37 However, studies addressing the use 
of MSC therapy for the treatment of OA have produced conflict-
ing results.14,38–40 Here, we demonstrate that induced chondrogenic 
differentiation of rat MSCs resulted in loss of MSC immunosup-
pressive properties in vitro. Many studies have shown that MSCs 
suppress the proliferation and activation of various immune cells 
through the release of soluble mediators, including PGE2 and 

NO.41–43 Both PGE2 and NO were significantly reduced following 
differentiation, suggesting that differentiated MSCs lack the abil-
ity to inhibit an inflammatory response. Not only did we observe 
inhibition of immunosuppressive effects after differentiation into 
chondrocyte-like cells, we could also show the ability of these 
differentiated MSCs to induce proliferation of proinflammatory, 
cytotoxic allogeneic lymphocytes in vitro, which secrete higher 
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Figure 7 Chondrogenically differentiated allogeneic cells induce a systemic allogeneic memory lymphocyte and alloantibody immune 
response, which is not prevented by encapsulation in alginate. Lewis (LEW) rats were subcutaneously implanted with 106 allogeneic undifferenti-
ated, differentiated mesenchymal stem cells (MSCs) or allogeneic splenocytes with and without alginate encapsulation as outlined in Supplementary 
Figure S6. Six weeks after implantation, the draining lymph nodes, spleen, and serum were isolated for further analysis. (a) Experimental outline 
for ex vivo restimulation of draining lymph node lymphocytes and splenocytes using irradiated DA and Wistar Furth stimulator cells is shown. (b) 
Proliferation of CFSE-labeled total lymphocytes isolated from draining lymph nodes (upper graphs) and spleen (lower graphs) was measured follow-
ing 5-day stimulation with DA (allospecific) and Wistar Furth splenocytes (third party). Increased proliferation in response to DA-specific stimulation 
indicated presensitization to DA antigen in vivo. (c) LEW rats were implanted or injected with 106 allogeneic undifferentiated, differentiated MSCs or 
allogeneic splenocytes. Serum was harvested 6 weeks after implant or injection and incubated with thymocytes of allogeneic DA rats. Isotype-specific 
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levels of IFN-γ. Because T cells are believed to play a critical role 
in orchestrating the inflammatory response in OA,44 these data 
would suggest an inability of differentiated allo-MSCs to modulate 
inflammation in the context of OA. Instead, these observations 
suggest the possibility that allogeneic differentiated MSC trans-
plantation may actually exacerbate the inflammatory responses by 
their ability to promote proliferation and activation of allogeneic 
CD4+ and cytotoxic CD8+ T cells (Figure 8). Therefore, consid-
eration must be given to the loss of the immunosuppressive prop-
erties in vitro and the emergence of an immunogenic phenotype 
after differentiation before transplantation, as these properties are 
likely to affect their therapeutic benefit in vivo.

The cell surface expression of MHC-I and MHC-II molecules 
contribute to different types of allogeneic rejection. MHC-I mol-
ecules are mainly associated with acute rejection, which is thought 
to be mediated by CD8+ CTLs, whereas MHC-II molecules are 
suggested to be involved in a chronic rejection dependent on CD4+ 
T cells and local lymph node sensitization45. Undifferentiated 
allo-MSCs have been shown to express low levels of MHC-I, con-
tributing to their immunoprivileged status25. Induced MHC-I 
expression on allogeneic differentiated MSCs enables lysis of these 
cells in vitro by presensitized allo-activated CTLs, when compared 
with undifferentiated allo-MSCs. This would imply that differen-
tiated allo-MSCs could directly present antigen to CD8+ T cells, 
enabling effective lysis and rejection in vivo. The induced expres-
sion of MHC-II on allo-MSC following differentiation could lead 
to further enhancement of the CTL response by stimulating CD4+ 
T-helper cells.46 Furthermore, although T-cell activation is central 
to allogeneic rejection, mononuclear phagocytes are increasingly 

acknowledged as key inflammatory mediators that enhance 
T-cell–driven organ rejection47. CD68+ mononuclear phagocytes 
were significantly more abundant in implants containing alloge-
neic differentiated MSCs and splenocytes. Since mononuclear 
phagocyte activity and protease expression have been shown to 
participate in tissue damage and graft rejection48, these observa-
tions suggest that rejection and subsequent destruction of the 
allogeneic differentiated MSC and splenocyte implants may be 
due to both direct T-cell–mediated lysis of implanted cells and 
T-cell activation of mononuclear phagocytes48.

In addition, ex vivo restimulation of lymphocytes from 
recipient animals confirmed increased memory T-cell responses 
in draining lymph nodes of animals injected with undifferen-
tiated and differentiated MSCs; however, only differentiated 
MSCs induced systemic memory T-cell responses. Implantation 
of undifferentiated MSCs in alginate reduced local T-cell 
responses by 75%, indicating the possibility that undifferenti-
ated allo-MSCs following encapsulation in alginate may modu-
late the local immune response through their ability to secrete 
PGE2 and NO locally. Alginate-encapsulated differentiated 
allogeneic T cells induced detectable memory T-cell responses 
locally and systemically, possibly reflecting the observations of 
our in vitro study that indicated the lack of secretion of immu-
nosuppressive factors, in addition to increased immunoge-
nicity and secretion of IFN-γ on differentiation of allo-MSCs 
(Figure 8). Systemic alloimmune responses to differentiated 
MSCs indicate that they become immunogenic and may require 
immunosuppressive therapy for therapeutic use. For the pur-
pose of regeneration, MSC-based therapy for the treatment of 
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OA presumably would require the efficient engraftment of these 
cells in the inflamed joint. The fact that allogeneic undifferenti-
ated MSCs, differentiated MSCs, and splenocytes all provoked 
a significantly enhanced adaptive alloantibody response when 
implanted in alginate provides evidence that retention of allo-
geneic differentiated cells over a prolonged period of time can 
evoke a stronger adaptive alloimmune response in vivo. Our 
observation that alloantibody levels were significantly elevated 
in animals that received an allogeneic implant (either undif-
ferentiated or differentiated) as compared with a subcutaneous 
injection (unshielded) is of relevance from the perspective of 
tissue engineering strategies that propose to retain allogeneic 
cells at a location for a prolonged period of time30. Therapeutic 
strategies to limit postimplant alloantibody production may be 
required to improve long-term differentiated MSC survival by 
reducing the incidence of chronic allograft rejection.

Our findings are also relevant for the related issue of the 
immunological consequences of spontaneous differentiation of 
allo-undifferentiated MSCs following therapeutic delivery in 
vivo and may explain the discrepancies between studies using 
undifferentiated MSCs therapeutically in models of OA.14,40 A 
summary of our findings are outlined in Figure 8. While our 
observations question the use of these cells therapeutically, fur-
ther investigation of their use in therapeutic models of OA will 
provide further information on strategies to limit the immune 
response to these cells following transplantation. Future inves-
tigation and manipulation of allogeneic chondrogenically dif-
ferentiated MSC–associated immune responses, possibly using 
genetic engineering approaches, holds a relevance to the future 
success of cellular therapeutics that could be used for the treat-
ment of OA.

MATERIALS AND METHODS
Animals. All procedures performed were conducted in a fully accredited 
animal housing facility under a license granted by the Department of 
Health, Ireland and were approved by the Animals Ethics Committee of 
the National University of Ireland, Galway, Ireland. Male LEW and DA rats 
were obtained from Harlan Laboratories (Derby, UK). All animals were 
aged between 6 and 12 weeks.

Media and reagents. Unless otherwise stated, all media and reagents were 
purchased from Sigma-Aldrich (Dorset, UK). All labware consumables, 
including all culture flasks, centrifuge tubes, 96-well round bottom plates, 
and enzyme-linked immunosorbent assay plates were purchased from 
Sarstedt (Wexford, Ireland). Cell culture 24-well 0.4 µm inserts were pur-
chased from Grenier Bio-one (Dublin, Ireland). Recombinant cytokines 
were purchased from Peprotech (Hamburg, Germany).

Isolation and characterization of MSCs. MSCs were isolated from the 
femur and tibia of 6- to 12-week-old DA and LEW rats as previously 
described.49 MSCs were maintained in standard cell culture conditions 
in α-minimum essential media, F-12 supplement (1:1 ratio), 10% fetal 
bovine serum, 100 U/ml penicillin, and 100 µg/ml streptomycin (rat MSC 
medium). Tri-lineage differentiation assays were carried out to confirm the 
osteogenic and adipogenic capacity of the cells, as previously described.50 
In addition, cell surface characterization for established markers such as 
MHC-I, CD29, CD90, CD73, CD45, CD80, CD86, and MHC-II was car-
ried out by flow cytometry, as previously described.25 Antibodies were pur-
chased from BD Biosciences (Oxford, UK), Biolegend (London, UK), and 
Serotec (Kidlington, UK), and samples were analyzed using FACS Canto 

(BD Biosciences). Primary chondrocytes were isolated from articular car-
tilage of the rat knee as positive controls for chondrogenesis. The articular 
cartilage was removed from the condyle of the joint in chips and incubated 
for 1 hour in 2 mg/ml protease. Extracellular matrix was digested with 
1.5 mg/ml collagenase D (Roche, West Sussex, UK) at 37 °C overnight, and 
chondrocytes were plated at 5,000 cells/cm.17

Preparation of alginate layers. Chondrogenesis was induced in a 
three-dimensional alginate matrix system.20 Rat and human MSCs cul-
tured in monolayer were trypsinized and resuspended to a concentration 
of 50 × 106 cells/ml in 0.15 mol/l NaCl–25 mmol/l 2-[4-(2-hydroxyethyl)
piperazin-1-yl]ethanesulfonic acid (HEPES). An equal volume of 2.4% 
sterile filtered sodium alginate was then gently added until a homogenous 
mixture was achieved. Forty microliters of the cell/alginate mix was care-
fully pipetted onto the surface of a sterile 24-well transwell insert. Alginate 
polymerization was induced by incubation in 0.1 mol/l CaCl2–25 mmol/l 
HEPES. Layers were incubated in incomplete chondrogenic medium 
(94% high-glucose Dulbecco’s modified Eagle medium, 1% fetal bovine 
serum, 1% insulin-transferrin-sodium selenite supplements solution, 50 
µg/ml ascorbic acid-2-phosphate, 40 µg/ml proline, 1 mmol/l sodium 
pyruvate, 100 U/ml penicillin, and 100 µg/ml streptomycin), supple-
mented with 10 ng/ml TGF-β3 and 100 ng/ml BMP-2 (Rat MSC differen-
tiation only) (Peprotech) to induce chondrogenesis. Medium was changed 
daily for the course of the experiment. Cells were isolated into a single cell 
suspension from alginate layers by dissociation in sodium citrate solution 
(150 mmol/l NaCl, 25 nmol/l sodium citrate, and 20 mmol/l ethylene-
diaminetetraacetic acid) and collagenase D. Glycosaminoglycan produc-
tion was assayed by the 1,9-dimethyl-methylene blue assay (Invitrogen, 
Paisley, UK). DNA quantities were determined by the PicoGreen using 
a commercial kit (Molecular Probes, Paisley, UK). The glycosaminogly-
can/DNA ratio was determined for each layer. Histological and reverse 
transcription polymerase chain reaction (PCR) analysis and confirmation 
of chondrogenic differentiation was confirmed for each experiment. All 
layers were free of contamination and were confirmed to be mycoplasma 
negative. Pico-green analysis was also carried out to confirm similar num-
ber of encapsulated cells in each layer.

Quantitative real-time reverse transcription PCR. Cells were isolated 
from alginate layers as outlined above, and RNA was isolated using the 
TriZol method (Invitrogen). cDNA was synthesized from 1 µg of isolated 
RNA and used for real-time PCR. Intron-spanning RNA primers for rat 
transcripts Sry-related HMG box (SOX)-9, β-2 microglobulin and col-
lagen, type II, alpha 1 (Col2a1) were sourced from Qiagen, Manchester, 
UK (product codes: QT00427602, QT00176295, QT02380840, respec-
tively), aggrecan primer set was custom designed and sourced from Sigma. 
Sybr-green real-time reverse transcription PCR was performed using the 
Applied Biosystems, Dublin, Ireland StepOnePlus real-time PCR machine.

Isolation of human PBMCs. Human PBMCs were isolated from whole 
blood using Ficoll-Hypaque (Invitrogen) and harvested by careful pipet-
ting of the corresponding density band (buffy coat) and then washed in 
phosphate-buffered saline twice (10 minutes at 400g) and subjected to low-
speed centrifugations to remove platelets. PBMCs were resuspended in 
culture medium (RPMI 1640, Gibco, Dublin, Ireland) containing 10% fetal 
calf serum, 50 µmol/l β mercaptoethanol, nonessential amino acids, and 
l-glutamine in RPMI.

T-cell proliferation assays and mixed lymphocyte reaction cultures. 
Lymphocytes were obtained from the spleen and lymph nodes of LEW 
and DA rats. T cells were washed with 0.1% bovine serum albumin/phos-
phate-buffered saline and stained in prewarmed (37 °C) 10 µmol/l Vybrant 
CFDA SE (CFSE)/phosphate-buffered saline staining solution (Invitrogen, 
Carlsbad, CA) as per manufacturer’s instructions. 2 × 105 CFSE-stained 
T cells were stimulated at a 1:1 ratio with anti-rCD3/anti-rCD28-labeled 
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beads in T-cell media (RPMI 1640 supplemented with 10% fetal calf 
serum, 50 µmol/l β-mercaptoethanol, 100 U/ml penicillin, 0.1 mg/ml 
streptomycin, 1 mmol/l sodium pyruvate, and 2 mmol/l l-glutamine). For 
human MSC:PBMC assays, 2 × 105 CFSE stained PBMCs were stimulated 
in 96-well round-bottomed plates with anti-hCD3/anti-hCD28-soluble 
antibodies (BD Biosciences) in MLC medium. Assays were incubated at 
various MSC:T-cell ratios in a humidified incubator for 4 days at 37 °C fol-
lowing which rat and human T-cell proliferation and CD4 and CD8 expres-
sion were assayed by flow cytometry (CD4-APC and CD8α-PE; Biolegend. 
For rat mixed lymphocyte reactions; syngeneic MSCs, allo-MSCs, or 
chondrogenically differentiated MSCs were plated in 96-well round bot-
tom plates. CFSE-labeled untreated lymphocytes were used as responders. 
A total of either 2 × 103 or 1 × 103 stimulating cells were cocultured with 
1 × 105 CFSE-labeled responding lymphocytes for 5 days. The activation 
state and expression of granzyme B in T-cell subsets was assessed by sur-
face expression of CD4-APC, CD8-PeCy7, CD25-FITC (Biolegend, BD 
Biosciences), and intracellular granzyme B (Biolegend), respectively. For 
intracellular staining, cells were fixed and permeabilized overnight at 4 °C 
using fixation/permeabilization concentrate and diluents (eBioscience, 
Hatfield, UK). Next day, cells were incubated with anti-granzyme B-APC 
antibody in permeabilization buffer for 1 hour, followed by three washes. 
T-cell proliferation, activation, and differentiation was analyzed on a FACS 
Canto.

Cytotoxicity assay. Alloantigen-specific CTLs were generated in one-way 
mixed lymphocyte cultures with LEW lymphocytes and γ-irradiated 
DA lymphocytes (ratio 2:1) in MLC medium (2% heat-inactivated rat 
serum, 10% fetal calf serum, and 50 µmol/l β-mercaptoethanol in RPMI). 
After 5 days, T cells were harvested, washed, and resuspended in MLC 
medium. MSCs were stained in 10 µmol/l Calcein AM (1 × 106 cells/ml). 
1 × 104 MSCs/well were cocultured with 1 × 106/well (1:100) or 5 × 106/
well (1:50) T cells, or treated with 0.9% Triton-X (for maximum lysis), or 
treated with medium (spontaneous release) in five replicates each. LEW 
MSCs (syngeneic) were used as a control for these experiments. After 4 
hours, supernatant was harvested and calcein fluorescences (F) mea-
sured using an enzyme-linked immunosorbent assay plate reader. Specific 
lysis was calculated from mean fluorescence of replicates as follows: 
(F[sample]−F[spontaneous release]) / (F[maximum lysis]−F[spontaneous 
release]) × 100 = Percentage specific lysis.

IFN-γ, NO, and PGE2 assays. IFN-γ cytokine determination in allogeneic 
mixed lymphocyte supernatants, were quantified using enzyme-linked 
immunosorbent assay (R&D Systems, Abingdon, UK), using the manu-
facturers protocols. NO levels in coculture supernatants were analyzed by 
the Griess assay. Briefly, 100 μl of the medium were placed in a 96-well 
plate and an equal amount of Griess reagent (1% sulfanilamide and 0.1% 
N-1-(naphthyl) ethylenediamine-diHCl in 2.5% H3PO4) was added. The 
plate was incubated for additional 5 minutes at room temperature, and 
then the absorbance was measured at 540 nm with a microplate reader. 
The amount of NO was calculated using sodium nitrite standard curve. 
In addition, supernatants from cocultures were analyzed by a Parameter 
Assay Kit for PGE2 (R&D Systems).

Subcutaneous implantation. LEW rats were anesthetized (xylazine and 
ketamine), and an incision was made in the skin at the upper right quad-
rant of the back. Alginate layers (containing differentiated allo-MSCs, dif-
ferentiated syngeneic MSCs, undifferentiated allo-MSCs, undifferentiated 
syngeneic MSCs, allogeneic splenocytes, or without cells) were implanted 
as a 1- to 2-mm thick layer containing 1 × 106 cells in naïve LEW rats. 
Incisions were sutured using 3-0 Vicryl Sutures. In addition, 1 × 106 dis-
sociated cells from each group were injected subcutaneously. Animals 
were sacrificed 6 weeks after cell implantation, and blood, spleen, draining 
lymph nodes, and excised skin from implant site in recipient animals were 
removed for analysis.

Histology and immunohistochemical staining. Histological analysis was 
performed on cultured alginate layers and excised skin from implanted/
injected animals. Alginate layers were preserved overnight in 10% neutral 
buffered formalin (Sigma-Aldrich) supplemented with 100 mmol/l CaCl2. 
Layers were then paraffin embedded, and 7-µm sections were stained with 
Safranin O to quantify the production of extracellular matrix. For subcuta-
neous implants, identified sections of injected and/or implanted skin were 
excised from each animal at sacrifice. Tissue was fixed in formalin and paraf-
fin embedded. Sections were stained by hemotoxylin and eosin as previously 
described.50 For immunohistochemistry, sections were rehydrated; endog-
enous peroxidase activity was blocked with H2O2. Sections were incubated 
with mouse antirat CD68 and rabbit antirat CD3 antibodies for 1 hour, fol-
lowed by incubation with appropriate secondary antibodies for 30 minutes 
at room temperature. Positive antibody binding was detected by use of ABC 
reagent and DAB. The number of positively stained CD3 and CD68 cells was 
counted per 40× field of view (4–7 random fields chosen/implant).

Allogeneic restimulation assays. Animals were sacrificed 6 weeks fol-
lowing implantation or injection. Single cell suspensions were obtained 
from the spleen and draining lymph nodes of each animal as previously 
described50. 1 × 105 CFSE-labeled lymphocytes from each implanted or 
injected animal (responder cells) were added to each well of a 96-well plate. 
Donor derived DA or fully MHC mismatched (third party; Wistar Furth) 
splenocytes were isolated as stimulator cells and irradiated (dose of 20 Gy). 
Responder cells were incubated as described for T-cell assays for 4 days at 
a ratio of 1:10; stimulator: responder. After 4 days, proliferation and activa-
tion of CD4+ and CD8+ cells from the responder animal were determined 
as described in the T-cell proliferation assay section.

Alloantibody production. The presence of antidonor-specific (DA) anti-
bodies in the recipient (LEW) animal serum was determined by incu-
bation of isolated serum (25 µl; 1:2 dilution of neat serum) with donor 
strain derived thymocytes (5 × 105) in vitro. Fc receptors were first blocked 
(anti-CD32 antibody, BD Biosciences) for 5 minutes, then serum was 
incubated with thymocytes at 4 °C for 40 minutes. Anti-DA-specific anti-
body binding was detected using antirat IgG1 and IgG2 antibodies (Acris, 
Herford, Germany) for 40 minutes at 4 °C. Bound antibody was detected 
by flow cytometry using a FACS Canto.

Statistical analysis. All data were analyzed with Graphpad software 
(Graphpad Software, CA) and are expressed as mean ± SEM unless oth-
erwise indicated. For in vitro data, comparisons between two groups 
were made with a two-tailed unpaired t-test (Mann–Whitney; one-tailed 
nonparametric analysis was performed on in vivo subcutaneous implan-
tation data). Comparisons among multiple groups were made with one-
way ANOVAs. Differences were considered statistically significant when 
P value was <0.05.

SUPPLEMENTARY MATERIAL
Figure S1. Experimental strategy for 3D alginate culture for induction 
of chondrogenesis of rat MSCs.
Figure S2. Lewis chondrogenic differentiated MSCs do not suppress 
allogeneic T-cell proliferation.
Figure S3. Chondrogenic differentiated human MSCs do not suppress 
allogeneic T-cell proliferation.
Figure S4. Experimental strategy for the generation of cytotoxic  
T cells.
Figure S5. Subcutaneous implantation experimental strategy and 
morphological evidence for chondrogenic differentiation in syngeneic 
differentiated and allogeneic differentiated alginate layers.
Figure S6. Experimental strategy for the in vivo analysis of injection of 
unencapsulated and implantation of alginate-encapsulated differenti-
ated and undifferentiated syngeneic and allogeneic MSCs.
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