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Abstract

Mesenchymal stem cells (MSCs) inhibit proliferation of allogeneic T cells and express low levels of major histocompatibility complex class I
(MHCI), MHCII and vascular adhesion molecule-1 (VCAM-1). We investigated whether their immunosuppressive properties and low immuno-
phenotype protect allogeneic rat MSCs against cytotoxic lysis in vitro and result in a reduced immune response in vivo. Rat MSCs were partially
protected against alloantigen-specific cytotoxic T cells in vitro. However, after treatment with IFN-c and IL-1b, MSCs upregulated MHCI, MHCII
and VCAM-1, and cytotoxic lysis was significantly increased. In vivo, allogeneic T cells but not allogeneic MSCs induced upregulation of the acti-
vation markers CD25 and CD71 as well as downregulation of CD62L on CD4+ T cells from recipient rats. However, intravenous injection of allo-
MSCs in rats led to the formation of alloantibodies with the capacity to facilitate complement-mediated lysis, although IgM levels were markedly
decreased compared with animals that received T cells. The allo-MSC induced immune response was sufficient to lead to significantly reduced
survival of subsequently injected allo-MSCs. Interestingly, no increased immunogenicity of IFN-c stimulated allo-MSCs was observed in vivo.
Both the loss of protection against cytotoxic lysis under inflammatory conditions and the induction of complement-activating antibodies will
likely impact the utility of allogeneic MSCs for therapeutic applications.
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Introduction

Mesenchymal stem cells are non-hematopoietic adult stem cells that
can be isolated from bone marrow (BM) and various other sources
such as umbilical cord blood or adipose tissue [1]. Mesenchymal
stem cells have elicited considerable interest in recent years because
of their ability to migrate to sites of tissue injury, their multi-lineage
differentiation potential, their immunomodulatory properties, and the
ease of isolation and ex vivo expansion [2,3]. Therefore, MSCs are a
promising tool for cell-based therapies and several studies using
syngeneic MSCs have demonstrated their therapeutic potential in a
variety of applications both in animal models [4–6], and in humans [7
–9]. Mesenchymal stem cells are considered to be immunoprivileged
because of their low immunogenicity, that is, they express very low

levels of MHC class I, no MHC class II and do not induce activation
of allogeneic lymphocytes [10]. In vitro, MSCs inhibit proliferation of
syngeneic and allogeneic T cells equally effectively, suggesting that
their immunosuppressive properties are independent of MHC expres-
sion by MSCs and lymphocytes [11,12]. Hypothetically, their low
immunogenicity would enable allogeneic MSCs to evade the alloge-
neic immune system and allow their usage across MHC barriers.

Allogeneic MSCs have been used in a number of studies with vari-
able results. They have been shown to prolong skin graft survival in
baboons [13] and were as effective as syngeneic MSCs in enhancing
wound healing in mice [14]. Transplantation of allogeneic MSCs ame-
liorated systemic lupus erythematosus disease activities in mice and
humans [15]. A clinical study that investigated the safety and efficacy
of intravenous allogeneic human MSCs in patients with myocardial
infarction showed a moderate benefit in the absence of adverse events
[16]. On the other hand, application of MSCs in solid organ transplan-
tation produced conflicting results. Semi-allogeneic and allogeneic
MSCs improved the outcome after heterotopic heart transplantation in
mice [17,18]. Allogeneic MSCs failed to prolong survival of hetero-
topic heart transplants in rats, showed accelerated rejection in some
studies [19–21] and prolonged graft survival in another [22]. Con-
comitant low-dose immunosuppression with mycophenolate, but not
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with cyclosporin A, restored the beneficial effect of allogeneic MSCs in
heart transplantation [19,21]. Equally conflicting results are reported
for the use of third party MSCs in graft-versus-host disease
[12,23,24]. The most likely reason for the failure of allogeneic MSCs
to provide beneficial effects is their rejection by the allogeneic immune
system [11,25–27]. It has been shown that allogeneic MSCs are lysed
by activated NK cells [28], can induce memory T cells [25,26] and led
to the formation of IgG antibodies after subcutaneous or intracardial
injection in pigs [29]. However, the exact nature of the immune
response to allogeneic MSCs still remains poorly characterized.

The objective of this study was to further elucidate the nature of
the immune response upon intravenous injection of allogeneic BM-
derived MSCs in a rat model.

Materials and methods

Animals

All procedures performed were conducted under animal licences no.
B100/3859 and B100/4186 and were approved by the Animals Ethics

Committee of the National University of Ireland, Galway. In addition, ani-

mal care and management followed the Standard Operating Procedures

of the Animal Facility at the National Centre for Biomedical Engineering
Science. Male Lewis (LEW) and Dark Agouti (DA) rats were obtained from

Harlan Laboratories (UK). All animals used were between 8 and 12 weeks

of age. Lewis rats were briefly anaesthetized with isofluorane for injection
with either 1–5 9 106 syngeneic (LEW) or allogeneic (DA) MSCs or

1–5 9 106 allogeneic (DA) T cells. At several time points animals were

killed by CO2-inhalation and organs were harvested for further analysis.

Isolation of rMSCs

Bone marrow cells were extracted from male LEW or DA rats (8–
12 weeks old). The animals were killed by inhalation of CO2 and BM
cells were flushed out of the tibias and femurs. After washing, centri-

fuged cells were transferred to T-175 flasks at a density of

9 9 105 cells/cm2 and rat MSC medium (10% FCS in 1 volume F-12
nutrient mixture + 1 volume aMEM; both Lonza, Walkersville, MD,

USA) was added to a final volume of 30 ml. The cultures were main-

tained at 37°C, 5% CO2 and 90% humidity. On day 3, medium and

non-adherent cells were removed and fresh rat MSC complete medium
was added. The medium was changed every 3–4 days.

Cytofluorimetric analysis

The following monoclonal antibodies were used for phenotypic character-

ization of MSCs and T cells: anti-rat MHC class I-FITC (OX18, Cat. No.

MCA5IFT; AbD Serotec, Kidlington, UK), anti-rat MHC class II-PE (OX6,
Cat. No. MCA46PEB; AbD Serotec), anti-rat CD4-APC (OX35, Cat. No. 17-

0040; eBioscience, Hatfield, UK), anti-rat CD25-FITC (OX39, Cat. No.

554865), anti-rat CD29-FITC (Ha2/5, Cat. No. 555005), anti-rat CD44H-

FITC (OX-49, Cat. No. 550974), anti-rat CD45-PE (OX-1, Cat. No. 554878),
anti-rat CD62L-PE (HRL1, Cat. No. 551398), anti-rat CD71-PE (OX-26, Cat.

No. 554891), anti-rat CD73-PE (5F/B9, Cat. No. 551124), anti-rat CD90-
FITC (OX-7, Cat. No. 551401), anti-CD106-PE (MR106, Cat. No. 559229),

anti-rat CD134-PE (OX-40, Cat. No. 204508) and anti-rat CD172-PE (OX-

41, Cat. No. 552298) (all from BD Biosciences, San Jose, CA, USA). For

staining, cells were washed with FACS buffer (PBS containing 2% FCS and
0.1% NaN3, all from Sigma-Aldrich, Dublin, Ireland) and incubated for

5 min. on ice with anti-rat CD32 [Fcc receptor; (D34-485, Cat. No.

550271) BD Biosciences] to reduce unspecific binding. Then, without
washing, mAbs were added and the cells were incubated for 30–45 min.

on ice. Finally, unbound reagents were removed by washing twice with

FACS buffer and the cells were resuspended in FACS buffer for analysis

with a FACS Canto (BD Biosciences). In some cases, cells were fixed by
adding 2% Paraformaldehyde in FACS buffer. Data were analysed with Diva

software (BD Biosciences) or FlowJo (Tree Star Inc., Ashland, OR, USA).

Alloantibody staining

LEW rats were injected intravenously (tail vein) with 1 9 106 syngeneic

or allogeneic DA MSCs or 1 9 106 DA T cells. Mesenchymal stem cells
were cultured with LEW serum for a minimum of 2–3 days prior to injec-

tion to avoid formation of antibodies against FCS. T cells were freshly pre-

pared. After 2 weeks, rats were killed and blood was collected. The serum

was obtained by centrifugation for 15 min. at 2000 9 g. To detect the
presence of alloantibodies in serum, freshly prepared DA splenocytes

were washed with FACS buffer and incubated for 5 min. with anti-rat

CD32. Then, serum diluted 1:2 with FACS buffer was added and the cells

were incubated for 45 min. on ice. After washing twice with FACS buffer,
monoclonal antibodies against rat immunoglobulins [anti-rat IgG1-FITC,

anti-rat IgG2-FITC or anti-rat IgM-PE (all Antibodies-Online, Aachen, Ger-

many)] were added. In case of anti-IgM-PE staining, anti-CD45RA-FITC
(BD Biosciences) was added later to allow exclusion of B cells from analy-

sis. Splenocytes were incubated for another 45 min. on ice, washed twice

with FACS buffer to remove unbound reagents and resuspended in FACS

buffer for analysis with a FACS Canto (BD Biosciences). Data were analy-
sed with Diva software (BD Biosciences).

T cell proliferation assay

T cells were washed with 0.1% BSA/PBS and stained in prewarmed (37°
C) 10 lM Vybrant CFDA SE (CFSE)/PBS staining solution (Invitrogen,

Carlsbad, CA, USA) at a concentration of 2 9 107 cells/ml. Cells were
incubated for 6 min./37°C protected from light and the reaction was

stopped by adding 5 volumes of ice-cold medium containing 10% FCS. T

cells were washed three times with final culture medium to remove all

traces of unbound CFSE. 2 9 106 CFSE-stained T cells were stimulated in
24-well plates with an equal amount of anti-rCD3/anti-rCD28-labelled

beads in MLC medium [2% heat-inactivated rat serum, 10% FCS, 50 lM
b-mercaptoethanol (β-ME) in RPMI 1690 (Sigma-Aldrich)]. Varying

amounts of MSCs were added. T cells were harvested after 3 days, count-
erstained with Violet Dead Cell Stain (Invitrogen) and CFSE fluorescence

of living cells was analysed with a FACS Aria (BD Biosciences).

Cytotoxicity assay

To test whether MSCs are susceptible to cytotoxic lysis by alloanti-
gen-specific T cells, cytotoxicity assays were performed with alloge-
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neic DA MSCs either untreated or pretreated for 24 hr with 100 U/ml
of IFN-c, IL-1b or IFN-c + IL-1b, and syngeneic Lewis rMSCs as

control. Alloantigen-specific cytotoxic T cells (CTLs) were generated

in one-way mixed lymphocyte cultures with LEW lymphocytes and

c-irradiated DA lymphocytes (ratio 2:1) in MLC medium [2%
heat-inactivated rat serum, 10% FCS, 50 lM b-ME in RPMI (Sigma-

Aldrich)]. After 5 days, T cells were harvested, washed and resus-

pended in MLC medium. Mesenchymal stem cells were washed twice
with serum-free medium and resuspended in serum-free medium

containing 10 lM calcein AM (1 9 106 cells/ml). After 30 min. incu-

bation at 37°C, cells were washed three times with MLC medium to

remove superfluous calcein and resuspended in MLC medium. In a
96-well round bottom plate in a total volume of 200 ll,
1 9 104 MSCs/well were cocultured with 1 9 106/well (1:100) or

5 9 105/well (1:50) T cells, or treated with 0.9% Triton-X (for maxi-

mum lysis), or treated with medium (spontaneous release) in five
replicates each. After 4 hr, 100 ll of the supernatant was harvested

and calcein fluorescences (F) measured with an ELISA (Perkin-Elmer,

Waltham, MA, USA) plate reader. Specific lysis was calculated from
mean fluorescence of replicates as follows:

ðF½sample� � F½spontaneous release�Þ=ðF½maximum lysis� � F½spontaneous release�Þ � 100

¼ %specific lysis:

Complement binding assay

After red blood cell lysis, 4.5 9 105 DA splenocytes were washed with

PBS and incubated with serum diluted with PBS (1:10) for 30 min. at

4°C. Serum was removed by washing the splenocytes twice with PBS.

Ten per cent baby rabbit complement (AbD Serotec) in 30 ll PBS was
added and the cells were incubated for 30 min. at 37°C. Complement-

mediated lysis was stopped by adding 1 ml of ice-cold PBS. After

washing twice with PBS and directly before analysis, the cells were

stained with 0.5 lg propidium iodide (PI)/sample. The splenocytes were
analysed for percentage of PI-positive cells with a FACS Canto (BD

Biosciences).

In vivo survival assay

LEW rats were injected intravenously with 3.5 9 106 LEW or DA
MSCs, or with DA T cells (three animals per group). Two weeks later,

all animals were injected intravenously with CFSE-labelled LEW MSCs

and Far Red DDAO-SE (Invitrogen) labelled DA MSCs in a ratio of 1:1
(2.5 9 106 cells in total). MSCs were stained for 6 min. in 10 lM
CFSE or Far Red; for the staining procedure, see T cell proliferation

assay as described before. After 24 hr, lungs and spleens were har-

vested. Lungs were cut into pieces and collagenase D-digested
(Roche Applied Science, Burgess Hill, UK) for 1 hr at 37°C. Lungs

and spleens were forced through a 100 lm cell strainer. The cells

were collected in 5 ml PBS (Ca++ Mg++), and filtered through a

40 lm cell strainer. After centrifugation (5 min. at 400 9 g), the cells
were resuspended in 4 ml PBS (Ca++ Mg++). Four millilitre cell sus-

pension was layered on top of 3 ml Ficoll Paque PLUS solution (GE

Healthcare, Uppsala, Sweden), centrifuged for 40 min. at 400 9 g

and the ring of mononuclear cells at the interphase harvested. The
cells were washed twice, treated with anti-CD32 (Fcc receptor block)

and stained with 1 ll anti-rat CD90-PE (BD Biosciences) or an appro-
priate isotype control.

Statistical analysis

Significance was assessed by student’s t-test or non-parametric Mann–
Whitney test. Differences were considered significant if P � 0.05.

Results

Characterization of rat MSCs

Rat MSCs (rMSCs) were isolated from the BM of Lewis (LEW) and
DA rats and subsequently characterized for the expression of relevant
cell surface markers, their capacity to differentiate into various lin-
eages and their immunomodulatory properties. Rat MSCs are shown
to be CD29+, CD73+, CD90+ and MHC class I (MHCI), MHC class II
(MHCII), CD44H, CD45, CD71 and CD172 low or negative (Fig. 1A).
They can differentiate along the adipogeneic, osteogeneic and chon-
drogeneic lineages (data not shown) and, under coculture conditions,
rMSCs significantly inhibit the proliferation of polyclonally activated T
cells stimulated by anti-CD3/anti-CD28 labelled beads (Fig. 1B).

Allogeneic MSCs lose protection against CTLs
after stimulation with pro-inflammatory cytokines
IFN-c and IL-1b

Rat MSCs do not express MHCII and only low levels of MHCI mole-
cules on their cell surface. It is therefore conceivable that rMSCs can
escape recognition by alloantigen-specific T cells. However, MSCs
up-regulate MHCI and to a lesser extent MHCII as well as the adhe-
sion molecule VCAM-1 in the presence of pro-inflammatory cytokines
(Fig. 2A), which might increase the visibility of MSCs for CTLs. It is
also known that VCAM-1 is essential for specific and efficient immune
responses [30].

To test whether MSCs are protected against alloantigen-specific
CTLs, and what impact cytokine-induced upregulation of MHCI,
MHCII and VCAM-1 might have on the susceptibility of MSCs to cyto-
toxic lysis, we performed cytotoxicity assays with cytokine-stimulated
and unstimulated MSCs. Untreated MSCs were indeed almost fully
protected against CTL-mediated lysis, whereas IFN-c-primed MSCs
(100 U/ml; 24 hr) upregulated MHCI and MHCII and were effectively
lysed by CTLs added in a ratio of 100:1 (45.1%) (Fig. 2A and B).
Stimulation with IL-1b (100 U/ml; 24 hr) led to an enhanced expres-
sion of VCAM-1 and, to a lesser extent, of MHCI. In combination with
IFN-c, VCAM-1 expression was increased even more and both MHCI
and MHCII were upregulated (Fig. 2A). IL-1b stimulation resulted in
at least a doubling of the specific lysis of MSCs compared to no
stimulation (27.8% and 11.7%, respectively), while 38.8% of MSCs
primed with IFN-c + IL-1b were lysed (Fig. 2B).
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Allogeneic MSCs do not induce markers of T cell
activation in vivo

Next, we analysed whether injection of allogeneic MSCs leads to the
activation of T cells in vivo. First, we tested for systemic early activa-
tion of CD4+ T cells in response to allogeneic MSCs. Spleens were
harvested from animals 24 or 48 hr after injection of 5 9 106 MSCs,
T cells or PBS and expression of the early activation markers CD25
and CD71 as well as expression of CD62L on CD4+ T cells was analy-
sed by flow cytometry (Fig. 3). We found that in allo-T cell-injected

animals, more CD4+CD25+CD71+ and CD4+CD62L� cells were detect-
able at 24 and 48 hr compared to PBS and allo-MSC-injected rats.
Levels of T cell activation were similar in allo-MSC-treated and con-
trol-treated rats at both time points. In addition to the characterization
of T cell activation in the spleen, T cells from mesenteric lymph nodes
were also analysed for the expression of pro-inflammatory cytokines
upon injection of allo-MSCs. The relative quantities of IL-1b, IL-2, IL-
6 and IFN-c mRNAs compared with b-actin mRNA were analysed with

A

B

Fig. 1 Characterization of rat mesenchymal stem cells (MSCs). (A)
rMSCs are CD29+, CD73+, CD90+, and major histocompatibility complex

class I (MHCI), MHCII, CD44H, CD45, CD71, CD172 low or negative.
Shown are FACS histograms of Dark Agouti (DA) rMSCs (passage 5)

stained with antibodies against surface markers as indicated (black) or

with appropriate isotype controls (grey). (B) CFSE-labelled T cells were

polyclonally stimulated with anti-CD3/anti-CD28-labelled beads in the
absence (medium grey line) or presence of MSCs in different ratios

(black line: 1:10; dark grey line: 1:5). CFSE fluorescence was analysed

on day 3. Unstimulated T cells (filled grey line) and unstained T cells

(light grey line) served as controls. Shown is a representative experi-
ment of >3.

A

B

Fig. 2 Pretreatment with inflammatory cytokines leads to upregulation

of major histocompatibility complex class I (MHCI), MHCII and vascular
adhesion molecule-1 (VCAM-1), and renders allogeneic rat mesenchy-

mal stem cells (rMSCs) susceptible to cytotoxic lysis by alloantigen-

specific T cells. (A) MSCs were treated with 100 U/ml IFN-c, IL-1b or

IFN-c + IL-1b for 24 hr and analysed for MHCI, MHCII and VCAM-1
expression by FACS. IFN-c (thick black line) and IFN-c + IL-1b (grey

line) induced upregulation of MHCI and MHCII, while MSCs stimulated

with IL-1b alone (dotted line) did not change MHCII expression and

only slightly increased MHCI expression compared to untreated MSCs
(thin black line). VCAM-1 expression was induced by IL-1b and IFN-c
+ IL-1b, but not by IFN-c alone. Isotype controls are shown in filled

grey (representative experiment from >3). (B) Alloantigen-specific cyto-
toxic T cells (CTLs) were generated in a mixed lymphocyte culture of

LEW and c-irradiated DA T cells. Syngeneic LEW or allogeneic DA

rMSCs, either untreated or pretreated with 100 U/ml IFN-c, IL-1b or

IFN-c + IL-1b for 24 hr, were stained with the fluorescent dye calcein
and cocultured with alloantigen-specific CTLs in an effector to target

ratio of 100:1 or 50:1 for 4 hr. MSCs that are lysed by CTLs release

calcein into the cell culture supernatant and fluorescence of the super-

natant is proportional to the amount of cells lysed. Percentage of spe-
cific lysis is calculated in relation to spontaneous release of calcein of

MSCs in medium alone and maximum release of calcein by Triton-X

treated MSCs. Shown is a representative experiment with means of five

replicates ± S.D. (**P < 0.01; ***P < 0.001 compared to untreated DA
MSC; #P < 0.05; ##P < 0.01 compared to DA MSC pretreated with

IFN-c + IL-1b; student’s t-test).
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TaqMan semi-quantitative real time PCR (Invitrogen). No significant
changes in the mRNA expression profile of any of these immune
markers could be detected in lymphocytes of allo-MSC-injected ani-
mals after 24 and 48 hr when compared to PBS controls (Fig. S1). In
contrast, injection of allogeneic T cells led to a transient upregulation
of mRNAs of all inflammatory cytokines investigated after 24 hr.

Injection of allogeneic MSCs elicits an
alloantibody response in vivo

To investigate whether allogeneic MSCs elicit an antibody response in
vivo which could contribute to accelerated rejection of the cells, we intra-
venously injected 1 9 106 syngeneic or allogeneic MSCs or allogeneic T
cells as control and collected the serum of treated animals after 14 days.
The presence of alloantibodies in serum was detected by the binding of
these antibodies to indicator-splenocytes followed by flow cytometric
analysis. We could show that injection of allogeneic MSCs induced the
formation of both IgG1 and IgG2 antibodies but, interestingly, only low
levels of IgM antibodies (mean RFI: 574; naive control: 393) could be
found after allo-MSC injection (Fig. 4). In contrast, injection of allogeneic
T cells induced a strong IgM response (mean RFI: 1805) in treated ani-
mals. The level of IgG1 and IgG2 antibodies generated after MSC applica-
tion was slightly lower or comparable with those generated by injection
of 1 9 106 allogeneic T cells (Fig. 4).

Fewer complement-fixing alloantibodies are
generated after rMSCs injection

Not all antibodies bind and activate complement equally well. IgM
antibodies, because of their pentameric nature, are very efficient at
fixing complement because of multimeric interactions between the
secreted antibody and the antigen. Monomeric IgG antibodies are
generally less efficient at fixing complement and the affinity for C1q,
which is the first component of the complement pathway, differs
between the IgG subclasses (IgG3 > IgG1 > IgG2; IgG4 fails to bind
complement) [31]. Therefore, we wanted to know whether the alloan-

tibodies produced in response to injection of allogeneic MSCs were
equally effective in fixing and activating complement as allogeneic T
cell-induced antibodies. A complement-mediated lysis assay using
serum from either allogeneic MSC or T cell-injected LEW rats showed
that MSC-induced alloantibodies were significantly less effective at
fixing complement than alloantibodies induced by T cells (Fig. 5). On
average, 55.1% (S.D.: ± 13.3) of splenocytes treated with allogeneic
T cell serum were lysed compared to only 16.6% (S.D.: ± 7.3) of
splenocytes incubated with allogeneic MSC serum. Nevertheless,
complement-mediated lysis of MSC serum-treated splenocytes was
still significantly higher than ‘background’ lysis of splenocytes incu-
bated with serum from naive or syngeneic MSC-injected LEW rats
(11.6 ± 1.3 and 11.8 ± 1.2, respectively).

Survival of allogeneic MSCs is reduced in vivo

Next, we wanted to know if the presence of alloantigen-specific anti-
bodies is likely to have an influence on survival of allogeneic MSCs
in vivo. Therefore, we injected LEW rats (three animals per group)
intravenously with 3.5 9 106 allogeneic or syngeneic MSCs or allo-
geneic T cells. Two weeks later, all animals received a second i.v.
injection with a 1:1 mixture of Far Red-labelled allogeneic and CFSE-
labelled syngeneic MSCs (2.5 9 106 cells in total). Lungs and
spleens were harvested 24 hr later. Mononuclear cells were enriched

Fig. 3 Allogeneic mesenchymal stem cells (MSCs) do not induce mark-

ers of T cell activation. LEW rats were injected with 5 9 106 DA MSCs,

DA T cells or PBS. Spleens were harvested 24 or 48 hr after injection
and expression of early activation markers was analysed. Cells were

stained with anti-CD4, anti-CD25, and anti-CD71 (left) or anti-CD4 and

anti-CD62L (right), or appropriate isotype controls. Shown are mean
percentages of positive cells ± S.D. (n = 2–3).

A B

C

Fig. 4 Allogeneic mesenchymal stem cells (MSCs) elicit an antibody
response. LEW rats were injected with 1 9 106 syngeneic or allogeneic

(DA) MSCs or allogeneic T cells. Serum was harvested 2–3 weeks after

injection. Splenocytes of allogeneic DA rats were incubated with serum
aliquots and, consequently, bound alloantigen-specific antibodies were

stained with anti-rat IgM (A), anti-rat IgG1 (B) or anti-rat IgG2 (C) anti-
bodies. B cells were excluded from analysis of IgM by counterstaining

with CD45RA (n = 6 animals/group; *P < 0.05; **P < 0.01; n.s.: not
significant; non-parametric Mann–Whitney test).
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using a Ficoll gradient and the cells were stained with CD90-PE. While
CD90 is not a unique MSC marker, all MSCs are CD90+ (Fig. 1). This
allowed us to further verify that recovered CFSE+ and Far Red+ cells
were indeed MSCs. Gates were set by using data from preliminary
experiments (data not shown), isotype controls, and by analysing the
pre-injection mixture of labelled MSCs (data not shown). CD90+

CFSE+ cells in the MSC gate were counted as LEW MSCs and CD90+

Far Red+ cells as DA MSCs (Fig. 6A). The majority of MSCs was
recovered from the lungs of injected animals, although a few MSCs
were also found in the spleen (Table 1).

We compared the ratios of recovered allogeneic to syngeneic
MSCs in the lungs of animals pre-treated either with syngeneic MSCs,
allogeneic MSCs or allogeneic T cells. If the allo-MSC-induced
immune response was too weak to facilitate rejection of allo-MSCs
we would not see a difference between the allo/syn MSC ratios of
LEW and DA MSC pre-treated groups. In addition, if survival of alloge-
neic MSCs in vivo was not influenced by prior contact with the allo-
antigen we would expect equal allo/syn MSC ratios in all groups.
However, we measured a significantly higher ratio of allogeneic cells
in the lungs of animals pre-treated with syngeneic MSCs (0.64 ±
0.16) than in animals pre-treated with allogeneic MSCs (0.20 ± 0.15)
and T cells (0.12 ± 0.05) (Fig. 6B). A comparably reduced survival of
allogeneic MSCs in the allo-MSC and T cell treated groups was found
in the spleen (Table 1). These data indicate that allo-MSCs are indeed
subject of rejection in pre-treated animals. In a separate experiment,
we compared the survival of allo-MSCs in animals (n = 4/group) that
were pre-treated with either allo-MSCs or IFN-c stimulated allo-MSC
(24 hr stimulation with 100 U/ml IFN-c, then cultured for additional
12 hr). We wanted to see whether the immunogenicity-enhancing
effect of IFN-c would lead to even more pronounced rejection of sub-

sequently injected allo-MSCs in vivo. However, we did not find a dif-
ference in the allo/syn MSC ratio in these two groups (Fig. S2).

Discussion

In preclinical studies, therapeutic treatment with MSCs has provided
beneficial effects in several acute and subacute conditions. Mesen-
chymal stem cells are considered to be immunoprivileged because of
their low immunogenicity in vitro and in some preclincial studies [13–
15], which would support the possible use of ‘universal donor’ MSCs
in the clinic. In most acute clinical conditions allogeneic MSCs would
be the only option for a timely treatment [32], for example, after myo-
cardial infarction or in organ transplantation from non-living donors.
However, there is increasing evidence to suggest that allogeneic
MSCs elicit an immune response and can be rejected by an allogeneic
recipient which might reduce their therapeutic potential [12,21,26].
The elucidation of the exact nature of the immune response against
allogeneic MSCs might help in devising strategies to optimize the
modalities of therapeutic treatments with allogeneic MSCs that mini-
mize possible negative effects and/or rejection. In this study, we anal-
ysed cytotoxic activity against allogeneic MSCs in vitro and early and
late cellular and humoural immune responses after i.v. injection
in vivo.

First, we tested whether allogeneic MSCs are protected against
lysis by alloantigen-specific activated T cells in vitro. Mesenchymal
stem cells express only very low levels of MHCI and MHCII (Fig. 1
and Hoare et al. [33]) and Potian et al. [34] demonstrated that third
party MSCs can reduce lysis of allogeneic target cells in a cytotoxicity
assay with alloantigen-specific activated CTLs. It is therefore conceiv-
able that allogeneic MSCs can evade lysis by alloantigen-specific
CTLs because of their low immunophenotype and/or an intrinsic anti-
cytotoxic activity. Indeed, we found that the majority of allogeneic
MSCs remained intact and were not lysed by CTLs in vitro (Fig. 2B),
as has been described previously [35]. However, as we (Fig. 2A) and
others [36] have shown, MSCs upregulate MHCI and to a lesser
extent MHCII, as well as the adhesion molecule VCAM-1 in the pres-
ence of inflammatory cytokines. Recently, it has been demonstrated
in a mouse model that cytokine-induced upregulation of VCAM-1 and
ICAM-1 plays an important role in the immunosuppressive function of
MSCs because it enables adhesion of T cells [36]. This likely
enhances the impact of immunosuppressive mechanisms of MSCs
which rely on close proximity between MSCs and T cells to function,
for example, nitric oxide secretion [37,38]. Ren et al. [38] found that
IFN-c in combination with any of the inflammatory cytokines TNF-a,
IL-1a or IL-1b induced expression of inducible nitric oxide synthase
and several chemokines by MSCs and increased their ability to inhibit
T cell proliferation. On the other hand, it is also known that VCAM-1
and ICAM-1 are essential for specific and efficient immune responses
[30]. In an allogeneic setting, upregulation of MHCI, MHCII and
VCAM-1 together might override the immunosuppressive capabilities
of MSCs. Indeed, MSCs that were preincubated with IFN-c, IL-1b or
IFN-c and IL-1b in combination for 24 hr before coculture with allo-
antigen-specific CTLs were effectively lysed (Fig. 2B). Notably, pre-
treatment with IFN-c alone increased lysis of MSCs more than

Fig. 5 Allogeneic mesenchymal stem cell (MSC)-induced antibodies

mediate significant albeit reduced complement activation. LEW rats were
injected with 1 9 106 syngeneic or allogeneic MSCs or allogeneic T

cells. Serum was harvested 2–3 weeks after injection. Splenocytes of

allogeneic DA rats were incubated with serum (diluted 1:10) and treated

with baby rabbit complement (diluted 1:10). Splenocytes were stained
with PI to detect complement-mediated lysis. The grey bars show the

means and 95% confidence intervals of serums from six animals per

group tested and the black dots show means of triplicates from serum

of individual animals. *P < 0.05, **P < 0.01 compared to LEW MSC
and naı̈ve; ##P < 0.01 compared to DATc (non-parametric Mann–
Whitney test).
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combined IFN-c and IL-1b stimulation despite the even more
pronounced upregulation of MHCI, MHCII and VCAM-1 induced by
the latter treatment. It is possible that the loss of their low immuno-
phenotype by upregulation of MHCI, MHCII and VCAM-1 is counter-
acted by a gain in immunosuppressive activity through combined
IFN-c + IL-1b stimulation. Cytotoxic T cell-mediated lysis might play
a role in the rejection of allogeneic MSCs in vivo as well. Rafei et al.
[39] reported recently that allogeneic MSCs at least transiently
improved the outcome of experimental autoimmune encephalomyeli-
tis in mice but IFN-c-primed allogeneic MSCs completely lost their

suppressive effects suggesting an accelerated immune clearance.
However, injection of IFN-c pretreated allo-MSCs did not lead to sig-
nificantly reduced survival of subsequently injected allo-MSCs (Fig.
S2). Therefore, it is possible that the presence of other cytokines
in vivo negate the immunogenicity-enhancing effect of IFN-c while
still reducing their immunosuppressive properties. In addition, we
showed that in vivo, MSCs failed to induce T cell activation. Both lev-
els of CD25+CD71+ and CD62L on CD4+ T cells were comparable in
MSC- and PBS-injected animals while rats that received allogeneic T
cells showed elevated numbers of CD4+CD25+CD71+ and downregula-

A

B

Fig. 6 Reduced survival of allogeneic mes-

enchymal stem cells (MSCs) in vivo. LEW

rats were injected with 3.5 9 106 syngeneic
or allogeneic MSCs or allogeneic T cells

(three animals per group). After 2 weeks,

all groups received 2.5 9 106 CFSE-stained
LEW MSCs and Far Red-stained DA MSCs

(ratio 1:1). Lungs were harvested 24 hr

after injection. Mononuclear cells were

enriched using a Ficoll gradient and stained
with anti-rat CD90-PE. (A) Gating strategy:

Not P1 ? MSC gate ? CD90+ (top row).

Bottom row: Shown are representative dot

plots of CD90+ cells recovered from lungs
of non-injected controls, LEW MSC pre-

treated and DA MSC pre-treated rats (left to

right). The percentages given are percent-

age of events ± S.D. in the MSC gate that
are CD90+ CFSE+ (LEW MSCs) or CD90+

Far Red+ double positive (DA MSCs),

respectively. (B) Ratio of allogeneic MSCs
(CD90+ Far Red+) to syngeneic MSCs

(CD90+ CFSE+) in LEW rats pre-treated with

DA MSCs or LEW MSCs. Rats pre-treated

with DA T cells were used as positive con-
trols. Each black diamond represents an

individual animal (n = 3/group), the grey

lines show the mean (*P < 0.05; non-para-

metric Mann–Whitney test).

Table 1 Total number of CFSE
+/FarRed+ CD90+ cells in 2.5 9 106 ungated lung and spleen cells of injected animals

Lung Spleen

Syngeneic Allogeneic Allo/syn ratio Syngeneic Allogeneic Allo/syn ratio

LEW MSC 35 ± 10 18 ± 1 0.62 8 ± 6 11 ± 10 1.65

DA MSC 25 ± 5 5 ± 5 0.19 10 ± 9 3 ± 4 0.19

DA T cells 259 ± 121 34 ± 24 0.14 9 ± 2 5 ± 4 0.42
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tion of CD62L after 24 and 48 hr (Fig. 3). This suggests that allo-
MSCs fail to induce the generation of CTLs in vivo.

In contrast, allogeneic MSCs clearly induced a humoural immune
response. In vitro, mouse and human MSCs have been demonstrated
to inhibit B cell differentiation and proliferation, minimize Ig produc-
tion, and reduce the number of Ig-producing cells [40,41], although it
is possible that the influence on Ig production is simply a conse-
quence of MSCs’ anti-proliferative effect on B cells [42]. In addition,
the best results were obtained with 1:1 or 1:4 ratios of responder B
cell to MSC ratios. At lower MSC to responder cell ratios (1:10),
MSCs failed to inhibit B cell proliferation [43] and IgG production
[41,44]. Furthermore, none of the studies analysed antibody produc-
tion directly in response to allogeneic MSCs.

Very little is known about induction of alloantibodies by MSCs
in vivo. In one study, immunocompetent non-human primates
(baboons) injected with two doses of allogeneic MSCs (5 9

106 cells/kg bodyweight) developed alloantibodies [45]. In a clinical
study with 12 patients which were treated with MSCs (0.8–
2.0 9 106 cells/kg bodyweight) after hematopoietic stem cell trans-
plantation, none of the patients developed anti-MSC antibodies. How-
ever, in this study only five patients received fully HLA-mismatched
MSCs instead of haploidentical or sibling-derived MSCs and all
patients were immunosuppressed [46].

Our results indicate that a single injection of allogeneic MSCs can
induce a substantial alloantibody response in an immunocompetent
host. We choose a MSC cell number for injection, 1 9 106 cells/ani-
mal (= approximately 3 9 106 cells/kg bodyweight), that is compara-
ble to cell concentrations most commonly used in humans, between
1 and 5 9 106 cells/kg bodyweight [47]. Two weeks after injection,
substantial amounts of both IgG1 and IgG2 antibodies were detect-
able in the serum of rats that received 1 9 106 allogeneic MSCs but
not in the serum of rats injected with syngeneic MSCs. The serum
IgG1 and IgG2 antibody levels were comparable with those of rats
injected with allogeneic T cells. The mean increase in IgG1 and IgG2
antibodies compared with syngeneic MSC-injected animals was
5.5 ± 7.0 and 6.2 ± 6.7 in allogeneic MSC-injected animals and
6.9 ± 5.0 and 4.8 ± 1.4 in allogeneic T cell-injected animals, respec-
tively. Interestingly, allogeneic MSCs induced only very low levels of
IgM antibodies (mean increase: 1.6 ± 0.9), whereas allogeneic T cells
led to a pronounced IgM response (mean increase: 5.0 ± 3.9)
(Fig. 4).

Several studies found that FCS contained in the culture medium
used to expand MSCs or other cell types can lead to anti-FCS anti-
body formation in recipients after i.v. injection [46,48]. We minimized
the possibility that the presence of FCS interfered with our results in
multiple ways. First, we cultured MSCs with 10% rat serum instead of
FCS for at least 48 hr prior to injection, which has been shown to
drastically reduce the amount of FCS associated per cell [49]. Second,
we used binding of serum antibodies to allogeneic cells as the detec-
tion method, ensuring that we measure alloantigen-specific antibod-
ies rather than total antibodies. Finally, we used serum from rats
injected with syngeneic MSCs cultured in parallel as additional nega-
tive controls, which showed no difference in antibody levels com-
pared to serum from naive rats. However, we cannot completely
exclude that anti-FCS antibodies may have been generated.

Antibodies that are specific for graft antigens (typically MHC
molecules) can mediate or contribute to rejection by complement
activation. In addition, complement activation leads to the recruit-
ment of effector cells such as monocytes, macrophages and neu-
trophils [50]. To further evaluate the differences in the antibody
responses against allogeneic MSCs and T cells, we analysed the
complement-fixing and activating properties of alloantibody sera
from injected animals. Complement-mediated lysis of DA spleno-
cytes incubated with allo-MSC sera was only marginally, albeit
significantly, elevated compared to control sera-treated cells,
while treatment with allo-T cell-induced sera led to substantial
lysis of the target cells (1.4 and 4.7 times higher than lysis of
control sera-treated cells, respectively) (Fig. 5). Most likely, this
difference in the extent of complement-mediated lysis is
explained both by differing amounts and isotype compositions of
the induced alloantibodies. Mesenchymal stem cell-induced allo-
sera contain slightly less IgG1 and much less IgM-type antibod-
ies than T cell-induced allosera but slightly more IgG2
antibodies. Of the analysed isotype classes and subclasses, IgM
possesses the highest complement affinity, followed by IgG1,
while IgG2 binds and activates complement with relatively low
efficiency [31]. It is not obvious how MSCs can influence the is-
otype composition of the antibody response, whether by direct
contact to B lymphocytes or indirectly, for example, by interfering
with the CD4 T cell response.

Finally, we showed that the immune reaction induced by alloge-
neic MSCs was sufficient to lead to rejection of subsequently injected
allogeneic MSCs in vivo. Compared to animals injected with synge-
neic MSCs, survival of allogeneic MSCs was considerably reduced in
allo-MSC pre-treated rats, both in lung and spleen (Fig. 6; Table 1).
While other mechanisms of rejection cannot be excluded, it is likely
that the allo-MSC induced formation of complement-fixing allo-anti-
bodies is partly responsible for this diminished survival of allogeneic
MSCs in vivo.

Our results add to the growing evidence that MSCs are not
fully immunoprivileged in an immunocompetent allogeneic host.
Both the activation of CD4+ T cells and the humoural immune
response were substantially reduced or altered in MSC-injected
animals compared to the immune responses to allogeneic T cells.
Nevertheless, even a single injection of allo-MSCs was sufficient
to induce production of complement-fixing alloantibodies and to
facilitate rapid rejection of subsequently injected allo-MSCs. The
success of therapeutic treatments with allogeneic MSCs in condi-
tions where pro-inflammatory cytokines are present or that involve
multiple injections might be limited by rapid clearance of the allo-
geneic MSCs.
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