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Abstract
Human mesenchymal stem cells (MSC) are immunosuppressive and poorly immunogenic, but may
act as antigen-presenting cells (APC) for CD4+ T cell responses; here we have investigated their
ability to serve as APC for in vitro CD8+ T cell responses.

MSC pulsed with peptides from viral antigens evoked IFN-γ and Granzyme B secretion in specific
CTL and were lysed, although with low efficiency. MSC transfected with tumor mRNA or infected
with a viral vector carrying the Hepatitis-C virus NS3Ag gene induced cytokine release, but were
not killed by specific CTL, even following pre-treatment with IFN-γ.

To investigate the mechanisms involved in MSC resistance to CTL mediated lysis, we analysed
expression of HLA class I related antigen-processing machinery (APM) components and of
immunosuppressive HLA-G molecules in MSC. The LMP7, LMP10 and ERP-57 components were
not expressed and the MB-1 and zeta molecules were downregulated in MSC either unmanipulated
or pre-treated with IFN-γ.

Surface HLA-G was constitutively expressed on MSC, but not involved in their protection from
CTL-mediated lysis. MSC supernatants containing soluble (s)HLA-G inhibited CTL-mediated lysis,
whereas those lacking sHLA-G did not. The role of sHLA-G in such inhibition was unambiguously
demonstrated by partial restoration of lysis following sHLA-G depletion from MSC supernatants.

In conclusion, human MSC can process and present HLA class I restricted viral or tumor antigens
to specific CTL with a limited efficiency, likely due to some defects in APM components. However,
they are protected from CTL-mediated lysis through a mechanism that is partly sHLA-G dependent.
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INTRODUCTION
Human mesenchymal stem cells (MSC) are a rare subset of non-hematopoietic stem cells
localized around the vasculature and trabeculae in the bone marrow (BM), representing
0.01-0.001 % of total BM cells. MSC have been also isolated from many other human
tissues1. Due to the limited stemness of MSC, a recent consensus conference has proposed to
denominate them “mesenchymal stromal cells”2.

In the BM, MSC contribute to the formation of the hemopoietic stem cell (HSC) niche,
supporting growth, maturation, differentiation and survival of HSC3. On this ground, human
MSC have been successfully administered to breast cancer patients to improve engrafment
after allogeneic HSC transplantation4, 5.

MSC can differentiate into cells of mesodermal origin in vivo (osteoblasts, adipocytes and
condrocytes) thus representing a promising tool for tissue repair6, 7, and into cells of other
lineages in vitro (muscle cells, hepatocytes, endothelial cells, neurons), through a process called
“transdifferentiation”8.

MSC mediate immunoregulatory activities by inhibiting the funtions of different cell types9,
10. As far as the effects on T lymphocytes is concerned, MSC i) inhibit proliferation in response
to mitogens11, 12, anti-CD3 and anti CD28 specific antibodies13, or alloantigens14, 15, ii) induce
anergy in naFve T cells11, 15, 16, iii) induce expansion of regulatory T cells 14, 17, and iv) inhibit
CTL mediated cytotoxicity against allogeneic cells18, 19. As far as the effects on NK cells is
concerned, MSC i) inhibit cytotoxicity against virus-infected cells 20, ii) inhibit IL-2 driven
NK cell IFN-γ secretion and proliferation12, 21, 22 and iii) exert “veto” function for allogeneic
cells18. In dendritic cells (DC), MSC i) downregulate expression of co-stimulatory molecules
17, 23, 24, ii) inhibit in vitro differentiation of DC from monocytes and CD34+ progenitors25,
26, iii) reduce pro-inflammatory cytokine secretion (IL-12, IFN-γ, TNF-α) and increase IL-10
secretion 14, 23, 25. Furthermore, human MSC are poorly immunogenic, in spite of constitutive
HLA-class I expression and IFN-γ inducible HLA-class II expression27.

The immunoregulatory functions of human MSC coupled with their low immunogenicity
provide a rationale for the use of allogeneic MSC to treat severe GVH disease28 and, possibly,
autoimmune disorders29, 30. Encouraging results have been obtained in patients with
GVH31, whereas in two murine HSC transplantation models32, 33 MSC did not prevent GVH
disease34 or were immunopriviliged.

It has been reported that, in a narrow window of IFN-γ concentration, human MSC can exert
APC functions for HLA-class II restricted recall antigens, such as Candida albicans and
Tetanus toxoid. MSC up-regulated their HLA-class II antigen expression by autocrine secretion
of low IFN-γ levels; however, when IFN-γ concentration in culture increased, HLA-class II
antigen expression was down-regulated and the APC function was inhibited 35. Furthermore,
IFN-γ induced up-regulation of class II major histocompatibility molecules on both murine
and human MSC was found to be modulated by TGF-β, serum factors and cell density in
vitro36.

Recently, it has been reported that MSC do not trigger effector functions in activated CTL,
inducing an abortive activation program in the latter cells 37.

Here, we have investigated for the first time i) the ability of MSC to process and present viral
or tumor associated antigens to HLA-class I restricted CD8+ T cells; ii) the expression of HLA-
class I related APM components in human MSC and iii) the expression of immunoregulatory
molecules, such as HLA-G, HLA-E and the Granzyme B inhibitor Protease inhibitor 9 (PI-9)
in human MSC.
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MATERIALS AND METHODS
Monoclonal and polyclonal antibodies

MSC were characterized using the following mAbs: anti-CD105, anti-CD73, anti-CD14 (BD
Biosciences, San Jose, CA, USA), anti-CD34, anti-CD45 and anti-CD44 (Caltag Laboratories,
Burlingame, CA, USA).

The mAb HC-10, which recognizes a determinant of β2m-free HLA-B heavy chain (HC) and
HLA-A10, -A28, -A29, -A30, -A31, -A32 and -A33 HC 38, 39; the anti-β2m mAb L368 40; the
mAb TP25.99, which recognizes a conformational determinant of β2m-associated HLA-A,B
and C HC and a linear determinant expressed of β2m-free HLA-B (except HLA-B73), HLA-
A1, -A3, -A9, -A11 and -A30 HC 41 were developed and characterized as described 42.

The anti-MB1 mAb SJJ-3, the anti-delta mAb SY-4, the anti-zeta mAb NB1, the anti LMP-2
mAb SY-1, the anti-LMP-7 mAb SY-3, the anti-LMP10 mAb TO-7, the anti-TAP-2 mAb
SY-2, the anti-calnexin mAb TO-5, the anti ERp-57 mAb TO-2, the anti-calreticulin mAb
TO-11 and the anti-tapasin mAb TO-3 were developed and characterized as described 43.

MEM-G/9 and 87G 44 mAbs (anti-HLA-G) were purchased from Exbio (Vestec, CZ). 7G3
and 3D12 45 mAbs, which recognize HLA-E HC, were kindly provided by Dr.Daniel
E.Geraghty. 7D8 mAb (anti-PI-9) was purchased from Serotec (Oxford, UK).

All mAbs are of the IgG1 isotype, except HC-10 mAb, which is an IgG2a and 7G3 mAb, which
is a IgG2b. Irrilevant isotype-matched mouse immunoglobulins (Southern Biotechnology
Associates, Birmingham, AL, USA) were used as controls. FITC-conjugated F(ab’)2 fragments
of rabbit anti-mouse IgG antibodies (Dako, Glostrup, Denmark) or PE-conjugated F(ab’)2
fragments of goat anti-mouse IgG1 antibody (Southern) were used as secondary reagents.

Cell separation and culture
Human MSC were expanded in vitro from healthy donors’ BM obtained after informed consent.
Mononuclear cells were isolated by Ficoll-Hystopaque (Sigma, St. Louis, MO, USA; 1077 g/
mL density) gradient centrifugation at 2500 rpm for 30 minutes (Sigma, St. Louis, MO),
washed twice with phosphate-buffered saline (PBS; Sigma), counted and plated at
20-30×106 cells/75-cm2 flask in Mesen-cult basal medium supplemented with mesenchymal
Stem Cell Stimulatory Supplement (StemCell Technologies, Vancouver, BC, Canada). After
1 week culture at 37°C and 5% CO2, non adherent cells were removed, and medium was
replaced every other day. MSC were trypsinized (Trypsin-EDTA solution, Cambrex Bio
Science, Verviers, Belgium) when cultures reached 80-100% confluence. The purity of MSC
suspensions was assessed by flow cytometry based on the expression of CD105, CD73 and
CD44, and the absence of CD34, CD45 and CD14 (Figure 4, panel A). MSC were cultured in
vitro for 1-2 passages.

MSC supernatants were collected after 24-48h of culture. Depletion of soluble HLA-G was
performed using Dynabeads Pan Mouse IgG (Dynal Biotech, Oslo, Norway), coated with anti-
HLA-G1/-G5 mAb MEM-G/9 (Exbio) for 1h at 4°C, following manufacturer’s protocol.

The TAP deficient HLA-A2+ lymphoma T2 cell line, the EBV-positive human B cell
lymphoma Jy cell line (purchased from American Type Culture Collection, Rockville, MD,
USA), the EBV-infected Burkitt Raji lymphoma cell line and the LCL cell line 721.221.G1
(kindly provided by Dr. Francesco Puppo, University of Genoa, Italy) were cultured in RPMI
1640 medium (Euroclone, Wetherby, UK) supplemented with 10% fetal bovine serum
(GIBCO, Carlsbad, CA, USA), HEPES buffer, non essential aminoacids and antibiotics
(Cambrex).
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Flow cytometry
The intracellular staining43and the surface staining46 of MSC was performed as previously
described. Cells were subsequently subjected to flow cytometry using FACScalibur (BD
Biosciences).

Cell Quest software (BD Biosciences) was used for data analysis. Results are expressed as
percentage of positive cells or as mean relative fluorescence intensity (MRFI) obtained as a
ratio between mean fluorescence intensity (MFI) of cells stained with specific mAb and MFI
obtained with isotype control.

MSC transfection and infection
mRNA was extracted from four human neuroblastoma (NB) cell lines (GI-ME-N, SKNBE,
SHSY5Y and IMR-32) or from normal donor peripheral blood mononuclear cells (PBMNC)
using mRNA Isolation Kit (Roche Diagnostics Gmbh, Mannheim, Germany) according to
manufacturer’s protocol, pooled in equal ratio at 200 μg/ml and stored at -80° C until use. MSC
transfection was performed using Transmessenger Transfection Reagent (Qiagen, Chatworth,
CA, USA) following manufacturer’s protocol. After transfection, MSC were cultured for
additional 24 h in fresh medium before being used, as reported47.

Jy cell line and MSC were infected with NS3Ag-expressing vaccinia virus (VV) (5 plaque-
forming units [PFU]/cell) for 1 h at 37°C, then washed twice and cultured overnight in fresh
medium before being used, as reported48, 49.

Peptides
The peptides GILGFVFTL50 (Flu Matrix 58-66 peptide from Influenza A virus) and
CINGVCWTV51 (NS3 1073-1081 peptide from Hepatitis-C virus HCV) were manually
synthesized using the standard method of solid phase peptide synthesis which follows the 9-
fluorenylmethoxycarbonyl (Fmoc) strategy with minor modifications52.

The HLA-A2 binding of the selected peptides was tested by in vitro cellular binding assay
using T2 cell line, as described 53. Cells were pulsed with peptides (10 μM) for 2 h at 37°C,
washed twice and then used as APC for in vitro assays.

CTL generation
NB specific CTL were generated by weekly restimulation of freshly isolated CD8+ T cells
from normal donors with autologous monocyte-derived DC transfected with NB mRNA, as
previously described 47.

Flu-specific CTL were generated by weekly restimulation of freshly isolated CD8+ T cells with
autologous DC pulsed with Flu peptide.

A CTL clone specific for NS3 peptide 1073-1081 was generated by weekly restimulation of
freshly isolated CD8+ T cells with autologous DC pulsed with NS31073-1081 peptide, followed
by limiting dilution cloning.

Soluble (s)HLA-G ELISA
sHLA-G ELISA was performed using MaxiSorp Nunc-Immuno 96 microwell plates (Nunc A/
S, Roskilde, Denmark) coated overnight at 4°C with mAb MEM-G/9 (Exbio; 10 μg/ml) in
0.001 M PBS, pH 7.4. After three washes with PBS 0.05% Tween 20 (washing buffer), plates
were saturated with 200 μl/w of PBS 2% BSA for 30 min at RT.
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100 μl of samples (supernatants from MSC) or standards (serial dilutions of calibrated
721.221.G1 cell line supernatant) were added to each well and incubated at RT for 1h. Plates
were washed three times with washing buffer, and then incubated with 100 μl/w of HRP-
conjugated anti-β2m mAb NAMB-1 (1 μg/ml) at RT for 1h. After three washes, plates were
incubated with the substrate (3′-3′-5′-5′ Tetramethylbenzidine, Sigma) for 30 min at RT.
H2SO4 5 M (100 μl/w) was added, and optical densities were measured at 450 nm. The assay’s
lowest threshold was 1,95 ng/ml of sHLA-G. Each sample was tested in duplicate.

ELISPOT assays
IFN-γ and Granzyme B ELISPOT assays were carried out using Multiscreen-IP Millipore
plates (Millipore, Bedford, MA) coated overnight at 4°C with anti-IFN-γ (clone 1-DK-1, 1
μg/ml, Mabtech, Nacka, Sweden) or anti-Granzyme B (clone GB10, 15 μg/ml, Mabtech) mAbs,
respectively. Plates were then washed and blocked with PBS 2% human albumin (Kedrion
SpA, Lucca, Italia). 3×104 specific CTL were cultured together with 6×104 target cells (1:2
cell ratio) in 200 μl of RPMI 1640 5% human AB serum. The T2 cell line, pulsed with Flu
peptide (10 μM), or MSC (unmanipulated, pulsed with Flu peptide or transfected with NB
mRNA) were used as targets. All targets were γ-irradiated (45 Gy) before being plated.
Blocking experiments were performed by adding 10 μg/ml of anti-HLA class I mAb TP25.99
to target cells 30 min before culture with lymphocytes. After 20h incubation at 37°C and 5%
CO2, ELISPOT were developed according to manufacturer’s protocol. Spots were counted
using Bioreader 2000 (Biosys, Karben, Germany).

NS3 antigen presentation
Cells of a CTL clone specific for the HLA-A2 restricted peptide NS31073-1081 (CINGVCWTV)
were stimulated for 4h at 37°C and 5% CO2 with peptide-pulsed APC (Jy or MSC), or NS3Ag-
VV infected APC in U-bottom microculture wells at 6×104 APCs/3×104 T cells / well in 0.2
mL of RPMI 1640 10% FBS.

Brefeldin-A (10 μg/mL, Sigma-Aldrich) was added after 2h of culture. Cells were washed and
stained with anti-CD8 FITC (Caltag Laboratories, Burlingame, CA) for 15 min at 4°C, fixed,
permeabilized using Cytofix/Cytoperm solution (BD PharMingen) at 4°C for 20 min, rewashed
with Perm Wash Buffer (BD PharMingen), intracellularly stained with PE-labeled anti-IFN-
γ antibody (BD PharMingen) for 15 min at 4°C and finally subjected to flow cytometry.

Cytotoxicity assays
CTL-mediated cytotoxicity was evaluated by standard 4 h 51Cr release assay. Effector to target
(E:T) cell ratio ranged from 100:1 to 1:1. A 10 fold excess of unlabeled K562 cells was added
to minimize NK-like activity. Blocking experiments were performed by adding anti-HLA class
I TP25.99, anti-HLA-G 87G or anti-HLA-E 7G3 and 3D12 mAbs (10 μg/ml) to target cells,
30 min before culture with lymphocytes.

Cold target inhibition was performed only for Flu-specific CTL by adding 10 fold excess of
unlabelled Flu-pulsed T2 cell line.

Specific lysis was determined by the formula: % specific lysis = cpm (sample-spontaneous) /
cpm (total-spontaneous) x 100.

Assay for PI-9 expression
MSC (unmanipulated, transfected with NB mRNA or pulsed with Flu peptide) were
tryspinized, washed, fixed and permeabilized using Cytofix/Cytoperm solution (BD
PharMingen) at 4°C for 20 min, rewashed with Perm Wash Buffer (BD PharMingen), and
intracellularly stained with anti-PI-9 mAb (1 μg/106 cells) in permeabilization buffer. Cells
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were then washed twice in permeabilization buffer and intracellularly stained with anti-mouse
IgG1 PE mAb (Serotec), then subjected to flow cytometry. Human tonsil mononuclear cells
were used as positive control. Results were expressed as MRFI.

Statistical analysis
Data were analyzed by PRISM 3.0 (Graphpad software), using two-tailed Wilkoxon ranked
test and Kolmogorov-Smirnov test. p values < 0.01 or < 0.05 were considered as significant.

RESULTS
MSC act as APC for HLA-class I restricted viral peptides

To investigate whether HLA-class I molecules on the surface of MSC can present exogenously
loaded HLA-class I restricted peptides derived from viral antigens to specific CTL, HLA-
A2+ MSC from four different donors were pulsed with Flu peptide or with an irrelevant peptide,
and used as APC for Flu-specific HLA-A2+ CTL. T2 cells pulsed with the same peptides were
tested as positive control.

CTL efficiently recognized MSC pulsed with Flu peptide (137,3 spots/30.000 blasts) in IFN-
γ ELISPOT assay (Figure 1, Panel A). The recognition was specific, since the number of IFN-
γ producing CTL detected was significantly lower against MSC pulsed with an irrelevant
peptide (31,5 spots/30.000 blasts, p=0.0135). Furthermore the recognition is HLA class I -
restricted, since addition of the HLA class I -specific mAb TP25.99 significantly reduced the
number of IFN-γ producing CTL (14.33 spots/30,000 blasts, p=0.0095).

In cytotoxicity assays, Flu-pulsed MSC were lysed by specific CTL (specific lysis 11.43 % at
50:1 E/T ratio) in HLA-class I restricted manner, as demonstrated by blocking experiments
(specific lysis 5% with anti HLA-class I mAb, p=0.0002, and 5,67% with cold target inhibition,
p=0.0003) (Figure 1, Panel B). CTL-mediated lysis of peptide-pulsed MSC was lower than
that obtained with T2 cell line (specific lysis 98,4 % at 50:1 E/T ratio).

Next, to compare the efficiency of MSC to present an endogenously processed antigen vs an
exogenously loaded peptide derived from the same antigen to a specific CTL clone, MSC and
Jy cells (tested as positive control) were pulsed with NS31073-1080 peptide or infected with
NS3Ag-VV, and then used as APC for NS3 specific CTL clone.

The CTL clone specifically secreted IFN-γ in response to infected or peptide pulsed Jy cells
(86.7% and 92.4% IFN-γ + cells, respectively). Peptide-pulsed MSC were recognized more
efficiently than infected MSC (41.2 % IFN-γ + cells vs 6.8 % IFN-γ + cells, respectively, p =
0.0474) (Figure 1, Panel C). Peptide-pulsed MSC were lysed by the CTL clone, whereas NS3-
VV infected MSC were not (specific lysis 14.2 % and 0.75 %, respectively, at the E/T ratio of
10:1; p=0.0008). The Jy cell line, either peptide pulsed or infected, was recognized and lysed
at 10:1 E/T ratio (specific lysis 35.7% and 29.29%, respectively) (Figure 1, Panel D).

Tumor-associated antigen processing and presentation by MSC
To test the ability of MSC to process and present tumor associated antigens in a HLA-class I
restricted manner, HLA-A2+ MSC were transfected with NB mRNA. Unmanipulated or
transfected MSC were used as APC for HLA-matched NB-specific CTL.

CTL efficiently recognized transfected (262.7 spots/30.000 blasts), but not unmanipulated
MSC (90.3 spots/30.000 blasts p<0.0001) in IFN-γ ELISPOT assay. Such recognition occurred
in an HLA-class I restricted manner, as demonstrated by inhibition with anti-HLA class I mAb
(123.3 spots/30.000 blasts, p=0.0001) (Figure 2, Panel A).
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When tested in cytotoxicity, CTLs did not lyse either transfected or unmanipulated MSC at
any E/T ratio (Figure 2, panel B).

Immunogenicity of MSC is not affected by IFN-γ
MSC from three different HLA-A2+ donors, either unmanipulated or transfected with NB
mRNA, were cultured for 72h with medium alone or 1000 U/ml of rhIFN-γ, that up-regulated
surface expression of HLA class I on MSC (not shown and ref. 23). These cells were used as
APC for HLA-matched NB-specific CTL in IFN-γ ELISPOT assay.

CTL efficiently recognized transfected, but not unmanipulated MSC (237 spots/30.000 blasts
and 99 spots/30.000 blasts, respectively, p=0.0008) in HLA-restricted manner, as demonstrated
by inhibition with anti-HLA class I mAb (155 spots/30.000 blasts, p=0.01). IFN-γ treatment
did not significantly increase specific recognition of transfected MSC (274,5 spots/30.000
blasts, p=0.4957) (Figure 3, Panel A).

In cytotoxicity assay, no lysis of unmanipulated or transfected MSC was observed up to 80:1
E/T ratio, either after IFN-γ treatment of MSC (Figure 3, Panel B).

Taken together, the above results demonstrated that MSC are able to present exogenously
loaded peptides to specific CTL, to process endogenous antigens and present them, although
with lower efficiency, in HLA-class I restricted manner. Antigen-loaded MSC evoked IFN-γ
secretion in specific CTL but were resistant to CTL-mediated lysis in all experimental
conditions.

Expression of HLA class I related APM components in MSC
To analyze the completeness of APM in MSC, intracellular expression of APM components
was investigated by flow cytometry in MSC isolated from the BM of normal individuals and
expanded in culture, following 48 h incubation with 1000 U/ml IFN-γ or medium alone. Raji
cell line was tested as positive control. As shown in Figure 4 (panel B), the chaperon ERP-57
and the immunoproteasomal components LMP7 and LMP10 were virtually undetectable in
MSC cultured with medium alone. β2 microglobulin (βm), β2m free HC and the proteasomal
components MB-1 and zeta were downregulated as compared to control. The chaperons
calnexin, calreticulin and tapasin, the proteasomal component delta, the immunoproteasomal
component LMP2 and the transporter Tap-2 were consistently expressed in untreated MSCs.
IFN-γ treatment strongly enhanced expression of β2m free HC, β2-microglobulin and, at lesser
extent, Tap2, whereas had no effect on the expression of the remaining APM components
(Figure 4, panel C).

Expression of the immunosuppressive molecules HLA-G and HLA-E in MSC
To further analyze the mechanism(s) involved in the inhibition of CTL-mediated killing of
antigen-loaded MSC, the expression of two immunosuppressive HLA-class Ib molecules,
HLA-G and HLA-E, was investigated by flow cytometry on MSC expanded in culture from 5
different donors, in the following experimental conditions: unmanipulated (control),
transfected with NB mRNA, transfected with normal PBMNC mRNA or infected with NS3-
Ag VV.

As shown in Figure 5 (panel A), HLA-G was expressed on the surface of unmanipulated MSC
(MRFI 3.13 ± 1.05) and its expression was not increased after transfection or infection (MRFI
2.69 ± 0.37). In contrast, HLA-E was virtually undetectable in unmanipulated MSC or infected
MSC (MRFI 1.19 ± 0.18 and 0.66 ± 0.01). Its expression was significantly induced after
transfection, either with NB or PBMNC mRNA (MRFI 3.15 ± 1.68, p = 0.022). This latter
control excluded that HLA-E was encoded by tumor mRNA.
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Next, HLA-G and HLA-E expression was evaluated by flow cytometry on MSC in the same
experimental conditions described above, following culture with IFN-γ. IFN-γ treatment
strongly up-regulated HLA-E but not HLA-G expression (Figure 5, Panel B).

The presence of HLA-E only in transfected MSC argued against its role in CTL inhibition.
Blocking the interaction between HLA-G and its receptors using anti-HLA-G mAb 87G did
not restore CTL-mediated cytotoxicity, ruling out a role of surface HLA-G in CTL inhibition
(data not shown).

sHLA-G secreted by MSC is involved in the resistance of MSC to CTL-mediated cytotoxicity
Additional experiments tested whether sHLA-G released by MSC played a role in their
resistance to CTL-mediated cytotoxicity.

The concentration of sHLA-G in MSC supernatants, tested by ELISA, ranged from 0.17 to
24.3 ng/ml, with significantly higher levels in earlier than in later passages of culture (passages
0-2, 6.81 ± 2.12 ng/ml, passages 3-4, 1.18 ± 0.38 ng/ml, p=0.0237) (Figure 7, panel A).

To analyze the role of soluble factors secreted by MSC in CTL-mediated cytotoxicity
inhibition, we selected twenty supernatants, half of them containing sHLA-G (range 3.28 - 24
ng/ml) and the others lacking sHLA-G.

Flu-specific or NB-specific HLA-A2+ CTL were incubated with MSC supernatants or fresh
medium for 2h at 37°C, and then cultured with target cells (Flu-pulsed T2 cell line or autologous
DC transfected with NB mRNA, respectively) in cytotoxicity assay.

As shown in Figure 7 (panel B) Flu-specific CTL treated with fresh medium caused 51Cr release
by 96.2%, that was significantly reduced when CTL were incubated with MSC supernatants
containing sHLA-G (specific lysis 49.66 %, p<0.0001), but not with supernatants lacking
sHLA-G (specific lysis 94.9%). Depletion of sHLA-G from MSC supernatants by
immunomagnetic beads coated with anti HLA-G1/-G5 mAb partially restored CTL-mediated
lysis (specific lysis 62.3 %, p=0.019).

Same results were obtained with NB-specific CTL (Figure 7, panel C). Specific lysis of target
cells was 25.5% when CTL were treated with fresh medium, and it decreased at 16.6% when
CTL were treated with MSC supernatants containing sHLA-G (p=0.0079). sHLA-G depleted
supernatants did not inhibit lysis of target cells (specific lysis 25.24%, p=0.0143).

In this experiment, lysis of target cells was also significantly reduced when MSC were added
in the assay, at 1:5 or 1:10 effector/MSC ratio (specific lysis 19.2% and 17.7% respectively,
p=0.004). These data proved unambiguously that soluble factors secreted by MSC inhibited
CTL-mediated lysis, and that sHLA-G played a role in this inhibition.

Expression of Granzyme B inhibitor PI-9 in MSC
When tested in ELISPOT assay, antigen-loaded MSC induced Granzyme B secretion in antigen
specific CTL. Figure 6, Panel A, shows a representative experiment performed with NB-
mRNA transfected MSC cultured with HLA-matched NB-specific CTL.

PI-9 is the only known physiological antagonist of Granzyme B54. We tested by flow cytometry
the intracellular expression of PI-9 in MSC transfected with NB mRNA or pulsed with Flu
peptide, using unmanipulated MSC (cultured in the same experimental conditions) as control.

As shown in Figure 6, Panel B, PI-9 was not expressed in the cytoplasm of unmanipulated
MSC (MRFI 1.14 and 1, respectively), but was significantly induced in NB mRNA transfected
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or Flu-pulsed MSC (MRFI 2,78 and 3.76 respectively, p < 0.01), suggesting a potential role
of PI-9 in MSC protection from CTL mediated lysis.

DISCUSSION
MSC are immunosuppressive and poorly immunogenic and these features make them attractive
candidates as therapeutic agents for diseases characterized by abnormal activation of the
immune system, such as graft versus host disease (GVHD) and autoimmune disorders14-16,
55-58. LeBlanc and coworkers paved the way to the clinical use of MSC in allogeneic HSC
transplanted patients undergoing severe GVHD31, 59. The successful control of EAE, a model
of multiple sclerosis, and collagen arthritis, a model of rheumatoid arthritis, achieved following
MSC infusion holds promise for the treatment of different human autoimmune disorders29,
60.

In this setting, the issue of whether or not MSC can act as non-professional APC is of crucial
importance. Recently, it has been demonstrated that MSC can act as APC for HLA-class II
restricted antigens depending on the IFN-γ concentration in their microenvironment35, 36.

The direct interactions between MSC and CTL have been partially characterized. Rasmusson
et al. recently demonstrated that MSC pulsed with an HLA-class I restricted viral peptide did
not trigger effector functions in specific CTL, downregulating TCR and CD25 expression, and
damping protein phosphorylation37.

However, the mechanism(s) utilized by MSC to inhibit CTL function have not been clarified.
Moreover, the expression of HLA-class I related APM components in human MSC, their ability
to process HLA-class I restricted antigens and to present them to specific CTL have not yet
been analysed.

Here we addressed the APC function of MSC, using two different experimental systems, i.e.
i) pulsing of MSC with HLA-A2 restricted peptides from Influenza A virus (Flu) or HCV (NS3)
and ii) transfection of MSC with the NS3 gene, to dissect exogenous peptide presentation from
endogenous antigen processing.

MSC pulsed with viral peptides induced ifn-γ release by specific CTL in an HLA-A2 restricted
and antigen specific manner. When different aliquots of the same MSC suspensions were either
transfected with the HCV NS3 gene or pulsed with the NS3 peptide and subsequently incubated
with the same specific CTL suspension, the latter displayed a significantly reduced IFN-γ
production following challenge with transfected vs peptide pulsed MSC. These experiments
demonstrated that MSC are partly defective in their ability to process a viral antigen, whereas
they are competent at presenting an exogenously loaded peptide from the same antigen to CTL.
This latter observation is in contrast with the report by Rasmusson and coworkers37, who
showed that MSC loaded with an EBV peptide did not induce IFN-γ release in specific CTL.
The reasons for this discrepancy are not easily apparent and may be related to the different
experimental conditions. Notably, in the present study, two different viral peptides were tested
using two different assays with similar results.

Cytotoxicity experiments against NS3 peptide or Flu peptide pulsed MSC showed that lysis
of the latter cells by specific CTL was detectable at E/T ratios ranging from ten:1 to 50:1. This
finding is in agreement with the results of Rasmusson et al., who showed in their study that
antigen specific CTL did not lyse EBV peptide pulsed MSC when tested at a 3:1 ratio. While
NS3 peptide pulsed MSC were killed by specific CTL, NS3 gene transfected MSC were not.

MSC injected systemically in tumor bearing mice are attracted to tumor site where they can
inhibit or stimulate malignant cell growth, depending on the model and the experimental
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conditions tested61-64. The ability of human MSC to present tumor-associated antigens to
specific CTL has not been investigated so far. To address this issue we transfected MSC with
pooled mRNA from four NB cell lines. This protocol has been used successfully with
professional APC, i.e. myeloid dendritic cells and B cells, to generate NB specific CTL47, 65.
NB mRNA transfected MSC stimulated IFN-γ and Granzyme B production by specific CTL,
but were completely protected from lysis, similarly to that observed with NS3 gene transfected
MSC, even at very high E/T ratios.

In this study, CTL mediated lysis of MSC was low to absent in all experimental system tested,
and it was not enhanced by IFN-γ treatment, at variance with that reported for HLA-class II
restricted-antigen presentation by MSC35. The protection of MSC from CTL-mediated lysis
can be due to i) defects in the HLA-class I related APM, that transforms native proteins into
small peptides, which are loaded onto nascent HLA class I molecules and then exported to the
cell surface and presented to specific CTL66, or ii) the expression of immunosuppressive
molecules by MSC.

Here we demonstrate for the first time that human MSC display several defects in the expression
of some APM components. MSC lacked expression of the chaperon Erp-57, that assists in
intracellular trafficking of newly generated peptides and in their loading onto HLA class I
molecules, and showed down-regulated MB1 and zeta, that form the cylinder backbone of the
20S proteasome where protein degradation takes place67. Furthermore, the
immunoproteasomal components LMP7 and LMP10, that are induced in professional APC by
IFN-γ treatment68, were not expressed. However, MSC incubation with IFN-γ did not up-
regulate MB1 or zeta nor induced Erp57, LMP7 or LMP10 expression. Taken together, these
findings suggested that protein antigen processing and peptide generation may be impaired in
MSC irrespective of IFN-γ stimulation.

The non polymorphic HLA class Ib molecule HLA-G exerts many immunosuppressive
activities, including inhibition of cell mediated cytotoxicity69. Surface HLA-G was expressed
constitutively by MSC and not up-regulated by IFN-γ stimulation. Blocking of surface HLA-
G did not reinstate lysis of NB mRNA transfected MSC by specific CTL. In contrast, MSC in
early culture passages were found to release sHLA-G in their supernatants, that inhibited
significantly the lysis of target cells by specific CTL. sHLA-G depletion from the latter
supernatants reduced significantly such inhibition, thus demonstrating that HLA-G is one of
the factors involved in protection of MSC from CTL mediated killing. Other investigators have
shown that MSC release constitutively sHLA-G in culture supernatants and that the latter
molecule inhibits T cell proliferation in response to alloantigens70.

Another potential mechanism involved in MSC resistance to CTL mediated lysis is related to
de novo induction of the expression of the Granzyme B inhibitor PI-9 in MSC pulsed with
peptide or transfected with NB mRNA. PI-9 is an intracellular serpin expressed predominantly
in lymphocytes and monocyte-derived cells, that protects them from lysis54.

MSC express HLA-class I, but not co-stimulatory molecules, such as CD80 and CD86, that
are essential for antigen stimulation of naïve T cells15. Accordingly, it has been previously
reported that, in the absence of co-stimulation, MSC induce anergy in naïve T cells15, 16, 23.

However, MSC could act as APC for antigen-specific memory CD8+ T cells, as the expression
of co-stimulatory molecules by APC is not a crucial requirement for these cells71, 72.

Human BM contains a microenvironment that allows interactions between APC and circulating
naïve antigen specific T cells, leading to the induction of primary memory CD8+ T cell
responses55. Zhang et al. have demonstrated the presence of “effector memory” CTL specific
for viral antigens with potent recall function in the BM, that could be re-stimulated and clonally
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expanded 73. Moreover, the APC function of infected non-hematopoietic cells and their role
in amplifying clonal expansion of effector CD8+ T cells have been emphasized by Thomas et
al.74 We speculate that MSC or their progeny in the BM act as APC for CD8+ “effector
memory” T cells in response to antigenic stimulation, for example in the course of viral
infections. In vivo interactions between MSC and CTL may result into cytokine production
leading to recruitment and/or activation of other cell types to the BM. Since MSC appear to be
rather resistant to CTL mediated lysis, they can perform different cycles of antigen presentation
to CTL. In this respect, mice immunized with ovalbumin-pulsed, IFN-γ treated MSC have been
previously shown to develop antigen specific CTL and acquire protection against ovalbumin-
expressing tumors75.

CONCLUSION
Human MSC can process and present HLA class I restricted viral or tumor antigens to specific
CTL. The limited efficiency of antigen processing and presentation is likely due to defects in
the expression of some APM components, whereas MSC resistance to CTL-mediated lysis
appears to be partly sHLA-G secretion.
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Figure 1. Processing and presentation of viral antigens by MSC to CTL
Panel A HLA-A2+ Flu specific CTL were tested in IFN-γ ELISPOT assay against HLA-
matched MSC or T2 cell line pulsed with Flu peptide (black bar) or with an irrelevant peptide
(white bar). Grey bar indicate the inhibition of IFN-γ secretion obtained by adding anti-HLA
class I mAb TP25.99 to target cells before co-culture with CTL. Results are means ± SD from
five different experiments.
Panel B HLA-A2+ Flu specific CTL were tested in cytotoxicity assays against HLA-matched
Flu-pulsed MSC (black bar) at three different E/T ratios. Blocking experiments were performed
by the addition of anti HLA-class I mAb (white bar) or by cold target inhibition with unlabelled
Flu-pulsed T2 cell line (grey bar). One representative experiment out of the three performed
is shown.
Panel C IFN-γ secretion by NS3 specific HLA-A2+ CTL clone was investigated by flow
cytometry after culture with HLA-matched Jy cell line or MSC, both pulsed with NS3 peptide
(black bars) or infected with NS3-Ag VV (grey bars). White bars indicate the percentage of
IFN-γ+ cells obtained incubating the CTL clone with unmanipulated Jy or MSC cells. One
representative experiment out of the four performed is shown.
Panel D HLA-A2+ NS3 specific CTL clone was tested in cytotoxicity assays against HLA-
matched MSC or Jy cell line, pulsed with NS3 peptide (black bars) or infected with NS3-Ag
VV (grey bars). One representative experiment out of the four performed is shown.
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Figure 2. Processing and presentation of tumor-associated antigens by MSC to CTL
Panel A HLA-A2+ NB specific CTL were tested in IFN-γ ELISPOT assay against HLA-
matched MSC, unmanipulated or transfected with NB mRNA (black bars). Grey bars indicate
the inhibition of IFN-γ secretion obtained by adding anti-HLA class I mAb to target cells before
being cultured with lymphocytes. Results are means ± SD from five different experiments.
Panel B HLA-A2+ NB specific CTL were tested in cytotoxicity assay against HLA-matched
MSC, either unmanipulated (grey bars) or transfected with NB mRNA (black bars). Results
are means ± SD from five different experiments.
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Figure 3. Effects of IFN-γ on APC function of MSC
Panel A HLA-A2+ NB specific CTL were tested in IFN-γ ELISPOT assays against HLA-
matched MSC, either unmanipulated or transfected with NB mRNA, following treatment with
IFN-γ or medium alone (grey bars). Black bars indicate the inhibition of IFN-γ secretion
obtained by adding anti-HLA class I mAb to target cells before being cultured with
lymphocytes. Results are means ± SD from five different experiments.
Panel B HLA-A2+ NB specific CTL were tested in cytotoxicity assays at three different E/T
ratios against HLA-matched MSC, unmanipulated (white bars), transfected with NB mRNA
(grey bars) or transfected with NB mRNA and pre-treated with IFN-γ (black bars). One
representative experiment out of the four performed is shown.
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Figure 4. Immunophenotypic characterization of MSC and expression of APM components
Panel A Flow cytometric analysis of MSC immunophenotype.
Panel B Intracellular expression of APM components was evaluated by flow cytometric
analysis of MSC and Raji Burkitt’s lymphoma cell line, used as positive control. Empty profiles
represent staining with specific antibodies, whereas filled profiles represent staining with
isotype-matched controls. One representative experiment out of five performed is shown.
Panel C The intracellular expression of APM components in MSC was evaluated by flow
cytometry, in basal conditions (white bars) and after 48 h treatment with IFN-γ (grey bars).
Results are expressed as mean relative fluorescence intensity (MRFI). Means ± SD of five
different experiments are shown.
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Figure 5. Expression of HLA-G and HLA-E in MSC
Panel A HLA-G and HLA-E surface expression was evaluated by flow cytometry on MSC
from 5 different donors in basal conditions, after NB mRNA transfection or after NS3Ag-VV
infection. One representative experiment out of five performed is shown.
Panel B HLA-G (black bars) and HLA-E (grey bars) expression was evaluated by flow
cytometry on MSC in the following experimental conditions: unmanipulated or transfected,
both cultured with medium alone or with IFN-γ. One representative experiment out of five
performed is shown.
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Figure 6. Granzyme B secretion in CTL upon incubation with MSC and PI-9 expression in antigen
loaded MSC
Panel A HLA-A2+ NB specific CTL were tested in Granzyme B (GrB) ELISPOT assay against
HLA-matched MSC, either unmanipulated or transfected with NB mRNA (black bars). Grey
bar indicates the inhibition of GrB secretion obtained by adding anti-HLA class I mAb to target
cells before being cultured with lymphocytes. One representative experiment out of five
performed is shown.
Panel B. The expression of the Granzyme B inhibitor PI-9 was evaluated by flow cytometry
in MSC transfected with NB mRNA or pulsed with Flu peptide, using unmanipulated MSC
cultured in the same experimental conditions as negative control. One representative
experiment out of three performed is shown.
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Figure 7. sHLA-G secretion by MSC and its role in CTL-mediated lysis inhibition
Panel A sHLA-G levels in supernatants from MSC cultures were evaluated by ELISA. sHLA-
G concentration was measured in all MSC supernatants tested (black bar), in supernatants from
MSC cultures at passages 0-2 (grey bar) and from MSC cultures at passages 3-4 (light grey
bar). Results are means ± SD from fifty experiments.
Panel B HLA-A2+ Flu-specific CTL were cultured with fresh medium (white bar), with MSC
supernatants lacking sHLA-G (light grey bar), with MSC supernatants containing sHLA-G
(black bar) or with MSC supernatants containing sHLA-G after antibody-mediated depletion
of the latter molecule (grey bar). Effector cells were then tested in cytotoxicity assay against
T2 cell line pulsed with Flu peptide. Means ± SD from four different experiments are shown.
Panel C HLA-A2+ NB-specific CTL were cultured with fresh medium (white bar), with MSC
supernatants containing sHLA-G (black bar), with MSC supernatants containing sHLA-G after
depletion of the latter molecule (grey bar) or in the presence of MSC at 1:5 or 1:10 ratio with
effector cells (light grey bars). Effector cells were then tested in cytotoxicity assay against
autologous DC transfected with NB mRNA. Means ± SD from four different experiments are
shown.
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