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Stem cell therapy is a promising approach to regenerate
healthy tissues starting from a limited amount of self-
renewing cells. Immunological rejection of cell therapy
products might represent a major limitation. In this
study, we investigated the immunological functional
profile of mesoangioblasts, vessel-associated myogenic
stem cells, currently tested in a phase 1-2a trial, active
in our Institute, for the treatment of Duchenne muscular
dystrophy. We report that in resting conditions, human
mesoangioblasts are poorly immunogenic, inefficient in
promoting the expansion of alloreactive T cells and intrin-
sically resistant to T-cell killing. However, upon exposure
to interferon-y or differentiation into myotubes, mesoan-
gioblasts acquire the ability to promote the expansion of
alloreactive T cells and acquire sensitivity to T-cell killing.
Resistance of mesoangioblasts to T-cell killing is largely
due to the expression of the intracellular serine protease
inhibitor-9 and represents a relevant mechanism of stem
cell immune evasion.
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INTRODUCTION

Stem cell therapy relies on the ability of a limited number of stem
cells to engraft, self-renew, and properly differentiate when trans-
planted into patients affected by degenerative diseases. On top
of these demanding requirements, stem cells need to evade the
recipient immune system. When genetically corrected autologous
cells are used, vectors and transgenes become putative targets of
an immunological rejection.’” Whereas, in the allogeneic setting,
a plethora of antigens might render cells highly immunogenic.
Alloreactive T-cell responses can be directed against unshared
human leukocyte antigen (HLA) molecules or against minor his-
tocompatibility antigens (mHAgs), peptides derived from poly-
morphic intracellular proteins presented in the context of HLA.
An additional level of complexity is added by the pathological

condition to be treated that is often associated to inflammation, a
milieu that favors neutralizing immune responses. Such responses
might result in the elimination of donor cells, thus reducing or even
vanishing the therapeutic effort. On the other hand, several reports
suggest that stem cells are unique in their ability to elude and mod-
ulate immune responses.*” In our Institute, a cell therapy protocol
is running to treat Duchenne muscular dystrophy (DMD) with the
infusion of human pericyte-derived mesoangioblasts (MAB) har-
vested from healthy HLA-identical siblings. DMD is an X-linked
recessive disease caused by mutations of the dystrophin gene and
subsequent absence of the encoded sarcolemma protein. DMD is
the most common and one of the most severe forms of muscu-
lar dystrophies. In DMD patients, primary wasting of skeletal and
cardiac muscle leads to progressive loss of motility, respiratory,
and cardiac failure and to premature death. Although restoration
of dystrophin expression is the main goal to cure DMD, immune
intervention has also been proposed to control inflammatory and
possibly immune mechanisms secondary to fiber degeneration.®
A cDNA microarray analysis of skeletal muscles from presymp-
tomatic DMD patients revealed a molecular signature dominated
by inflammatory responses, extracellular matrix remodeling, and
muscle regeneration.” In addition to the local inflammation docu-
mented by immune cell infiltrates in damaged muscle, inflamma-
tory mediators, such as interferon-y (IFN-y), and tumor necrosis
factor-o. (TNF-0) have been detected at high levels in muscles®
and in plasma of DMD patients, suggesting a systemic inflamma-
tory state.” The most compelling evidence of the pathological role
of inflammation and immune dysregulation in DMD is the obser-
vation that anti-inflammatory compounds partially ameliorate
disease course."” Nevertheless DMD remains an incurable disease
and several experimental strategies have been developed over the
last few years, including mutation-specific treatments to repair the
endogenous gene and gene and cell therapy approaches to replace
the mutated gene and/or affected cells."! Among the mutation-
specific treatments, the exon-skipping strategy is designed to
restore a disrupted open reading frame in an effort to produce
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a shortened but functional dystrophin and to recover a milder  were expanded in vitro and analyzed before passage XV to avoid
phenotype. In two clinical trials, >30 patients were systematically ~ senescence.'®* We observed alkaline phosphatase activity and
injected with splice-switching oligomers. New dystrophin expres-  high expression of CD44, CD146, CD13, and CD49b pericyte
sion was observed in muscle fibers but clinical improvement was ~ markers on cultured cells. The absence of the CD56 myoblast
modest, bringing into question the minimal amount required and ~ marker, CD117 hematopoietic marker, CD45 leukocyte marker,
the functionality of the produced dystrophin.'»"* The identification =~ and CD31 endothelial marker confirmed the MAB nature of cul-
of different types of mesoderm stem/progenitor cells opened new  tured cells (Figure 1a). To mimic the inflammatory conditions
perspectives in the treatment of DMD. In particular, MAB repre-  that frequently complicate muscles diseases, and that might alter
sent a population of stem cells, able to differentiate in myotubes  the immunological properties of MAB, we exposed MAB to 500
in vitro and in vivo, and able to produce functional improvements ~ IU/ml of the IFN-y proinflammatory cytokine for 48 hours. We
when injected intra-arterially in preclinical models of DMD.!*"7  observed that IFN-y treatment does not alter the lineage expres-
Therefore, gene-modified autologous or healthy allogeneic MAB  sion profile of MAB (Figure 1b).

represent promising sources for cell/gene therapy of DMD.

Unfortunately, host immune reactions against viral vectors,” dys- Human MAB display a basal hypoimmunogenic
trophin,® or other antigens expressed by transferred cells may limit ~ phenotypic profile that can be partially reverted in an
the clinical outcome. To predict the risk of rejection, we analyzed  inflammatory milieu

the immunological profile, the immune stimulatory, and antigen ~ The immunological profile of resting MAB and MAB exposed
presentation abilities of MAB in resting conditions and after treat-  to IFN-y (MABY) was analyzed. Besides the interaction between
ment with IFN-y to mimic the inflammatory milieu encountered  T-cell receptor on T lymphocytes and the HLA-peptide complex

in dystrophic muscles. on target cells, costimulatory receptor triggering and cell-cell

interactions through adhesion molecule engagement are critical
RESULTS elements for T-cell activation. The expression of several molecules
IFN-y treatment does not alter the lineage expression  involved in the immunological synapse was quantified by fluores-
profile of MAB cence-activated cell sorting (FACS) analysis. Relative fluorescence

To verify the immunological profile of human MAB, MAB were  intensity (RFI) was measured as the ratio of the mean fluorescence
isolated from muscle biopsies of 14 healthy donors, age rang-  intensity of specific markers to the mean fluorescence intensity
ing between 22 and 70 years, as previously described.”® MAB  of isotype controls. In resting conditions, MAB express HLA
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Figure 1 Interferon-y (IFN-y) treatment does not alter the lineage expression profile of mesoangioblasts (MAB). Human MAB obtained from
healthy donor muscle biopsies were cultured for less than XV passages and analyzed (a) in resting conditions and (b) after exposure to IFN-y at 500
IU/ml for 48 hours. Expression of alkaline phosphatase (ALP) was assessed by ALP activity. The absence of CD56 expression, the quantification of
CD44, CD146, CD13, CD49b pericyte markers and of CD117, CD45, CD31 lineage markers were evaluated by cytofluorimetric analysis. A represen-
tative sample from one out of eight MAB cells is shown.
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class I (median RFI: 20.5) but low levels of HLA class IT (median
RFI: 2.1), intracellular adhesion molecule-1 (ICAM-1; median
RFI: 2.6), required to stabilize the immunological synapse,* and
inhibitory costimulatory PDL-1 molecule (median RFI: 1.7).
After exposure to IFN-y, mesoangioblasts upregulate HLA class
I (median RFI: 64.8; P < 0.001) (Figure 2a), HLA class II (median
RFI: 16.0; P < 0.001) (Figure 2b), ICAM-1 (median RFI: 39.2; P <
0.001) (Figure 2c), and PDL-1 (median RFI: 4.5; P < 0.05) (Figure
2d). Activating costimulatory receptors CD80, CD86, CD40, and
CD70 were not detectable on MAB nor on MAByY cell surface,
while the basal expression of the LFA-3 adhesion molecule was
unaltered upon IFN-yexposure (median RFI: MAB 3.0; MABY2.9)
(Supplementary Table S1). Upon exposure to TNF-o., another
proinflammatory cytokine detectable in DMD muscles, expres-
sion of ICAM-1 increased significantly, while HLA-I, HLA-II, and
PDL-1 were not upregulated (Supplementary Figure S1). IFN-y
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treatment of MAB resulted in a broader upregulation of the mol-
ecules involved in the immunological synapse in comparison with
TNF-o and was for that reason preferred to TNF-o. for further
analysis.

While T-cell receptor triggering and costimulatory molecule
engagement are required for T-cell activation, polarization and
acquisition of T-cell functions highly depend on cytokine-medi-
ated signaling.”> We then analyzed the cytokines secreted by MAB
and observed a similar profile in resting and inflammatory con-
ditions. Mature (mDC) and immature (iDC) dendritic cells were
analyzed as controls. A reduction, although not significant, was
observed in the secreted amount of the IL8 (average MAB: 2,528
pg/ml; MAByY: 1,138 pg/ml) and IL6 (average MAB: 625 pg/ml;
MABy: 859 pg/ml) myokines upon IFN-y exposure of MAB. The
tolerogenic IL10 and the proinflammatory TNF-o and IL12p70
cytokines were not expressed by MAB nor by MABy (Figure 2e).
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Figure 2 Human mesoangioblasts (MAB) acquire an immunologically active profile upon exposure to interferon-y (IFN-y). The levels of expres-
sion of (a) human leukocyte antigen (HLA) class I, (b) HLA class Il, (c) intracellular adhesion molecule-1 (ICAM-1), and (d) PDL-1 were quantified
by cytofluorimetric analysis. In the representative histograms, the dark line stands for resting MAB, the light line for MAB exposed to IFN-y (MABY),
and the filled histograms for isotype controls (left panels). Relative fluorescence intensity (RFI) was measured as the ratio of the mean fluorescence
intensity (MFI) of specific markers to the MFI of isotype controls. Each symbol represents the RFI of HLA class I, HLA class Il, ICAM-1, and PDL-1 in
individual donors, untreated, and IFN-y treated. Cells harvested from individual donors are represented in all plots by the same symbol (right panels).
(e) Cytokine secretion profile of MAB was determined by cytometric bead array. iDC, immature dendritic cells; MAB, mesoangioblasts in resting
conditions; MABYy, mesoangioblasts after IFN-y exposure; mDC, mature dendritic cells. *P < 0.05; ***P < 0.001.
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Opverall, these analyses show that MAB display a basal hypoim-
munogenic phenotypic profile that can be partially reverted in an
inflammatory milieu.

MAB are less effective than peripheral blood
mononuclear cells in promoting the expansion of
allogeneic T cells

To test the ability of MAB in promoting alloreactive T-cell
responses, peripheral blood mononuclear cells (PBMC) from
healthy donors were cultured in vitro with irradiated allogeneic
MAB, MABY, and myotubes differentiated from MAB (MT).

Immunological Fingerprint of Human Mesoangioblasts

Irradiated PBMC were also harvested from MAB donors and
used as positive controls. Cells were cultured in the presence
of IL2 (60 IU/ml) and were restimulated and counted every
10-14 days. An outline of the experiments is shown in Figure
3a. Alloreactive T cells failed to expand upon stimulation with
MAB and MT (average fold increase after three stimulations,
S3: MAB: 1.2; MT: 1.0). IFN-y pretreatment had limited effects
(average fold increase at S3: 2), while allogeneic PBMC matched
to MAB donor were significantly superior to MAB in promot-
ing T-cell expansion (average fold increase at S3: 10.9; P < 0.01)
(Figure 3b). We then stained effectors with carboxyfluorescein
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succinimidyl ester (CFSE) at the first day of culture and ana-
lyzed CFSE dilution, Annexin V expression, and 7AAD bind-
ing at day 7. As a negative control, the baseline proliferation
of unstimulated PBMC kept in culture in the presence of IL2
at 60 UI/ml was measured (average CFSE diluting cells: 5.1%).
T-cell proliferation upon MAB stimulation was significantly
lower than that observed upon stimulation with PBMC (aver-
age CFSE diluting cells: 13.3% with MAB, 40.0% with PBMC,
P < 0.01). The relative proportion of Annexin V/7AAD double
negative T cells was similar in the two conditions, indicating
that the different expansion rate promoted by MAB and PBMC
was not due to a differential level of cell death but rather to a
differential T-cell proliferation rate (Figure 3c). The phenotype
of responder T cells was characterized after allogeneic stimula-
tion with MAB (Figure 3d), MABY (Figure 3e), MT (Figure 3f),
and PBMC (Figure 3g). Throughout the culture, the CD4/CD8
ratio was maintained at physiological levels, except upon MABYy
stimulation, which promoted a preferential CD8* expansion.
Alloreactive T cells progressively acquired an effector memory
(CD62L7/CD45RA") phenotype independently from the nature
of the stimulus.

MAB stimulate alloreactive T cells

To analyze the ability of MAB in shaping T-cell function, the
polarization of stimulated T cells was evaluated (Figure 3a). We
did not observe differences in the polarization (Figure 4, left
panels) of alloreactive T cells expanded with MAB (Figure 4a),
MABy (Figure 4b), MT (Figure 4c) or PBMC (Figure 4d) har-
vested from the same donors. In particular, we did not observe
expansion of naturally occurring regulatory T cells (T, ) nor of
IL10-producing cells in any of the conditions tested. Expanded T
cells displayed a preferential T, T, polarization, characterized
by production of IFN-v, in the absence of IL4. In order to evalu-
ate the specificity and lytic activity of effectors expanded with
different stimuli, a *’Chromium release assay was performed
against MAB, MABY, MT, and a PHA T-cell line, from donor 2
(Figure 3a) at the end of the second stimulation (Figure 4, right
panels). The effectors stimulated with MAB failed to recognize
and kill MAB even at a E:T ratio of 50:1 (average lysis: 12.6%)
but were lytic when challenged with other targets matched to
MAB donor such as the PHA line (average lysis: 30.0%; P <
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0.001), MABY (average lysis: 26.4%; P < 0.01), and MT (aver-
age lysis: 22.8%; P < 0.05). Negative controls, a PHA T-cell
line autologous to effector cells (AUTO, donor 1) and a PHA
T-cell line harvested from a third donor (third party, donor 3),
were not lysed (Figure 4a). Similarly, T cells stimulated with
allogeneic MABY (Figure 4b), MT (Figure 4c), and PBMC
(Figure 4d) proved specifically cytotoxic against all matched
targets, but again failed in lysing MAB. These results indicate
that MAB are able to elicit an alloreactive T-cell response but
are unexpectedly resistant to lysis by alloreactive T cells. Such
resistance is reverted in inflammatory conditions and upon dif-
ferentiation in myotubes.

Human MAB are resistant to T-cell killing in resting
conditions but become sensitive upon IFN-y
treatment or differentiation in myotubes

To elucidate this phenomenon, the sensitivity of MAB to T-cell kill-
ing was further investigated. We initially exploited a T-cell clone
specific for the HLA-AO2-restricted HY ) peptide, a naturally pro-
cessed peptide derived from the HY minor histocompatibility anti-
gen and encoded by the Y chromosome. MAB, MABY, MT, and a
lymphoblastoid cell line (LCL) were generated from HLA-A02* male
donors and used as targets in a lytic assay. A maximum of 2.3% of
MARB lysis was observed at an E:T ratio of 50:1, while MABy (aver-
age lysis: 20.3%; P < 0.01) and MT (average lysis: 25.3%; P < 0.01)
displayed a higher sensitivity to cytotoxic T-cells. The LCL line used
as a positive control was killed significantly more than other targets
(39.0% of lysis) (Figure 5a, left). Cells from HLA-A02" male donors,
used as negative controls, were not lysed (Figure 5a, right). To verify
whether resistance to T-cell killing displayed by MAB was due to a
defective antigen processing or to the low level of peptide presen-
tation, we pulsed HLA-A02* MAB with the HY, -specific peptide.
No differences in sensitivity to T-cell killing were observed in MAB
presenting the physiologically processed HY peptide and in HY -
pulsed MAB (average lysis: 3.4%), indicating that antigen processing
is not the limiting step for MAB killing (Figure 5a, left). To confirm
our results with a nominal antigen, a T clone specific for the HLA-
A02-restricted cytomegalovirus (CMV) pp65,,, peptide was then
used. MAB, MABY, MT, and LCL lines isolated from HLA-A02*
donors were pulsed with the pp65,,, peptide and tested as targets.
An average of 17.8% of MAB lysis was reached at an E:T ratio of 50:1,

Figure 3 Mesoangioblasts (MAB) are less effective than peripheral blood mononuclear cells (PBMC) in promoting the expansion of alloge-
neic T cells. (a) Outline of the experiment. PBMC from healthy donors (donor 1) were cultured in vitro with irradiated allogeneic MAB, interferon-y
(IFN-y)-treated MAB (MABY), myotubes differentiated from MAB (MT), and PBMC harvested from the same donor (donor 2). Cells were cultured in the
presence of IL2 (60 1U/ml) and were restimulated every 10-14 days. Phenotype and function of T-cell lines derived from donor 1 were characterized.
After stimulation, T cells were challenged in *'Chromium release assay against the same MAB, MABy, MT, and a PHA T-cell line, from donor 2. Every
effector cell was challenged with all targets and with negative controls represented by a PHA T-cell line autologous to effector cells (donor 1) and a
PHA T-cell line harvested from a third donor (third party, donor 3). The experiment has been repeated seven times using different donors. (b) T-cell
expansion (measured as fold increase) was analyzed for each culture. (c) Proliferation and cell death were measured by fluorescence-activated cell
sorting (FACS) analysis in T cells stimulated with MAB and PBMC during the first round of stimulation. In the histogram of CFSE dilution measured 7
days after the beginning of culture, the proliferation of T cells stimulated with irradiated MAB (gray) and irradiated PBMC (black) and of unstimulated
T-cells (dashed bar) are represented (left panel). Graphs depict average and SEM of the percentages of CFSE diluting cells (middle panel) and relative
proportions of apoptotic cells, defined after Annexin V staining and 7AAD binding as nonapoptotic (Annexin V-/7AAD-), early apoptotic (Annexin
V+/7AAD") and late apoptotic (Annexin V*/7AAD*) (right panel). (d) The relative proportion of CD4* and CD8* subsets in responder T cells stimulated
with allogeneic MAB was measured by FACS analysis 10-14 days after each round of stimulation (left panel). Quantification of differentiation stages
in responder T cells was measured by FACS and defined after CD62L and CD45RA staining as memory stem T cells (T,,; CD62L* CD45RA"),* central
memory (T, CD62L+ CD45RA"), effector memory (T,,CD62L- CD45RA"), and terminal effectors (T,,,Ra; CD62L- CD45RA") (right panel). Relative
proportion of T-cell subsets and differentiation stages was quantified in T cells also after stimulation with (e) allogeneic MABYy, (f) MT, and (g) donor-
matched PBMC. Averages and SEM are shown. *P < 0.05; **P < 0.01. CFSE, carboxyfluorescein succinimidyl ester.
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Figure 4 Mesoangioblasts (MAB) promote T-cell alloreactivity. T cells stimulated with (a) MAB, (b) MABy, (c) MT, and (d) peripheral blood mono-
nuclear cells (PBMC) were characterized and T-cell subsets were quantified, based on surface markers and cytokine secretion profiles. T lymphocytes
were stained and analyzed by fluorescence-activated cell sorting 10-14 days after 1 (S1) and 2 (S2) rounds of stimulation. Natural regulatory T cells
(Tregs) were defined as CD4+/CD25"9"/FoxP3+*/CD127"*, IL10*-secreting T cells (IL10*) were defined as CD4* IL10" cells, T, as CD4* IL4- IFN-y*, T, as
CD4+ 1L4* IFN-y-, T, as CD8* IL4~ IFN-y* and T_, as CD8* IL4* IFN-y~ (left panels). Lytic activity of responder T lymphocytes was measured 14 days after
the second round of stimulation against allogeneic MAB and donor-matched MABy, MT, and PHA T-cell line by *'Chromium release assay. Autologous

lymphocytes and third party targets were used as negative controls (right panels). Averages and SEM are shown. *P < 0.05; **P < 0.01; ***P < 0.001.

while MABY (average lysis: 40.8%; P < 0.05), MT (averagelysis: 43.8%;  negative controls and were not lysed (Figure 5b, right). Thus, MAB
P <0.01), and LCL (average lysis: 60.5%; P < 0.001) again displayed  are intrinsically resistant to T-cell killing, and inflammatory signals
a higher sensitivity to T-cell killing (Figure 5b, left). Cells from  might revert this resistance. The differential sensitivity to T-cell kill-
HLA-A02" donors pulsed with an irrelevant peptide were used as  ing displayed by MAB, MABYand MT was not completely explained
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Figure 5 Human mesoangioblasts (MAB) are resistant to T-cell killing. T-cell clones were tested with specific targets: MAB, MABy, MT, and lym-
phoblastoid cell line (LCL) lines as positive control. (a) Lytic activity of a T-cell clone specific for the minor histocompatibility antigen HY, -restricted
by human leukocyte antigen (HLA)-A02 is shown. MAB, MABy, MT, and LCL lines isolated from HLA-A02* male donors were used as targets. MAB
pulsed with the HY, -specific peptide were also tested (left panel). MAB, MABy, MT, and LCL lines isolated from HLA-A02" donors were used as nega-
tive controls (right panel). (b) Lytic activity of a T clone specific for the cytomegalovirus (CMV) pp65,,,, peptide restricted by HLA-A02 is shown.
MAB, MABy, MT, and LCL lines isolated from HLA-AO2* donors and pulsed with the pp65,,,-specific peptide were tested as targets (left panel). MAB,
MABY, MT, and LCL lines isolated from HLA-A02* donors and pulsed with an irrelevant peptide were tested as negative controls (right panel). (c) Lytic
activity of the pp65,,/HLA-A2—restricted T clone was tested against pp65,,,-pulsed MABy in the presence of the intracellular adhesion molecule-1
(ICAM-T1)-blocking antibody, HLA-ABC-blocking antibody, a combination of the two antibodies, or of the isotype control. Averages and SEM are
shown. *P < 0.05; **P < 0.01; ***P < 0.001.

by their different levels of HLA class I expression, since MT and
MAB showed a different sensitivity to T-cell killing, despite simi-
lar levels of HLA class I expression (Supplementary Figure S2). In
blocking experiments, we observed that, although both ICAM-1 and
HLA-I blocking were effective in reducing sensitivity to T-cell kill-
ing, the combined neutralization was required to reduce the sensitiv-
ity to lysis of MABY to that observed with MAB (Figure 5c).
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Protease inhibitor-9 downmodulation by shRNA
enhances MAB susceptibility to T-cell killing

Since T-cell killing is largely mediated by the FAS/FASL inter-
action, we verified FAS expression on MAB and we observed
that FAS is homogeneously expressed on MAB at high levels
(average RFI: MAB 10.1; MABY 8.9) similar to levels measured
on LCL (average RFI: 10.5) (Figure 6a). Nevertheless, the addi-
tion of a FAS agonist induced a lower level of apoptosis in MAB
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Figure 6 Protease inhibitor-9 (PI-9) downmodulation by shRNA enhances mesoangioblasts (MAB) sensitivity to T-cell killing. (a) FAS expres-
sion on MAB and lymphoblastoid cell line (LCL) lines was quantified by fluorescence-activated cell sorting (FACS) analysis. In the histograms, the level
of expression of FAS on LCL (gray), MAB (blue), MABy (red), and isotype control (light) is represented. (b) FAS signaling was tested by exposure of
MAB, MABY, and LCL lines to CH11 FAS-specific activating antibody (15 pg/ml). Cell death was measured by Annexin V staining and 7AAD binding
flow cytometric assay. Results are shown as the difference between the relative proportion of Annexin V* and/or 7AAD* cells in FAS-triggered samples
and in cells exposed to isotype control. (c) The expression of the serine protease inhibitor PI-9 on MAB and LCL lines was quantified by FACS analysis.
In the histograms, the level of expression of PI-9 in LCL (gray), MAB (blue), MABy (red), and isotype control (light) is represented (left panel). Average
percentages of expressing cells are reported (right panel). (d) Downmodulation of PI-9 following specific shRNA transduction of MAB was evaluated
by FACS analysis. In the histogram, the continuous line represents untransduced MAB (MAB UT), the dashed line represents MAB transduced with
P1-9-specific ShRNA (MAB PI-9 shRNA), the dotted line represents MAB transduced with scrambled RNA (MAB scrambled shRNA), and the filled
histogram represents the isotype control (left panel). Average relative fluorescence intensity (RFI) of expressing cells are reported (right panel). (e)
Lytic activity of a T clone specific for the cytomegalovirus (CMV) pp65,,,, peptide restricted by human leukocyte antigen (HLA)-A02 was measured
by *'Chromium release assay. MAB (blue) and MABy (red) isolated from HLA-A02* donors were kept untransduced (continuous lines), transduced
with PI-9-specific sShRNA (dashed lines), and transduced with nonspecific scrambled shRNA (dotted lines). An HLA-A02* LCL line was used as positive

control (gray line). All targets were pulsed with the pp65,,-specific peptide or an irrelevant peptide. Results are expressed as the difference between
% of lysis calculated with CMV-specific peptide and that observed with the control peptide. *P < 0.05; **P < 0.01.

(average cell death: 26.1%) and MABy (average cell death:
30.2%) than in LCL (average cell death: 65.3%; P < 0.01), sug-
gesting that antiapoptotic mechanisms are active in these FAS*
stem cells (Figure 6b). The serine protease inhibitor-9 (PI-9) is
a potent inhibitor of apoptosis, we thus hypothesized that PI-9
expression could be involved in MAB resistance to T-cell kill-
ing. FACS analysis revealed a constitutive expression of intra-
cellular PI-9 in MAB (average: 61.7%) and MABy (average:
59.6%) as opposed to the low level of expression on LCL (aver-
age: 12.6%; P < 0.05) (Figure 6c). To verify the functional role
of PI-9 in MAB resistance to T-cell killing, we transferred
a shRNA specific for PI-9 in MAB by lentiviral vectors (LV).
MAB were highly sensitive to LV-mediated transduction (mean
transduction efficiency = 47.7% at multiplicity of infection:
2.5). In transduced MAB, the expression of PI-9 was signifi-
cantly lower than in untreated MAB and MAB transduced with
a scrambled shRNA (Figure 6d). We then exploited the T clone
specific for the CMV pp65,, peptide to verify the sensitivity
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of PI-9" MAB to T-cell killing. MAB and MABY isolated from
HLA-A02* donors were transduced to express a PI-9 shRNA,
a scrambled RNA or mock-transduced and used as targets.
LCLs from HLA-A02" donors were used as positive controls.
T-cell killing of PI-9'¥ MAB was 2-fold higher than killing
of control MAB. A higher percentage of killing was observed
also after PI-9 downmodulation in MABYy (27% average lysis at
E:T ratio 50:1) if compared to that measured on untransduced
MABy (17% average lysis at E:T ratio 50:1; P < 0.05). The
scrambled shRNA used as negative control did not affect MAB
nor MABY sensitivity to T-cell killing (Figure 6e). HLA-I lev-
els were measured on GFP* cells and were similar between
cells transduced with PI-9-specific sShRNA (average RFI: 33.7)
and cells transduced with the scrambled shRNA (average RFI:
31.5; data not shown). Thus, PI-9 expression affects MAB resis-
tance to T-cell killing, independently from the level of expres-
sion of HLA-I, and represents a major mechanism of MAB
immune evasion.
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DISCUSSION

Thanks to their ability to self-renew and differentiate into several
cell types, stem cells represent promising therapeutic cellular prod-
ucts in regenerative medicine. In the past few years, several types of
mesoderm-derived stem/progenitor cells were isolated from mice
and humans and evaluated for their ability to differentiate into myo-
fibers, in the attempt to treat muscular dystrophies.”> Human MAB
are pericyte-derived stem cells that can be isolated from adult skel-
etal muscle. At variance with other stem cells, such as mesenchymal
stromal cells (MSCs), postnatal MAB have the ability to differenti-
ate into skeletal muscle in vitro and in vivo. Additionally, the ability
to grow extensively in vitro and to cross the endothelium makes the
systemic delivery of MAB a promising therapeutic tool for muscle
regeneration.'*'*** A phase 1-2 clinical trial testing the safety of
intra-arterial infusion of allogeneic MAB in patients affected by
DMD is currently ongoing in our Institute (EudraCT 2011-000176-
33). For an efficient and persistent therapeutic effect, cellular prod-
ucts are required to evade immune responses that might lead to
rejection of stem cells and/or their progeny. Several experimental
evidences suggest that stem cells might possess immune privileged
and immune modulatory properties. In human MSCs, defects in
antigen presentation capacity and resistance to apoptosis have been
described and associated to their ability to elude immune recogni-
tion.”** In addition, MSCs inhibit T-cells proliferation by releas-
ing soluble immunosuppressive factors and favor the generation of
CD4*/CD25* T regulatory cells.”’* Such immunosuppressive prop-
erties were exploited in hematopoietic stem cell transplantation to
treat and prevent graft versus host disease,***! autoimmunity, sep-
sis, and inflammatory diseases.’>*® Nevertheless, a controlled ran-
domized clinical trial failed in confirming the efficacy of MSCs in
controlling graft versus host disease, leaving the discussion still con-
troversial.** Interestingly, the allogeneic transplantation of mouse
MAB into alpha-sarcoglycan null dystrophic mice, in the presence
of immunosuppressive treatment, was followed by poor immune
responses and resulted in the formation of alpha-sarcoglycan posi-
tive muscle fibers.*® With the aim of evaluating the immunogenic-
ity of human MAB and to predict their sensitivity to allogeneic
rejection mechanisms when infused to DMD patients, we analyzed
the immunological profile of MAB in resting conditions and after
treatment with IFN-7, to mimic the inflammatory milieu associated
to dystrophic muscles.” We observed that inflammation partially
reverts the hypoimmunogenic phenotypic profile of resting MAB.
To challenge the phenotypic profile of MAB in functional assays,
we compared MAB and donor-matched PBMC for the ability to
elicit an alloreactive immune response. We observed that MAB are
significantly less efficient than donor-matched PBMC in promot-
ing the expansion of alloreactive lymphocytes. Of notice, IFN-y
treatment and differentiation in myotubes failed in rescuing this
MAB immunological defect. These observations are in line with the
suppressive activity of MAB, recently reported by English et al.’*¥
Interestingly, we observed that the few MAB-expanded alloreac-
tive T cells display a preferential T, /T, cytokine secretion profile
and do not express markers of regulatory T cells. Most importantly,
MAB-expanded alloreactive T cells recognized and killed efficiently
matched IFN-y-treated MAB, myotubes, and matched T cells, thus
showing a preserved cytotoxic effector function. Strikingly, resting
MAB displayed a unique resistance to T-cell killing. This intriguing
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property was not due to a defect in antigen processing, since it was
not rescued by peptide pulsing. The different levels of expression of
HLA class I in target cells could not completely explain their differ-
ential sensitivity to T-cell killing, since MAB and MT showed simi-
lar levels of HLA class I expression but were differentially sensitive
to lysis. Since antigen-specific T-cell clones recognized and killed
efficiently IFN-y-treated MAB, while sparing resting MAB, we ini-
tially investigated a possible role of ICAM-1, a molecule required
for an effective immunological synapse®® and expressed by MAB
only after IFN-y exposure. Only the combined neutralization of
ICAM-1 and HLA-I restored on MABY the resistance to apoptosis
displayed by resting MAB, suggesting that even low levels of HLA
class I expression permit MABY killing when the immunological
synapse is stabilized through engagement of adhesion molecules.
We identified the serine PI-9, belonging to the serpin superfamily,
as a major mechanism involved in MAB resistance to T-cell kill-
ing. PI-9 is a potent inhibitor of cell-induced apoptosis,*’ whose
expression has been described as a mechanism of immune escape
in MSCs? and immunoprivileged tissues.** We show here that PI-9
downmodulation in MAB by specific PI-9 shRNA enhances MAB
sensitivity to T-cell killing by 2-folds. IFN-y treatment did not affect
PI-9 expression in MABY, while resulting in higher susceptibility
to T-cell killing. The results of neutralization experiments strongly
indicate that the upregulation of HLA-I and ICAM-1 is crucial for
an effective T-cell killing of MAByand counteract this antiapoptotic
mechanism. Besides the inhibition of Granzyme B and caspases
exerted by serpins, prosurvival strategies may rely on the expres-
sion of Bcl-2 family members* or on the modulation of signal
transduction of FAS* or other receptors involved in ligand-induced
cell death. We might suppose that PI-9 expression synergise with
antiapoptotic molecules to prevent MAB immune-mediated killing.

Overall, these results show that MAB have peculiar immuno-
logical privileges. Indeed, the few alloreactive T cells expanded
upon MAB stimulation are fully immune competent and able
to eliminate differentiated cells. Although a variable number
of T cells might be expanded, depending on the quality of the
stimulus, T cells stimulated with MAB or PBMC will be equally
functional. The mechanism of stem cell immune evasion here
described, therefore, does not rely on anergy and does not inter-
fere with the development of a T cell-based immune response,
but rather relies on an intrinsic resistance of stem cells to T-cell
killing. Such a mechanism couples the development of functional
immune responses with a selective preservation of self-renewing
stem cell compartments. Inflammation and differentiation result
in a MAB progeny sensitive to alloreactive T-cell killing, thus jus-
tifying and recommending the use of immunosuppressive and/or
anti-inflammatory drugs in clinical trials exploiting the regenera-
tive capacity of allogeneic MAB.

MATERIALS AND METHODS

Primary cells. MAB and PBMC were isolated from patients undergoing
muscular biopsy and classified as nondystrophic, according to a protocol
approved by the San Raffaele Ethical Committee. All donors gave their
written informed consent to participate in agreement with the Declaration
of Helsinki. MAB were maintained in culture in a medium consisted of
MegaCell Dulbeccos modified Eagle medium (Sigma, St Louis, MO)
supplemented with penicillin (100 UI/ml; Pharmacia, New York, NY),
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streptomycin (100 UI/ml; Bristol-Meyers Squibb, Rome, Italy), basic
fibroblast growth factor (5ng/ml; Peprotech, Rocky Hill, NJ), glutamine
(2 mmol/l; Lonza, Basel, Switzerland), -mercaptoethanol (0.1 mmol/l;
GIBCO-BRL, Grand Island, NY), nonessential amino acids (1%; Sigma),
and 5% fetal bovine serum (BioWhittaker-Lonza, Basel, Switzerland)
as previously described.” Differentiation of MAB in myotubes (MT)
was induced by plating cells onto Matrigel (BD Biosciences, San Jose,
CA)-coated dishes in high-glucose Dulbeccos modified Eagle medium
supplemented with 2% horse serum (Euroclone, Pero, Italy), glutamine
(2 mmol/l), penicillin (100 UI/ml), and streptomycin (100 UI/ml) (dif-
ferentiation medium).” PBMC were isolated by Ficoll-Hypaque gradi-
ent separation (Lymphoprep; Fresenius, Bad Homburg, Germany). Cells
were cultured in Iscove's Modified Dulbecco's Media (GIBCO-BRL),
supplemented with penicillin (100 UI/ml), streptomycin (100 UI/ml), and
10% fetal bovine serum (Iscove's Modified Dulbecco's Media complete
medium).

MAB characterization. Mesoangioblasts were characterized in resting
conditions and after exposure to IFN-y (500 IU/ml; Peprotech) (MABy) for
48 hours. The expression of lineage markers was analyzed by flow cytom-
etry after co staining with anti-CD56-PE, anti-CD44-FITC, anti-CD146-
PE, anti-CD13-PE, anti-CD49b-FITC, anti-CD117-FITC, anti-CD45-PE,
and CD31-FITC antibodies (BD Biosciences). The alkaline phosphatase
expression was assessed by alkaline phosphatase activity. The immunologi-
cal characterization was performed by flow cytometry after staining with
anti-HLA I-FITC, anti-HLA II-PE, anti-ICAM 1-PE, anti-CD86-FITC,
anti CD80-PE, anti-CD40-FITC, anti-CD70-PE, anti-PDL-1-PE, and anti-
LFA3-FITC antibodies. For the evaluation of cytokines released by MAB
and MABY, supernatant was collected 48 hours after plating cells in six-
well plates and concentrations of IL8, IL1f, IL6, IL10, TNF-o,, and IL12p70
were simultaneously measured using a Cytometric Beads Array Human
Inflammatory Cytokines Kit (BD Biosciences) according to manufacturer
instructions. FAS expression was measured by staining with anti-FAS-PE
antibody (BD Biosciences) and intracytoplasmic staining of PI-9 was per-
formed with anti-PI-9 antibody (Abcam, Cambridge, UK). Samples were
analyzed on a FACS Canto I (BD Biosciences) with the FlowJo software
(TreeStar, Ashland, OR).

Expansion of alloreactive T cells and T-cell clones. PBMC from healthy
donors were cultured in vitro with allogeneic PBMC (irradiated at 30 Gy),
MAB, MABY, or MT (irradiated at 100 Gy). The different steric and biologic
(adherent versus nonadherent) properties on MAB, MT, and PBMC did
not allow to use exactly the same number of stimulators in all conditions.
After preliminary experiments, we selected the conditions that preserved
at best cell viability, i.e., MAB, MABY and MT semiconfluent, and PBMC
(stimulators and effectors) 1x10°ml, leading to at a responder/stimula-
tor ratio of 1/1 (PBMC) and 40/1 (MAB, MABYy, MT). Cells were kept in
culture in Iscove's Modified Dulbecco's Media supplemented with gluta-
mine (1%), penicillin (1%), streptomycin (1%), fetal bovine serum (10%),
and IL2 at 60 UI/ml. IL2 was replaced every 3-4 days and responders
were restimulated every 2 weeks. The medium used in the assay were the
same for all conditions. Cell proliferation was determined by CFSE dilu-
tion, responders were labeled with CFSE (5 umol/l) for 8 minutes at 37 °C
and then stimulated with allogeneic targets for 7 days. We determined per-
centages of dividing cells, and percentages of dying cells, upon staining
with anti-Annexin V-PB and 7AAD binding, and data acquisition on a
FACS Canto I (BD Biosciences) with the FlowJo software (TreeStar). CMV-
specific T-cell lines and clones were generated from PBMC harvested from
an HLA-A02* CMYV seropositive healthy donor. Cells were expanded by
rapid expansion protocol.* Briefly, 10°~10° cells were cultured in the pres-
ence of 25 x 10°allogeneic PBMC (irradiated at 30 Gy) and 5 x 10° allogeneic
EBV LCL (irradiated at 100 Gy) in medium containing OKT3 (30 ng/ml)
and IL2 (600 UI/ml). HY-specific T-cell clones were kindly provided from
Els Goulmy, Department of Immunohematology and Blood Bank, Leiden
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University Medical Center. Cells were expanded in the presence of: 20 x 10°
allogeneic PBMC (irradiated at 30 Gy) and 4 x 10° allogeneic LCL isolated
from HLA-A02* male donors (irradiated at 100 Gy) in medium containing
leucoagglutinin A (1.5%) and IL2 (200 UI/ml).

Functional assays on alloreactive T cells and specific T-cell clones. T cells
cultured with allogeneic targets were analyzed after each stimulation by flow
cytometry after staining with anti-CD3-FITC, anti-CD62L-PE, anti-CD8-
PerCP, anti-CD4-APC H?7, anti-CD45RA-PB, and anti-CD56-PE-Cy7
antibodies (BD Biosciences; Biolegend, San Diego, CA). ngs frequencies
were determined by flow cytometry as percentages of CD4" cells display-
ing a CD127°" Foxp3* CD25"#" phenotype. The relative proportion of
T,/T,~ T,/T.- and IL10-producing cells was determined by flow
cytometry after intracellular staining with anti-IFN-y-FITC, anti-IL4-PE,
or anti-IL10-PE antibodies on T cells activated for 6 hours with phorbol
12-myristate 13-acetate (50 ng/ml)/ionomycin (1 ug/ml). Cytotoxic activ-
ity was measured by a standard °'Cr release assay at increasing effector/
target (E/T) ratios. Alloreactive T cells and T-cell clones were incubated
for 4 hours with *'Cr-labeled targets. Specific lysis was expressed accord-
ing to the following formula: 100 x (average experimental cpm — average
spontaneous cpm)/(average maximum cpm — average spontaneous cpm).
In peptide pulsing experiments, targets were incubated for 1 hour at 37 °C
with the synthetic HY ) (10 pug/ml) or CMV pp65 . peptide (10 pg/ml).
In blocking experiments, target cells were incubated for 1 hour at room
temperature with a neutralizing anti-ICAM-1 antibody (10 ug/ml, clone
BBIG-I1; R&D System, Minneapolis, MN) and with a neutralizing anti-
HLA-ABC antibody (30 ug/ml, clone W6/32; Biolegend).

Immunofiuorescence. Cells were fixed with 4% paraformaldehyde for
10 minutes at 4 °C. After washes, blocking and permeabilization were
performed in phosphate-buffered saline-Triton 0.1% supplemented with
10% normal goat serum (Jackson, West Grove, PA) for 45 minutes at room
temperature. Cells were then incubated for 1 hour at room temperature
with the MF20 IgG,; antibody (Developmental Hybridoma Bank, Iowa
City, IA) that recognizes all sarcomeric myosin heavy chains, diluted 1/5,
and the mouse anti-HLA-ABC IgG,, antibody clone W6/32 (Biolegend),
diluted 1/50. Cells were then washed and incubated for 1 hour at room
temperature in the dark with secondary antibodies diluted 1/500 (goat
anti-mouse IgG, Alexa Fluor 546 and goat anti-mouse IgG,, Alexa Fluor
488; Invitrogen, Carlsbad, CA). Hoechst was applied 1:1,000 to stain
nuclei. Images were acquired with an Axiovert 135 TV microscope (Zeiss,
Oberkochen, Germany) and quantitative analyses were performed with
Image]J software.

Apoptosis induction. For induction of apoptosis, cells were treated with
15 pg/ml of the agonistic anti-FAS antibody (clone CH11; Millipore,
Billerica, MA). After 24 hours, apoptosis was measured by staining with
anti-Annexin V-FITC and by 7AAD binding (BD Biosciences).

Short hairpin RNA knockdown of PI-9 in MAB. Small hairpin RNA
(shRNA) against PI-9 was purchased from Dharmacon (GIPZ lentiviral
shRNA target gene set and nonsilencing-GIPZ lentiviral sShRNA control;
Thermo Fisher Scientific-Dharmacon Products, Lafayette, CO). MAB
were transduced as previously reported.* Briefly, MAB were plated at
100,000/well in six-well plates. PI-9 and nonspecific scrambled shRNA
(multiplicity of infection: 2.5) were added to MAB. After 5 days incu-
bation, MAB were harvested, transduction efficiency was assessed by
quantifying GFP expressing cells and PI-9 expression was quantified by
flow cytometry. Transduced MAB were FACS-purified on a MoFlo MLS
cell sorter (DAKO, Glostrup, Denmark) and were subjected to the kill-
ing assay as described above. Post-sorting analysis of purified GFP* cells
revealed >95% purity.

Statistical analysis. One-way analysis of variance with Bonferroni correc-
tion and the two-tailed paired t-test were used for comparison of three
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or more groups, or two groups, respectively. Statistical analyses were per-
formed with Prism 5 (GraphPad Software).

SUPPLEMENTARY MATERIAL

Figure S1. IFN-yand TNF-a treatment of MAB results in upregulation
of molecules involved in the immunological synapse.

Figure S2. Levels of expression of HLA class | on target cells.

Table $1. Immunological characterization of untreated, IFN-y treated
and TNF-o. treated mesoangioblasts.
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