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Class II transactivator knockdown limits major
histocompatibility complex II expression, diminishes
immune rejection, and improves survival of allogeneic
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ABSTRACT: This study was performed to investigate how to overcome immunorejection associated with allogeneic
stem cell therapy in the infarcted heart. Allogeneic bone marrow mesenchymal stem cell (MSC) differentiation
increasesmajor histocompatibility complex II (MHC II) expression, inducing transition from immunoprivileged to
immunogenic phenotype. MHC II expression is regulated by the class II transactivator (CIITA). We isolated and
characterizedmouse and humanMSCs and knocked downCIITA expression.Wild-type (WT) or CIITA-knockout
(CIITA–) mouseMSCswere implanted into infarctedmousemyocardia, and recipient allo-antibody formation, cell
survival, and cardiac functionweremeasured.WTmouse and humanMSCs that weremyogenically differentiated
showed increased MHC II and CIITA expression. Differentiated CIITA– MSCs lacked MHC II induction and
showed reduced cytotoxicity in allogeneic leukocyte coculture. Differentiation of humanMSCs increasedMHC II
expression, which resulted in cytotoxicity in allogeneic leukocyte coculture and was prevented by CIITA small
interfering RNA. In contrast to WT MSCs, CIITA– MSCs did not initiate recipient allo-antibody formation and
instead survived in the injured myocardium and significantly improved ventricular function. Decreasing CIITA
expression in allogeneic MSCs abolished MHC II induction during myogenic differentiation and prevented
immunorejection of these cells from the infarcted myocardium, which enhanced beneficial functional effects of
MSC implantation onmyocardial repair.—Huang, X.-P., Ludke, A., Dhingra, S., Guo, J., Sun, Z., Zhang, L., Weisel,
R.D., Li, R.-K.Class II transactivator knockdown limitsmajor histocompatibility complex II expression, diminishes
immune rejection, and improves survival of allogeneic bone marrow stem cells in the infarcted heart. FASEB J.
30, 3069–3082 (2016). www.fasebj.org
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Extensive preclinical animal studies have demonstrated
that stem cell implantation can protect the heart after
myocardial infarction (MI) (1), but clinical investigations

that used autologous cells only produced marginal
benefits comparedwith these animal studies (2).Although
multiple factors could influence this inconsistency,
advanced age and comorbidities common in patients
with heart disease are a major contributor to stem cell
dysfunction (3). One approach to overcome this limita-
tion is to transplant exceptionally regenerative alloge-
neic stem cells.

Allogeneic mesenchymal stem cells (MSCs) isolated
from young, healthy donors offer several advantages over
autologous MSCs from aged participants, including excel-
lent regenerative potential and immediate availability (4).
AllogeneicMSCsare immunoprivilegedandmaintain their
immune tolerance after transplantation (5–7). Although
some studies have demonstrated cardiac improvements
afterMSC therapy, a number of studies havedemonstrated
that immunoprivileged and even autologous cells can
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produce host immunorejection after cell culture, genetic
modification, or differentiation (8, 9). For example, in vitro
or in vivo differentiation of MSCs led to increased major
histocompatibility complex II (MHCII) expression,which
caused allogeneic MSCs to transition from an immuno-
privileged toan immunogenicphenotype, rendering them
susceptible to T-cell–mediated cytotoxicity and rejection
in the myocardium (10).

MHC II plays a critical role in T-cell–dependent allo-
immune responses by presenting processed exogenous
antigens to T-helper cells (11). It is a key factor in allograft
rejection and a common target for preventing rejection
of transplanted organs. MHC II expression is regulated
transcriptionallybyaclass II transactivator (CIITA) (12). To
explore the mechanism of postdifferentiation MHC II in-
duction and its effect onMSC immunoprivilege, we tested
the immunogenicity of CIITA-knockout (CIITA–) MSCs
before and after differentiation. We demonstrated that
allogeneic CIITA– MSCs retained their immunoprivilege
after differentiation, which prevented rejection after
transplantation into injured myocardium and improved
heart function.

MATERIALS AND METHODS

Experimental animals

All animal procedures were approved by the Animal Care Com-
mittee of theUniversityHealthNetwork, and all animals received
humane care in compliance with the Guide for the Care and Use of
Laboratory Animals [National Institutes of Health (NIH), Bethesda,
MD, USA]. Female FVBmice of mouse MHC haplotype IIq (H2q)
were used as cell recipients (Charles River Canada, St. Constant,
QC, Canada), whereas male C57BL/6N mice of mouse MHC
haplotype IIb (H2b; Charles River Canada) and CIITA2 mice
(B6.129S2-CIITAtmIccumwith C57BL/2Nbackground; The Jackson
Laboratory, BarHarbor,ME,USA)wereusedas cell donors. For in
vitro studies, both C57BL/6N and CIITA2 B6.129S2-CIITAtmIccum

mice were used for MSC preparation. CIITA– mice exhibit a de-
crease in CD4+ T cells in the periphery and lack of MHC II ex-
pression by splenic B cells, dendridic cells, and both resting and
IFN-g–stimulated cells; consequently, they demonstrate impaired
MHC II–mediated allogeneic responses (13). Animals were eu-
thanized with an overdose of isoflurane (Pharmaceutical Partners
of Canada, Richmond Hill, ON, Canada).

MSC preparation and differentiation in vitro

Mouse MSCs were isolated from donor femurs and tibias as
previously described (10). To induce myogenic differentiation,
MSCs (at passages 3–6) were treated with 5-azacytidine (5-aza;
Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 10 mM
for 24 h, then maintained in culture for 2 wk. Differentiated cells
were assessed for expression of myogenic genes or proteins by
RT-PCR and by flow cytometry or immunocytochemistry to
detect cells that expressed b-myosin heavy chain (b-mhc).

Human bone marrow MSCs were obtained with written in-
formed consent from patients who underwent cardiovascular
surgery at Toronto General Hospital (Toronto, ON, Canada). All
procedures were approved by the Research Ethics Board of the
University Health Network (REB#09-0257-E) according to the
Declaration of Helsinki. Cells at passage 4 from 4 different male
patients,who ranged inage from21 to48yr (average, 36yr),were
used in this study. Human MSCs were differentiated by 5-aza

treatment as described above. Myotube formation and immu-
nostaining of myogenic differentiation protein b-mhc were ob-
served in differentiated human MSC cultures.

Immune antigen expression in mouse MSCs after
myogenic differentiation in vitro

mRNA expression of MHC II subunit–encoding genes and CIITA
inmouse cells was evaluated in differentiatedMSCs (dMSCs) and
undifferentiated MSCs by using RT-PCR. mRNA expression of
CIITA inhumancellswas evaluatedbyquantitativeRT-PCR.Total
RNAwas isolated fromMSCswithTrizol reagent (Sigma-Aldrich).
RT was performed by using SuperScript III (Thermo Fisher Sci-
entific Life Sciences, Waltham, MA, USA). SYBR Green real-time
PCRprimersweredesignedtoeither span the intron–exon junction
or at least harbor 1 large genomic intron between them to exclude
potential genomicDNAcontamination.RTwasperformedat 25°C
for 10 min, 37°C for 50 min, and 70°C for 15 min. Real-time PCR
amplification was performed by using an Eppendorf Realplex2

for 40 cycles at 95°C for 15 s, 55°C for 30 s, and 72°C for 1 min.
Relativeexpressionwascalculatedby theCtmethodandexpressed
as 22[(Ct of gene of interest 2 Ct of b-actin) in disease] relative to control.
Glyceraldehyde 3-phosphate dehydrogenase was used as a
housekeeping gene.MHC II and CIITA proteinswere detected by
immunohistochemical staining. Number of cells that expressed
MHC II proteins was quantified by using flow cytometry (de-
scribed in “Flow cytometry analysis”). For all in vitro experiments,
at least 2 replicates of 3 different cultures were analyzed for sta-
tistical purposes.

MHC II induction in MSCs

Effect of IFN-g on cell death and toxicity was analyzed by flow
cytometry using propidium iodide (PI; Sigma-Aldrich) staining
of unstimulated human MSCs and those stimulated with in-
creasing concentrations of IFN-g (0.3, 3, 30, and 100 U/ml for
#48 h; R&D Systems, Minneapolis, MN, USA).

In some studies, to ensure that 100% of human MSCs were
induced to expressMHC II, a high dose of IFN-g (100U/ml)was
administered in the culture medium for 48 h.MHC II expression
was analyzed by flow cytometry or immunohistochemistry.

To understand the role of MHC II activation and immune
rejection in MSCs, cultured human cells were exposed to in-
creasing concentrations of IFN-g (0.3, 3, and 30 U/ml) for 18 h
and cocultured with allogeneic leukocytes as described in
“Leukocyte-mediated cytotoxicity.”

Different patterns of MHC II expression were evaluated by
flow cytometry or immunohistochemistry.

CIITA knockdown in human MSCs

CIITA was knocked down in human MSCs by small interfering
RNA (siRNA) technology against human CIITA using a kit
purchased from OriGene (Rockville, MD, USA). siRNAs were
applied to cells at a final concentration of 10 nM for 48 h. Trans-
fection of siRNA CIITA and negative control (scrambled se-
quence) was performed according to manufacturer instructions.
To evaluate whether CIITA knockdown was successful, mRNA
expression of CIITAwas measured by quantitative PCR.

Leukocyte-mediated cytotoxicity

To investigate cellular immunogenicity, a coculture assaywas
performed. Mixed spleen leukocytes (53 105) from FVBmice
or peripheral blood leukocytes from healthy mismatched
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individuals were isolated by using Histopaque 1083 (Sigma-
Aldrich) andwere coculturedwithdifferentiated (5-aza–treated)
or undifferentiated wild-type (WT) or CIITA– MSCs (5 3 104)
in 24-well plates, which produced a mixed leukocyte reaction
(MLR). Leukocyte-mediated cytotoxicity in mouse MSCs was
evaluated by 2 methods. In method 1, after 3 d of coculture,
cytotoxicity in MSCs was assessed by measuring lactate de-
hydrogenase (LDH) release from the damaged cells (Cytotoxic-
ity Detection Kit; Roche Applied Sciences, Penzberg, Germany).
Culture medium was collected (without cells) and incubated
with the reaction mixture from the kit. LDH activity was di-
rectly proportional to optical density measured at 490 nm
with a reference filter of 620 nm. Inmethod 2, activity of cellular
enzymes that reduce tetrazolium dye [3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazoliumbromide (MTT);Sigma-Aldrich]were
measured in MSCs. After 3 d of coculture, 5 mg/ml MTT was
added to medium and further incubated at 37°C for 2 h. All
remaining supernatant was removed carefully and 150 ml
DMSO was added to each well and mixed thoroughly to
dissolve formazan crystals that had formed. After 10 min of
incubation to ensure all crystals had dissolved, cytotoxicity
was detected by measuring the absorbance at 570 nm by us-
ing an ELISA plate reader. Mean absorbance was quantified
for all groups (n = 4).

In cocultures of human cells, allogeneic human leuko-
cyteswere added to culturedWTorCIITA–humanMSCs at a
10:1 ratio for 3 d. On the second day of coculture, 0, 0.3, 3, or
30 U/ml IFN-gwas added to cells for 18 h. On the third day,
culture medium that contained suspended leukocytes was
removed and LDH levels were measured as previously de-
scribed. Remaining human MSCs were analyzed for cell death
byPI staining. Proliferationofhuman leukocyteswasperformed
by using 5-carboxyfluorescein diacetate succinimidyl ester
staining (CFSE; Molecular Probes, Eugene, OR, USA). Before
coculture, blood leukocytes at 13 106/ml inPBSwere incubated
at 37°C with 10 mMCFSE for 5 min. Stained cells were used for
3-d coculture as described above, and, at the end of the coculture
period, leukocytes were obtained by centrifugation of sus-
pended cells. CFSE covalently labels long-lived intracellular
molecules with the fluorescent dye, carboxyfluorescein. CFSE
fluorescence is decreased upon cell division, and cell pro-
liferation (dividing cells) can be assessed by measuring corre-
sponding decrease in cell fluorescence via flow cytometry
(described in “Flow cytometry analysis”). To delineate limits
of the peaks, leukocytes cultured alone showed the CFSE in-
tensity of nonproliferating cells (maximum intensity peak),
and dead cells (PI gate) previously labeled with CFSE repre-
sented the minimum fluorescence peak. Middle intensity was
set as proliferating cells. Unstained cells were included in all
experiments andwere used to set baseline controls on the flow
cytometer.

MSC characterization

MTT proliferation assays on WT MSCs and CIITA– MSCs were
performed as outlined in “Leukocyte-mediated cytoxicity.”

Flow cytometry analysis

MSC characterization was performed by using flow cytometry
for cell markers CD29, CD44, CD45, MHC I, and MHC II. Cul-
tured cells (13 106; passage 4) were washed twice in PBS before
incubation with 1:100 dilution of anti-mouse APC, PE, or PE-
Cy7–conjugated antibodies (e-Bioscience, San Diego, CA, USA)
for 1 h. Samples were then washed twice in PBS before flow
cytometryanalysis (BDBioscience,Mississauga,ON,Canada).PI
(2mg/ml) was added before flow cytometry, and the percentage

ofdeadcells that tookupPIwasmeasured.More than20,000 cells
were counted, with manufacturer-supplied isotype controls to
establish gating. The singlet gate was used in all measurements.
Unstained controls were also used to detect autofluorescence or
background staining innate to cells of interest. Results were an-
alyzed by using FCS Express 4 software (DeNovo, Los Angeles,
CA, USA).

Adipogenic differentiation

WT or CIITA– MSCs at passage 4 and 80–90% confluence were
treatedwith theAdipogenic Stimulatory Supplement (Mouse) in
conjunction with MesenCult MSC Basal Medium (Mouse; Stem
Cell Technologies, Vancouver, BC, Canada). Cells were main-
tained in hypoxic conditions for 21 d, and the medium was
changed every 3 d according tomanufacturer instructions. After
21 d, cells were fixed and stained with oil red O to visualize fat
droplets in thecells, andmicroscopic imageswere taken.Oil redO
was then eluted in isopropanol and quantified by using a spec-
trophotometer.Absorbancewasmeasuredbyusinganautomatic
plate reader at 492 nm. Mean absorbances were compared.

MI model, allogeneic MSC transplantation, and
cardiac function analysis

Female FVB mice were anesthetized with 2% isoflurane
(Pharmaceutical Partners of Canada), intubated, ventilated
with positive pressure using a Harvard ventilator, and un-
derwent MI as previously described (14). In eachmouse, the
left anterior descending artery was ligated via thoracotomy
and the incision was closed with 3-0 Ethilon sutures. Mice
received intramuscular antibiotics (150,000 IU/kg) and
buprenorphine hydrocholoride (0.01 mg/kg) after surgery.
One week after MI, mice were anesthetized with isoflurane,
intubated, and ventilated with positive pressure using a Har-
vard ventilator. Allo-MSCs isolated from male C57BL/6N or
CIITA– B6.129S2-CIITAtmIccum mice (1 3 106/mouse in 15 ml
medium) or medium alone were injected into the peri-infarct
region. AllogeneicMSCs (WT) andmedium injectionwere used
as controls. No immunosuppressive reagents were adminis-
trated during the course of the study (n = 5 mice/group). We
performed cell transplantation 1 wk after MI to avoid acute in-
flammatory response and still have the potential to reduce
cardiac remodeling.

Staining and immunohistochemistry to detect
cell engraftment

To visualize representative examples of engrafted cells in re-
cipient hearts, heart sections (5 mm) were obtained 5 d after cell
implantation. Heart tissue sections were dewaxed, rehydrated,
and permeabilized with 0.01% Triton X-100 (Sigma-Aldrich) in
Tris-buffered saline for 10min. Tissue sections were treatedwith
appropriate blocking serum for 1 h, followed by primary anti-
body against MHC I (H-2Kb haplotype, clone: AF6-88.5.5.3;
e-Bioscience, San Diego, CA, USA) overnight at 4°C. Secondary
antibodywas applied for 2 h at room temperature. Sectionswere
then treated with DAPI for 3 min at room temperature and
mounted.

Stained slides were visualized by using a VS-120 S5 slide
scanning microscope apparatus and VS-ASW software (Olym-
pus, Tokyo, Japan). Images were obtained by using an XM-10
camera (Olympus) andwereprocessedbyusing ImageJ software
(NIH). Labeled cellswere counted in 8–12 120,000-mm2 fields per
sample, aggregated for each mouse (n = 3), and expressed as a
total number of positive cells per field counted.
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Cell survival

To quantify the number of male MSCs that survived in recipient
hearts 5 wk after cell implantation, we used real-time PCR to
determine the number of Y-chromosomes in the implanted area
(n = 6).

A standard curve was generated by using MSCs from male
C57BL/6 or CIITA– B6.129S2-CIITAtmIccum mice: 10 million
cells were resuspended in 1 ml ice-cold PBS, and genomic DNA
was extracted by using a Genomic DNA extraction kit (Qiagen,
Valencia, CA, USA) according to manufacturer instructions. Se-
rial dilution was performed on the standard to produce a stan-
dard curvewith 105, 104, 103, 102, and 101 Y-chromosome copies.

Real-time PCR was used to determine the number of Y chro-
mosomes (male cells) in female recipient hearts as a measure of
transplanted cell incorporation. Hearts were cleared completely
of blood, and tissues were snap-frozen in liquid nitrogen and
homogenized to powder. Genomic DNAwas extracted by using
the Qiagen Genomic DNA extraction kit.

Y chromosomeswere detected by using the TaqManmethod.
In brief, 1 mg DNAwas used as a template for quantitative real-
timePCRofY chromosomeSRYgenesusingABIPRISM7900HT
Sequencing Detection System (Applied Biosystems, Foster City,
CA, USA). Specific primers, designed on the basis of GenBank
sequences of the sex-determining region of the Y chromosome
of the mouse (GeneID: 21674), were used at 100 nM. Cycling
conditions were 10min at 95°C (for activation of polymerase),
40 cycles of 30 s at 95°C (for denaturing), and 1min at 59°C (for
annealing and extension).

Host immune response

We evaluated host immune response by measuring anti-donor
allo-antibody production in the recipient blood. Serum derived
from recipient blood in different groups was diluted (1:10)
and incubated with differentiated MSCs of genotype that
corresponded to implanted cells in vitro for 2 h.After incubation,
MSCs were stained with PE-conjugated anti-rat IgG1 (BD Bio-
sciences) to detect anti-donor allo-antibodies against MSCs pre-
sent in serum. Allo-antibody titer was alsomeasured in recipient
serum by ELISA.

Cardiac function

Echocardiography was performed before and 1 wk after MI (at
the time of cell implantation), and at 1, 3, and 5 wk after cell
implantation. In brief, each mouse was sedated with 2% inhaled
isoflurane, and M-mode and 2-dimensional images were
obtained in the parasternal short axis at the level of papillary
muscles. Left ventricular internal end diastolic dimension
(LVIDD) and left ventricular internal end systolic dimension
(LVISD) were measured from the M-mode tracing. Percent
fractional shortening was calculated as follows: % fractional
shortening = [(LVIDD – LVISD)/LVIDD) 3 100]. Using
2-dimensional imaging, left ventricular end diastolic area
(LVEDA) was determined as the largest cavity area, and left
ventricular end systolic area (LVESA) as the smallest. Per-
cent fractional area change (FAC) was calculated as follows:
%FAC = [(LVEDA) 2 LVESA]/(LVEDA)]. All data were
averaged over 3 measurements. To minimize variation, only
those mice with fractional shortening between 20 and 40%
were retained for study; therefore, this MImodel had limited
variability (15).

Pressure–volume analysis was performed 5 wk after cell
transplantation (n = 5). Measurements were taken with a
pressure–volume catheter (Millar Instruments, Houston, TX,

USA) and data were analyzed and compared among groups
(10).After functional analysis, heartswere immediately frozen in
liquid nitrogen for genomic DNA and RNA extraction (n = 5).

Infarct wall length was measured 5 wk after cell trans-
plantation by using echocardiography and were compared
among CIITA–MSCs, WTMSCs, and control groups. In brief,
images from the B-mode were collected in the left ventricular
short axis view at the level of the papillary muscle in end
diastole. Infarctwallwas identified as the area of reducedwall
motion (akinetic region). Infarct wall length was measured as
the endocardial length of the akinetic region and expressed as
a percentage of left ventricular circumference.

Statistical analyses

Cell implantation and cardiac function measurements were
carried out in a blinded fashion. All data were expressed as
means 6 SD unless otherwise indicated. For echocardiographic
data, a repeated measures 2-way ANOVA with Bonferroni post
hoc test was used for comparisons of the 3 groups at multiple
times. Unless otherwise indicated, comparisons amongmultiple
groups were done with 1-way ANOVAs and comparisons be-
tween 2 groups were done using 2-tailed Student’s t tests using
Prism (GraphPad Software, La Jolla, CA, USA). When F values
were significant, differences were specified with Tukey’s multi-
ple comparison posttests. Differences were considered statisti-
cally significant at P, 0.05.

RESULTS

MSC differentiation induced MHC II

To investigate differentiation and immunogenicity, we in-
duced myogenic differentiation of MSCs by using 5-aza.
5-Aza–treated MSCs adopted a myogenic phenotype,
with significantly increased mRNA expression of the
myogenic differentiation marker b-mhc (Fig. 1A; P ,
0.05, n = 3). Flow cytometry showed that significantly
more 5-aza–treated cells expressb-mhc protein (Fig. 1B,
C; P , 0.001 vs. untreated, n = 3).

MHC II was also induced after differentiation of cul-
tured MSCs. Flow cytometry showed that 5-aza differen-
tiation was associated with a significant increase in the
percentage of cells that expressedMHC II compared with
undifferentiated MSCs, in which no MHC II was detect-
able (Fig. 1D, E; P , 0.01, n = 3). This was confirmed by
immunohistochemistry (Fig. 1F). Consistently, a signifi-
cant induction of H2-Aa and H2-Ab mRNA (encoding
MHC II molecules) was also seen in dMSCs compared
with undifferentiated MSCs (Fig. 1G, I; P , 0.01 for both
genes, n = 3). dMSCs showed significantly increased
CIITA expression compared with undifferentiated MSCs
(Fig. 1G, H; P, 0.01, n = 3).

CIITA knockout prevented MHC II induction
in dMSCs

To delineate the role of CIITA in control of MHC II–
mediated responses in dMSCs, MSCs were isolated
and cultured from CIITA– mice, and their cell-surface
marker expression and function were compared with
WT MSCs. Both presented a similar pattern of surface
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marker expression,with highCD29 and CD44, lowMHC
Ia, and absence of CD45 and MHC II (Supplemental Fig.
1). Cell viability was similar at d 2 and 8 of culture, and
both cell types presented multipotency differentiating
into adipocytes to the same extent (Supplemental Fig. 1)
and acquiring a myogenic phenotype (Fig. 2A–E). Thus,
CIITA knockout does not seem to affect MSC function.

CIITA– MSCs were induced to differentiate myogeni-
cally by 24-h 5-aza treatment. DifferentiatedCIITA–MSCs
(CIITA– dMSCs) exhibited increased mRNA expres-
sion of the myogenic differentiation marker b-mhc
compared with undifferentiated CIITA– MSCs (Fig.
2A, B; P , 0.01, n = 4). CIITA– dMSCs acquired
myogenic characteristics, with distinct myotube-like
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Figure 1. Myogenic differentiation of mouse MSCs mediates MHC II induction via CIITA up-regulation. A) Gene expression
of myogenic differentiation marker b-mhc in undifferentiated MSCs and dMSCs. B) Flow cytometry for b-mhc protein
expression. C ) Flow cytometry quantification. D) Flow cytometry for MHC II expression. E) Flow cytometry quantification. F)
Immunohistochemistry detected MHC II (red) in dMSCs but not in undifferentiated MSCs. Blue is DAPI-stained nuclei. G)
Differentiation enhanced expression of CIITA and the MHC II subunit genes H2-Aa and H2-Ab by RT-PCR. GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) is a housekeeping gene control. H–J ) RT-PCR quantification of the MHC II
transactivator CIITA (H) and H2-Aa (I) and H2-Ab (J ).
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structures, particularly when cultured in collagen gel
(Fig. 2C). Flow cytometry showed that significantly
more CIITA–dMSCs expressed b-mhc comparedwith
undifferentiated counterparts (Fig. 2D, E; P, 0.001, n =
4), which suggested that MSCs isolated from CIITA–

mice could be induced to differentiate into myogenic
cells.

Flow cytometry demonstrated that neither undifferen-
tiated nor differentiated CIITA– MSCs expressed MHC
II (Fig. 2F, G). Genes encoding H2Aa and b MHC II
subunits were not detectable in CIITA– MSCs before or
after 5-aza treatment (Fig. 2A), which confirmed that
MSCs isolated from CIITA– mice can be induced to
differentiate but do sowithoutMHC II induction. There
was no change in MHC I expression in CIITA– MSCs,

which remained low before and after myogenic differ-
entiation (Supplemental Fig. 2)

It is known that IFN-g can induce MHC II expres-
sion (16), which we confirmed by immunohistochem-
istry of IFN-g–stimulated mouse MSCs (Fig. 2H). We
investigated whether CIITA– MSCs were sensitive to
IFN-g stimulation and found no MHC II staining in
these cells. A significant increase in CIITA mRNA and
mRNAs for genes that encodedMHC II subunitsH2-Aa
and H2-Ab in WTMSCs was found, but CIITA,H2-Aa,
andH2-Ab expression was undetectable in CIITA–MSCs
after IFN-g treatment (Fig. 2I, J; P, 0.001 for all 3 genes,
n = 3). CIITA knockout did not affect MHC I expres-
sion, which was induced by IFN-g in both WT and
CIITA– MSCs (Supplemental Fig. 3).

β-mhc

GAPDH

CIITA

H2-Aα

H2-Aβ

80

60

40

20

0

β-
m

hc
 m

R
N

A 
R

E

10

8

6

4

2

0%
 o

f C
IIT

A 
(-

) M
S

C
s

ex
pr

es
si

ng
 M

H
C

-II

MSCs dMSCs
MSCs dMSCs

MSCs dMSCs

p<0.01

p<0.001
17

13

9

4

0
103 104 105 1060

β-mhc

40

30

20

10

0%
 o

f C
IIT

A 
(-

) M
S

C
s

ex
pr

es
si

ng
 β

-m
hc

69

52

35

17

0
103 104 105 1060

MHC-II

CIITA(-)-MSCs
CIITA(-)-dMSCs

CIITA(-)-MSCs
CIITA(-)-dMSCs

35%

p<0.001
60

40

20

0
m

R
N

A 
R

E

-IFN-γ +IFN-γ -IFN-γ +IFN-γ

WT-MSCs CIITA(-)-MSCs

CIITA

H2A-α

H2A-β

GAPDH

-IFN-γ +IFN-γ-IFN-γ +IFN-γ

WT-MSCs CIITA(-)-MSCs

C
IIT

A
H

2A
-α

H
2A

-β

C
IIT

A
H

2A
-α

H
2A

-β

C
IIT

A
H

2A
-α

H
2A

-β

C
IIT

A
H

2A
-α

H
2A

-β

CIITA(-)-
MSCs

CIITA(-)-
dMSCs

A B C

D E F G

H I J

Figure 2. Differentiation and characterization of CIITA– MSCs. A–G) Mouse MSCs from CIITA– mice adopted a myogenic
phenotype after treatment with 5-aza for 24 h followed by 2 wk in culture. A, B) Gene expression of the b-mhc marker was
significantly increased in differentiated CIITA– MSCs (CIITA– dMSCs), whereas CIITA and mRNAs that encoded MHC II
subunits H2-Aa and H2-Ab were not detected in CIITA– MSCs or CIITA– dMSCs by RT-PCR. GAPDH (glyceraldehyde 3-
phosphate dehydrogenase) is a housekeeping gene control. C) Myotubes (indicated by red arrow) were formed by CIITA– MSCs
after 5-aza treatment (right) but not before (left). D–G) Flow cytometry for b-mhc (D, E) and MHC II (F, G) expression. E)
Compared with CIITA– MSCs, CIITA– dMSCs expressed significantly higher b-mhc. G) No difference was found in the number of
cells that expressed MHC II between undifferentiated and CIITA– dMSCs. H–J ) WT MSCs and CIITA– MSCs were stimulated
with IFN-g. H) MHC II (green) was expressed after IFN-g stimulation in WT MSCs, but not in CIITA– MSCs. Blue shows DAPI-
stained nuclei. I, J ) Expression of CIITA and mRNAs that encoded MHC II subunits H2-Aa and -Ab were significantly induced
in WT but not CIITA– MSCs after IFN-g stimulation (assayed by RT-PCR).

3074 Vol. 30 September 2016 HUANG ET AL.The FASEB Journal x www.fasebj.org

Downloaded from www.fasebj.org by (205.189.58.93) on October 10, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 3069-3082.

http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201600331R/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201600331R/-/DC1
http://www.fasebj.org


In vitro immune privilege of allogeneic
CIITA– MSCs

To evaluate the effects of differentiation on immunoge-
nicity, we cocultured dMSCs with allogeneic leukocytes.
LDH release as amarker of cytotoxicitywas significantly
greater in WT dMSCs compared with CIITA– dMSCs
(Fig. 3A; P , 0.001, n = 4). No difference in cytotoxicity
was observed in undifferentiated WT vs. CIITA– MSCs
(Fig 3A).

To rule out skewed results by LDH release from dead
leukocytes in coculture,we evaluated survival of adherent
leukocyte-cocultured dMSCs by MTT assay after re-
moving suspended cells. Almost all CIITA– dMSCs (n = 6)
survived coculture with allogeneic leukocytes, whereas
.50% ofWT dMSCs (n = 4) were dead (Fig. 3B; P, 0.05).

CIITA knockout alleviates allogeneic immune
response and prevents MSC rejection in vivo

We transplanted allogeneic WT and CIITA– MSCs into a
female mouse model of MI. Male WT or CIITA– MSCs
were injected into the infarct border zone 1 wk after left
anterior descending coronary artery ligation. Survival
post-MI was 83% in each group in the first week post-MI
and 100%after transplantation.At 6 d post-MI, therewere
significantly fewer (P, 0.01) infiltrating CD45 leukocytes
inmice that receivedeitherWTorCIITA–MSCscompared
with medium controls (data not shown). To investigate
whether allogeneic CIITA– MSCs can escape the immune
response later after implantation, we compared immune
reactive allo-antibodies in serum collected from recipients
of allogeneicWT or CIITA– MSCs 5 wk postimplantation.
Peripheral blood serumwas collected from recipients and
incubated with dMSCs of the corresponding genotype.
Serum collected from allogeneic WT MSC recipients con-
tained a specific anti-donor allo-antibody (IgG1) that
reacted with allogeneic WT dMSCs (Fig. 4A, B). No anti-
donor antibodies were detected in serum of CIITA– MSC
recipients (P, 0.001 vs.WT, n = 6).

To provide representative examples of engrafted cells,
5 d postimplantation, cell engraftment was visualized in
histologic heart samples by immunohistochemistry using
an antibody specific to donor cells: MHC I H-2Kb, which
can only be detected in cells from C57BL/6 mice (donor
mice). Transplanted cells engrafted into the myocardium
in both groups receiving allogeneic cells but significantly
more CIITA– cells than WT MSCs were found per field
analyzed (Fig. 4C, D; P, 0.05, n = 3).

Five weeks postimplantation, the extent of male cell
engraftment into female myocardiumwas determined by
RT-PCR for the Y-chromosome gene Sry3. In the present
study,CIITA–MSCs showed significantly greater survival
thandidWTMSCs in recipienthearts (Fig. 4E;P,0.05,n=
3), which suggested that implanted CIITA– MSCs have
greater post-transplantation engraftment as a result of
decreased immunogenicity. PCR may detect remnants of
engrafted cells that died or are dying after implantation;
however, these remnants are usually cleared within 1 wk
after implantation, and our previous studies suggest that

long after cell injection, RT-PCR provides information
similar to that obtained with live cell imaging (17). In a
previous study, we monitored cell engraftment with both
the PCR Y chromosome technique and with an in vivo
bioluminescence live cell imaging technique. We found
that cell implantation decreased dramatically within the
first 48 h, but some cells remained viable in the infarcted
region at 3 and 28 d after intramyocardial injection. The
relative number of engrafted cells by bioluminescencewas
similar to the number suggested by the Y chromosome
technique(17).Furthermore,wevalidatedthedetectionofthe
Y chromosome technique to measure survival of implanted
allogeneicMSCs (10) and confirmed thedeterminationof the
relative numbers of all male cells present in cardiac homog-
enates, especially at a low detection threshold.

Transplantation of CIITA2 MSCs better
restores post-MI cardiac function

Todetermine effects of implantedallogeneicCIITA–MSCs
on cardiac repair, we measured function by echocardiog-
raphy before MI, 1 wk after MI (at the time of cell trans-
plantation), and2,3, and5wkpost-MI.OneweekafterMI,
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fractional shortening (FS) and systolic FAC were signifi-
cantly decreased in all animals, with no significant dif-
ferences among groups (Fig. 5A–C). Implantation of
CIITA– MSCs better preserved cardiac function (%FS
and %FAC) even 1 wk after implantation compared with
WT MSCs (P , 0.01, n = 5). From 3 to 5 wk post-MI, FS
remained unchanged in the CIITA– MSC group, but de-
creased in the WT MSC group, which indicated pro-
gressive ventricular dysfunction. Percent FAC declined in
the allogeneicWTMSCgroup2wkpost-MI, but remained
stable#5wk post-MI inmice that received CIITA–MSCs.
Infarct length at study end point was significantly smaller
in animals that received CIITA– MSCs (Table 1).

Cardiac function was assessed by pressure–volume
analysis 5 wk post-MI (Table 1). Consistent with echocar-
diographic analysis, load-dependent and -independent
indicesofventricular functionwere significantly improved
in mice that received allogeneic CIITA– MSCs compared
with WT MSCs. End systolic and diastolic volumes were
significantly lower in the CIITA– MSC group. Similarly,
ventricular end systolic maximum elastance and ejection
fraction were significantly improved in mice that received
CIITA– MSCs than WTMSCs.

Differentiation decreased immunoprivilege
of human MSCs

To investigate immune characteristics of human MSCs
after myogenic differentiation, we isolated and cultured
bone marrowMSCs from 4 patients and evaluated CIITA
and MHC II expression with and without IFN-g stimula-
tion. mRNAs that encoded CIITA and the a (HLA-DP-a
and -DR-a) and b (HLA-DP-b and -DR-b) chains of MHC
IIwere readilydetectablewithout IFN-g stimulation. IFN-g
significantly enhanced expression of all except DR-b
(Fig. 6A;P, 0.01, n= 6).MHC II protein expression also
increased after IFN-g stimulation (Fig. 6B).

We next examined the effect of differentiation onMHC
II expression in human MSCs. After 2 wk in culture with
5-aza,MSCselongatedand formedmyotube-like structures
(Fig.6C). ImmunostainingshowedthathumandMSCs(Fig.
6C) expressedMHC IImolecules, whereas undifferentiated
(b-mhc–negative) cells did not (data not shown).

To assess the effect of myogenic differentiation on hu-
man MSC immunogenicity, we cocultured them with al-
logeneic leukocytes and examined the extent of cellular
injury. Cytotoxicity was significantly greater after MSC
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genotype. IgG1 expression (red) was found
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differentiation (Fig. 6D;P, 0.01,n=4). IFN-g treatment of
undifferentiated and differentiated MSCs also signifi-
cantly increased leukocyte-mediated cytotoxicity (Fig. 6D;
P, 0.01).

MHC II up-regulation is associated with
human MSC immunogenicity

To understand whether MHC II expression contributes to
loss of immunoprivilege in human MSCs, we cultured
them with or without different concentrations of IFN-g
for 18 h. The proportion of cells that expressed MHC II

increased in a dose-dependent manner with 0.3 (P, 0.05
vs. control), 3 (P, 0.01 vs. control), and 30U/ml (P, 0.01
vs. control) of IFN-g (Fig. 7A,B;n=4).After 48h, nearly all
treated cells (98%) highly expressedMHC II, independent
of IFN-g dose (data not shown). At the studied concen-
trations, IFN-g did not increase human MSC death (Fig.
7D–E, H), and cell toxicity was not observed when cells
were incubated with 100 U/ml IFN-g for 48 h (data not
shown). We used leukocyte coculture (MLR) to evaluate
immunogenicity of differentiated cells. IFN-g stimulation
resulted in a dose-dependent increase in the number of PI-
positive cells in cocultures (+MLR) treatedwith 0.3, 3 (P,
0.001 vs. control), and 30U/ml IFN-g (P, 0.01 vs. control)
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Figure 5. Allogeneic CIITA– MSCs restored cardiac function better than did WT MSCs post-MI. Allogeneic CIITA– or WT MSCs
(106 cells/mouse) or medium alone were transplanted into the infarcted area 1 wk post-MI (n = 5). A) Representative M-mode
echocardiographic images. B, C) Percentage FS (B) and FAC (C) were greater when allogeneic CIITA– MSCs were implanted
and were significantly different than WT MSCs and controls. Base, baseline before MI; LVISD, left ventricular internal end
systolic dimension W, weeks. *P , 0.01 vs. control and vs. WT MSCs; **P , 0.01 vs. control.

TABLE 1. Hemodynamic parameters and indices of cardiac function derived from pressure–volume
analysis and infarct length determined by echocardiography in mice that underwent transplantation with
either WT or CIITA– MSCs

Parameter Medium WT MSCs CIITA– MSCs

HR (min21) 282.8 6 33.7 280.3 6 40.6 285.2 6 54.4
ESV (ml) 45.4 6 2.1 37.8 6 3.9* 30.6 6 3.0#

EDV (ml) 53.7 6 2.1 46.3 6 4.1* 39.4 6 2.7#

EF (%) 15.2 6 0.8 19.4 6 3.6* 23.9 6 2.8#

dP/dtmax (mmHg s21) 1867.3 6 340.5 2738.3 6 393.7* 4205.6 6 709.6#

Ees (mmHg ml21) 1.277 6 0.125 3.562 6 0.439* 6.968 6 2.381#

Infarct length/LV length (%) 32.73 6 2.86 28.84 6 2.73* 24.65 6 2.69#

EDV, end diastolic volume; Ees, end systolic elastance (slope of the end systolic relationship); EF,
ejection fraction; ESV, end systolic volume; dP/dtmax, peak rate of pressure rise; HR, heart rate; LV, left
ventricle. n = 5. *P , 0.05 WT MSCs vs. medium; #P , 0.05 CIITA– MSCs vs. WT MSCs.
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(Fig. 7F,G;n=4).Figure7H shows theextentof celldamage
when human MSCs were cocultured with allogeneic
leukocytes (+MLR) and challengedwith 3 and 30 U/ml
IFN-g, with leukocytes compromising MSC survival.
Culture medium was assessed for LDH release to
quantify cytotoxicity, which increased significantly
when 3 (P , 0.01 vs. control) and 30 U/ml IFN-g (P ,
0.001 vs. control) was added to the coculture (Fig. 7I; n =
4). These results confirm that MHC II up-regulation was
associatedwith increased humanMSC immunogenicity.

CIITA knockdown in human MSCs restores
immune privilege of IFN-g–treated cells
in vitro

We knocked down CIITA expression in human MSCs to
determine whether immunoprivilege could be main-
tained even after IFN-g exposure. By using siRNA, we
substantially reduced CIITA mRNA expression (Fig. 8A;

P , 0.001, n = 4). A greater proportion of WT IFN-g
(30 U/ml)–treated cells in coculture showed increased
MHCIIexpressioncomparedwithunstimulatedcells (P,
0.001); however, the number of IFN-g–stimulated CIITA
siRNA-transfected cells that expressed cell-surface MHC
II in coculture (+MLR) only increased slightly (Fig. 8B, C;
n = 4). These results were consistent with cytotoxicity as-
says, with IFN-g–treated WT (control) and scrambled
siRNA-transfected cells showing higher LDH release into
coculturemedium,whereasCIITAknockdownprevented
cytotoxicLDHrelease (Fig. 8D;P,0.001,n=4).Cocultures
withhumanWTMSCs thatwere exposed to IFN-g had the
highest number of live and proliferating leukocytes (Fig.
8E, F; P , 0.001 vs. stimulated CIITA– and unstimulated
WT, n = 4). Leukocytes cultured with WT cells without
IFN-g had a response similar to those cocultured with
human CIITA siRNA MSCs treated with IFN-g, with the
majority dying or failing to proliferate (Fig. 8E, G). These
results confirm that immunoprivilege can be preserved in
human MSCs by knocking down CIITA expression.
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DISCUSSION

Clinical trials of post-MI cell therapyhavenot achieved the
benefits predicted by animal studies (1), primarily because
of the limited regenerative capacity of stem cells in aged
patients (2). Optimal cells would be rapidly available and
functionally consistent and must therefore come from an

allogeneic source.AllogeneicMSCsare immunoprivileged
and are currently being clinically investigated for use in
cardiac repair (18); however, we previously found that
myogenic differentiation of allogeneic rat MSCs was as-
sociated with loss of immunoprivilege and subsequent
rejection from transplantation recipients, which lim-
ited their long-term benefits (10). Mechanistically, this
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loss of immunoprivilege occurred largely via increased
cell-surfaceMHC II expression associatedwithmyogenic
differentiation. Although not all differentiated cells ac-
quiredMHC II expression, cells that didwere sufficient to
trigger the inflammatoryreaction.Hence,wedemonstrated
that CIITA up-regulation in myogenically differentiated
mouse and human MSCs was responsible for MHC II

induction and that knocking down CIITA preserved
immunoprivilege of allogeneic MSCs after myogenic
differentiation.

We demonstrate that CIITA is a key regulator of the
differentiation-induced switchof allogeneicMSCs froman
immunoprivileged to immunogenic phenotype. MSCs
derived from CIITA– mice prevented immune rejection of
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Figure 8. CIITA down-regulation rescued immunoprivilege in human MSCs (hMSCs). A) CIITA mRNA expression was
significantly greater in control hMSCs than in cells treated with CIITA siRNA for 48 h, measured by quantitative PCR. B) Flow
cytometry for MHC II expression in hMSCs stimulated (blue and red lines) or not (black line) with INF-g (30 U/ml) for the last
18 h of a 2-d coculture with allogeneic leukocytes (MLR). C) Flow cytometry quantification showed that MHC II expression
significantly decreased after exposure to INF-g (30 U/ml) in CIITA– hMSCs. D) hMSCs [WT control (medium only), CIITA
siRNA (CIITA–) or control scrambled siRNA (scr CIITA)] were cocultured for 2 d with allogeneic leukocytes and exposed or not
to IFN-g (30 U/ml) for the final 18 h. After 2 d in coculture, LDH levels in culture medium were assessed. E) Flow cytometry for
CFSE in allogeneic leukocytes cocultured with control WT hMSCs (black and blue lines) or CIITA– hMSCs (red line) with or
without IFN-g. CIITA– cells exposed to IFN-g did not activate leukocytes to proliferate to the same extent as did IFN-g–stimulated
control cells. F) Flow cytometry quantification for CFSE. G) Micrographs of WT and CIITA– hMSCs with (bottom) or without
(top) coculture with allogeneic leukocytes (MLR) and IFN-g. Data are representative of 2 independent experiments (n = 4/
experiment). Original magnification, 310 (G).
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allogeneic differentiatedMSCs in vitro and in vivo. MHC II
acts as a signpost to alert the host immune system to initiate
a response against transplanted cells and plays a critical
role in T-cell–dependent allo-immunity by presenting pro-
cessed exogenous antigens to T-helper cells (19). We show
that CIITA is induced by cell differentiation, which alters
immune characteristics of MSCs. CIITA knockout pre-
vented rejection and preserved the ability of MSCs to im-
prove heart function afterMI.Although further studieswill
need to confirm this increasedcell survival andengraftment
in animals that receive CIITA– MSCs compared with those
that receivedWTMSCs, cardiac function was significantly
better in animals that received knockout MSCs.

CIITAactivationcontributed toMHCIIup-regulationnot
only in mouse but also in human MSCs. As rodent and hu-
man cells differ in many aspects, it was important to dem-
onstrate that differentiation-inducedMHC II expression also
leads to immunogenicity inhumanMSCs.AlthoughMHCII
molecules are not expressed on the surface of human un-
differentiatedMSCs, theycanbefoundintracellularly (20,21).
We also found thatCIITA andMHC II–encoding transcripts
HLA-DP-a, HLA-DP-b, HLA-DR-a, and HLA-DR-b were
readily detectable in undifferentiated humanMSCs. Because
MHC II molecules translocate to the surface of cells to stim-
ulateT-cellactivation(20), thisobservationsuggests that these
cellswould likelybe rejected fromthe infarctedmyocardium,
as has been reported with allogeneic rat dMSCs (10).

CIITA expression is induced by IFN-g (22). Patients with
ischemicheartdiseasehaveincreasedmononuclear leukocyte
secretion of IFN-g (23), and our data in human MSCs show
that increasing concentrations of IFN-g induce increased
MHC II expression, which correlates with greater allogeneic
leukocyte-associated cytotoxicity. CIITA knockdown pre-
vented this immune reaction in vitro. After MI, not only cell
differentiation but also early inflammatory responses associ-
atedwith IFN-g–dependent activation of CIITAmay induce
allogeneic MSC rejection. Our study demonstrates that
strategies related to CIITA down-regulation are critical to
guarantee immune privilege andMSC survival.

A stem cell with true immunoprivilege should be
engineered to improve the efficacy of cell therapy. In this
study,wewere able to overcome themajor obstacle of cell
rejection by genetic modification. MSC function was not
altered byCIITA knockout, and the ability to differentiate
andproliferate remained the same inCIITA– cells andtheir
WTcounterparts; however,MHCII expressionwasabsent
in CIITA– cells, uniquely maintaining their immunoprivi-
lege. Our findings represent a new strategy to permitMSC
differentiation necessary to improve cardiac function and
toprevent rejection of differentiated cells.Althoughwedid
not address all mechanisms responsible for CIITA– MSC
rescue of cardiac function, we believe that the cells im-
proved functional recovery bymechanisms that have been
previously identified with WT MSCs, including increased
angiogenesis, matrix remodeling, and recruitment and ac-
tivation of cardiac resident stem cells in the ischemic heart
(1, 4). However, mechanisms responsible may also in-
clude leukocyte mobilization and cytokine production
differencesaspreviously reportedby JuneBrickey et al. (24).

Although tumorigenesis is a major concern when de-
livering undifferentiated pluripotent stem cells, MSCs

havebeenclinicallyproven tobe safe (25).We identifiedno
cardiac teratomaat the site of injection inanyof the studied
groups. In addition, although in vitroMSC differentiation
resulted in myotube formation, we found no evidence of
cardiomyocyte production from implanted MSCs (WT or
CIITA–) in vivo. The major beneficial effects seem to be
from the paracrine influence of engrafted cells. Unlike the
injection of myoblasts, clinical implantation of MSCs has
not been associated with arrhythmias (26).

Taken together, these in vitro and in vivo studies suggest
that allogeneic CIITA– andWT-MSCs, with CIITA siRNA
knockdown, sufficiently prevent immune rejection to pre-
serve ventricular function post-MI. However, altering
MHC II only modifies one part of the immune response
to allogeneic dMSCs. More comprehensive evaluations
ofCIITAknockdown, in future,may reveal its effects on
other immune factors that are involved in prevention of
MSC rejection. The main purpose of this study was to
identify an immunoprivileged cell source. Although cell
retention is lowwhen transplanting cells to such a hostile
environment as theheart after anMI, geneticallymodified
cells survived longer than did WT MSCs, which potenti-
ated their ability to counteract adverse cardiac remodel-
ing either by direct action or by mobilization of the host
intrinsic repair mechanisms. Future studies will be re-
quired to identify the exact immunologic mechanisms
responsible for improved cell engraftment. Our in vitro
studies that used humanMSCs with CIITA siRNA knock-
down provide a proof of concept that genetically modified
human cellsmay become available to prevent rejection and
enhance the functional benefits achieved with cell trans-
plantation. Transient CIITA knockdown was effective in
vitro, but amore robust techniquewill be required for future
in vivo studies. Use of an immunoprivileged source of cells,
coupled with new delivery devices that trigger homing
of biologic factors or biomaterials, could further im-
prove cell retention and must be investigated. This ap-
proachmay be effective in improving the benefits of cell
therapy for cardiac regeneration.

In summary, cell therapy has the potential to greatly
benefit cardiac patients after MI, but challenges remain.
Autologous stem cells from aged patients do not aid car-
diac regeneration aswell as younger stem cells, but young
allogeneic cells are usually rejected before significant
functional benefits are observed. Modification of stem
cells should be considered to reduce immune rejection
and enhance the efficacy of cell therapy. TheCIITAgene
was identified in this study as a master regulator of the
differentiation-induced immune switch of allogeneic
MSCs from an immunoprivileged to an immunogenic
phenotype. Our study demonstrates that strategies re-
lated to CIITA down-regulation are necessary to guar-
antee immune privilege and MSC survival. Preclinical
and clinical efficacy of this strategy should be consid-
ered in future studies of cell transplantation.
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7. Grinnemo, K. H., Månsson, A., Dellgren, G., Klingberg, D., Wardell,
E.,Drvota,V.,Tammik,C.,Holgersson, J., Ringdén,O., Sylvén,C., and
Le Blanc, K. (2004) Xenoreactivity and engraftment of human
mesenchymal stem cells transplanted into infarcted rat myocardium.
J. Thorac. Cardiovasc. Surg. 127, 1293–1300

8. Pearl, J. I., Kean, L. S., Davis, M. M., andWu, J. C. (2012) Pluripotent
stemcells: immune to the immune system? Sci. Transl.Med.4, 164ps25

9. Dhingra, S., Huang, X.-P., and Li, R.-K. (2010) Challenges in
allogeneic mesenchymal stem cell-mediated cardiac repair. Trends
Cardiovasc. Med. 20, 263–268

10. Huang, X.-P., Sun, Z., Miyagi, Y., McDonald Kinkaid, H., Zhang, L.,
Weisel, R. D., and Li, R.-K. (2010) Differentiation of allogeneic
mesenchymal stem cells induces immunogenicity and limits their
long-term benefits for myocardial repair. Circulation 122, 2419–2429

11. Chapman, H. A. (1998) Endosomal proteolysis and MHC class II
function. Curr. Opin. Immunol. 10, 93–102

12. Steimle, V., Siegrist, C. A., Mottet, A., Lisowska-Grospierre, B., and
Mach, B. (1994) Regulation of MHC class II expression by interferon-
gammamediatedby the transactivatorgeneCIITA.Science265, 106–109

13. Chang,C.H.,Guerder, S.,Hong, S.C., vanEwijk,W., and Flavell, R. A.
(1996) Mice lacking the MHC class II transactivator (CIITA) show
tissue-specific impairment of MHC class II expression. Immunity 4,
167–178

14. Zhang, H., Fazel, S., Tian, H., Mickle, D. A. G., Weisel, R. D., Fujii, T.,
andLi,R.-K. (2005) Increasingdonorageadversely impactsbeneficial
effects of bone marrow but not smooth muscle myocardial cell
therapy. Am. J. Physiol. Heart Circ. Physiol. 289, H2089–H2096

15. Cimini,M., Fazel, S., Zhuo, S., Xaymardan,M., Fujii, H., Weisel, R. D.,
andLi,R.-K. (2007) c-kit dysfunction impairsmyocardial healing after
infarction. Circulation 116(11, Suppl)I77–I82

16. McDevitt, H. O. (1998) The role of MHC class II molecules in
susceptibility and resistance toautoimmunity.Curr.Opin. Immunol.10,
677–681

17. Li, S.-H., Lai, T. Y. Y., Sun, Z.,Han,M.,Moriyama,E.,Wilson, B., Fazel,
S., Weisel, R. D., Yau, T., Wu, J. C., and Li, R.-K. (2009) Tracking
cardiac engraftment and distribution of implanted bone marrow
cells: Comparing intra-aortic, intravenous, and intramyocardial de-
livery. J. Thorac. Cardiovasc. Surg. 137, 1225–1233.e1

18. Suncion, V. Y., Ghersin, E., Fishman, J. E., Zambrano, J. P., Karantalis,
V., Mandel, N., Nelson, K. H., Gerstenblith, G., DiFede Velazquez,
D. L., Breton, E., Sitammagari, K., Schulman, I. H., Taldone, S. N.,
Williams, A. R., Sanina, C., Johnston, P. V., Brinker, J., Altman, P.,
Mushtaq,M.,Trachtenberg,B.,Mendizabal,A.M.,Tracy,M.,DaSilva,
J., McNiece, I. K., Lardo, A. C., George, R. T., Hare, J. M., and
Heldman, A. W. (2014) Does transendocardial injection of
mesenchymal stem cells improve myocardial function locally or
globally?: An analysis from the Percutaneous Stem Cell Injection
Delivery Effects on Neomyogenesis (POSEIDON) randomized trial.
Circ. Res. 114, 1292–1301

19. Neefjes, J., Jongsma,M. L.M., Paul, P., andBakke,O. (2011)Towards
a systems understanding of MHC class I and MHC class II antigen
presentation. Nat. Rev. Immunol. 11, 823–836

20. Le Blanc, K., Tammik, C., Rosendahl, K., Zetterberg, E., and
Ringdén, O. (2003)HLA expression and immunologic properties
of differentiated and undifferentiated mesenchymal stem cells.
Exp. Hematol. 31, 890–896

21. Chan, J. L., Tang, K. C., Patel, A. P., Bonilla, L. M., Pierobon, N.,
Ponzio, N. M., and Rameshwar, P. (2006) Antigen-presenting prop-
erty ofmesenchymal stem cells occurs during a narrowwindow at low
levels of interferon-gamma. Blood 107, 4817–4824

22. Satoh, A., Toyota, M., Ikeda, H., Morimoto, Y., Akino, K., Mita, H.,
Suzuki, H., Sasaki, Y., Kanaseki, T., Takamura, Y., Soejima, H., Urano,
T., Yanagihara, K., Endo, T., Hinoda, Y., Fujita, M., Hosokawa, M.,
Sato, N., Tokino, T., and Imai, K. (2004) Epigenetic inactivation of
class II transactivator (CIITA) is associated with the absence of
interferon-gamma-induced HLA-DR expression in colorectal and
gastric cancer cells. Oncogene 23, 8876–8886

23. Vaddi, K., Nicolini, F. A., Mehta, P., and Mehta, J. L. (1994)
Increased secretion of tumor necrosis factor-alpha and interferon-
gammabymononuclear leukocytes in patients with ischemic heart
disease. Relevance in superoxide anion generation. Circulation 90,
694–699

24. June Brickey, W., Felix, N. J., Griffiths, R., Zhang, J., Wang, B.,
Piskurich, J. F., Itoh-Lindstrom, Y., Coffman, T. M., and Ting, J. P.
(2002) Prolonged survival of class II transactivator-deficient cardiac
allografts. Transplantation 74, 1341–1348

25. Alagesan, S., and Griffin, M. D. (2014) Autologous and allogeneic
mesenchymal stem cells in organ transplantation: what do we
know about their safety and efficacy? Curr. Opin. Organ Transplant.
19, 65–72

26. Hare, J. M., Fishman, J. E., Gerstenblith, G., DiFede Velazquez, D. L.,
Zambrano, J. P., Suncion, V. Y., Tracy,M., Ghersin, E., Johnston, P. V.,
Brinker, J. A., Breton, E., Davis-Sproul, J., Schulman, I. H., Byrnes, J.,
Mendizabal, A.M., Lowery,M.H., Rouy,D., Altman, P.,WongPoFoo,
C., Ruiz, P., Amador, A., Da Silva, J., McNiece, I. K., Heldman, A. W.,
George, R., and Lardo, A. (2012) Comparison of allogeneic vs
autologous bone marrow–derived mesenchymal stem cells delivered
by transendocardial injection inpatientswith ischemiccardiomyopathy:
the POSEIDON randomized trial. JAMA 308, 2369–2379

Received for publication February 16, 2016.
Accepted for publication May 12, 2016.

3082 Vol. 30 September 2016 HUANG ET AL.The FASEB Journal x www.fasebj.org

Downloaded from www.fasebj.org by (205.189.58.93) on October 10, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 3069-3082.

http://www.fasebj.org

