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Abstract

It has been widely accepted that mesenchymal stem cells (MSCs) can evade the immune surveillance of the recipient. However,
emerging research cast doubt on whether MSCs are intrinsically immune-privileged. Previously, we observed that the
transplantation of human MSCs (hMSCs) into the mouse parenchyma attracted a high infiltration of leukocytes into the
injection tract. Thus, in order to reduce the immune responses generated by hMSCs, the aim of this study was to assess which
immunosuppressant condition (dexamethasone only, tacrolimus only, or dexamethasone and tacrolimus together) would not
only reduce the overall immune response but also enhance the persistence of MSCs engrafted into the caudate putamen of
wild-type C57BL/6 mice. According to immunohistochemical analysis, compared to the hMSC only group, the administration
of immunosuppressants (for all three conditions) reduced the infiltration of CD45-positive leukocytes and neutrophils at the
site of injection. The highest hMSC persistence was detected from the group that received combinatorial administrations of
dexamethasone and tacrolimus. Moreover, compared to the immunocompetent WT mouse, higher MSC engraftment was
observed from the immunodeficient BALB/c mice. The results of this study support the use of immunosuppressants to tackle
MSC-mediated immune responses and to possibly prolong the engraftment of transplanted MSCs.
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Introduction cells (MSCs) have gained favorable attention as a promising

Easily accessible and proposed to possess wide ranging cap-  regenerative therapy for neurodegenerative disorders' .

abilities via their paracrine activities, mesenchymal stem  However, there are many issues that need to be addressed
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for MSCs to be used for clinical purpose. Major issues
include the route of administration that can overcome the
limitation of the blood brain barrier’’, poor engraftment,
and rapid clearance of MSCs following transplantation®°.

To be used for clinical purposes, another major issue for
MSCs is immunogenicity'®!'. To date MSCs have been
described to be positive for the major histocompatibility
complex (MHC) class I, but negative for MHC class II'2.
MSCs have been considered immune-privileged since they
do not express MHC class II or human leukocyte antigen
(HLA)-DR and thus are able to evade the immune surveil-
lance of the recipient. Recently, however, this prevailing
dogma has been challenged by reports suggesting that MSCs
are not immune-privileged or hypo-immunogenic but
immune evasive'®. According to a study that we reported
recently'®, minimal infiltration of CD45-positive leuko-
cytes was observed at the injection site from the vehicle
group where only minimal essential medium alpha 1x was
administered into the left caudate putamen (CPu) of wild-
type C57BL/6 mice. This was a striking contrast to the
xenogeneic group, where the injection site was densely
populated by CD45-positive leukocytes following admin-
istration of human mesenchymal stem cells (hMSCs). This
activation of innate immune responses exhibited via infil-
tration of macrophages and neutrophils at the injection site
of human MSCs was also demonstrated from past studies
conducted in rats and mice'?. Furthermore, following trans-
plantation of MSCs from 3 different sources: xenogeneic,
allogeneic, and syngeneic, the highest immune response
was observed from the xenogeneic followed by the allo-
geneic and lastly by the syngeneic group. Such results not
only reinforced the proposition that MSCs are immuno-
genic, but also raised concerns on the immunologic prob-
lems of xenotransplantation.

Surmounting evidence of MSC immunogenicity has
implications in animal studies, let alone clinical trials for
human subjects. First, the safety and efficacy of hMSCs must
be evaluated in animal models to be utilized in clinical trials.
Thus, performing xenotransplantation is inevitable. How-
ever, the immune responses exerted by hMSCs transplanted
into the mouse parenchyma impose hurdles on the clinical
translation of MSC therapy. Immune responses that are gen-
erated following transplantation of hMSCs in mice may not
only affect the therapeutic efficacy of hMSCs in the recipi-
ent’s environment but also the duration of their survival.
This may act as a possible hindrance in accurately assessing
the safety and efficacy of hMSCs in vivo. Second, for clin-
ical trials, allogeneic MSCs are preferred over autologous
MSCs. While issues such as immune rejection or HLA mis-
matching does not need to be considered for autologous
cells, it is both challenging and time consuming to acquire
and expand cells from patients with comorbidities'>'®. Allo-
geneic cells, on the other hand, are readily available as “off-
the-shelf” therapeutic products' and cells can be obtained
from young, healthy donors'’ but there is a risk of immune
rejection'®. Results from our recently reported study'* add to

the growing evidence'®?° that the potential for immunogeni-

city cannot be ruled out following transplantation of allo-
geneic MSCs.

To address this imminent and compelling need to ame-
liorate immune responses that arise via xenotransplantation,
here, we transplanted hMSCs into the parenchyma of wild-
type mice and also co-administered immunosuppressants.
Various immunosuppressants (dexamethasone, tacrolimus,
and combination of dexamethasone and tacrolimus) were
assessed under several conditions to explore which immu-
nosuppressant regimen (s) can reduce immune responses
exerted following hMSCs transplantation and also enhance
the engraftment of hMSCs in the mouse parenchyma.

Materials and Methods
Ethical Statement

This study was reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) of the Samsung
Biomedical Research Institute (SBRI) at Samsung Medical
Center (SMC). SBRI abides by the Institute of Laboratory
Animal Resources (ILAR) guide and is an Association for
Assessment and Accreditation of Laboratory Animal Care
International (AAALAC International) accredited facility.

Experimental Animals

All mice were fed ad libitum and were maintained in a
12-hour (hr) light/12-hr dark cycle. Female C57BL/6
(7-9 week of age) and BALB/c nude mice (7-9 week of
age) were both purchased from Orientbio (Seongnam,
Republic of Korea). Out of the 54 C57BL/6 mice, brain
tissue samples harvested from 26 mice (hMSC only: n =
6, dexamethasone (Dexa): n = 7, tacrolimus (Tac): n = 6,
dexamethasone + tacrolimus (DexaTac): n = 7) were used
to assess persistence of human MSCs via ALU quantitative
polymerase chain reaction (qQPCR) and immunohistochem-
istry (IHC) was carried out using the brain tissue samples
harvested from the remaining 25 mice to evaluate the
expressions of immune and inflammatory markers at the
site of hMSC injection (hMSC only: n = 7, Dexa: n = 6,
Tac: n = 5, DexaTac: n = 7). To examine differences in
MSC persistence at 7 days-post transplantation, a 0 hr (pos-
itive control) group (n = 3) was included in the study.
These mice were sacrificed immediately after receiving
transplantations of hMSCs. An additional experiment was
performed to investigate on differences in hMSC persis-
tence and immune responses between C57BL/6 (rn = 9) and
BALB/c mice (n = 12). A total of 11 mice were used to
carry out immunohistochemical analysis (C57BL/6: n = 4,
BALB/c: n = 7) and an additional 10 mice were used to
evaluate hMSC persistence via ALU qPCR (C57BL/6: n =
5, BALB/c: n = 5).
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Figure |. Timeline of experiment. C57BL/6 mice are randomly allocated into four different groups: hMSC only, dexamethasone (Dexa; D)
only, tacrolimus (Tac; T) only, and a combination of dexamethasone and tacrolimus (DexaTac). Human mesenchymal stem cells (hMSCs) are
transplanted into the left CPu of wild-type C57BL/6 mice at Day 0. Mice are sacrificed at Day 7. Dexamethasone is administered at | mg/kg/
day via oral gavage at Day -1 and Day 0. Tacrolimus is administered at 3 mg/kg/day via the intraperitoneal route daily starting from Day -1 up
to the termination time point (Day 7). The DexaTac group is given administrations of both dexamethasone and tacrolimus via the respective
administration routes and dosage. Note the hyphen indicates that no immunosuppressants have been administered.

Immunosuppressant Administration and MSC
Transplantation

The experiment started at Day -1 and mice were sacrificed at
Day 7 (total of 9 days) (Fig. 1). The dosage and administra-
tion routes for tacrolimus and dexamethasone were deter-
mined by referring to previous reports®! 4. Tacrolimus
(PROGRAF ®) was purchased from Astellas Pharma
(Tokyo, Japan). It was diluted using an isotonic sodium
chloride solution (Dai Han Pharm, Republic of Korea) and
was administered at 3 mg/kg/day (total volume: 100 pL) via
the intraperitoneal (I.P.) route (Fig. 1). Tacrolimus (Tac; T)
was administered starting a day before the cell injection
(Day -1) and was continually administered once a day, daily,
up to the sacrifice time point (Day 7). Water soluble dex-
amethasone (Dexa; D; Sigma Aldrich, St Louis, MO, USA)
was administered for 2 days (Day -1 and Day 0: 1 day
before cell injection and the day of MSC transplantation)
at 1 mg/kg/day (total volume: 100 pL) by oral gavage
(P.O.). The DexaTac group received co-administrations
of both dexamethasone (P.0O.) and tacrolimus (I.P.) by
applying the equivalent dosage and administration routes
used for the Dexa and Tac groups, respectively.

Human mesenchymal stem cells (hMSCs) were prepared
as described previously'***. Human MSCs were expanded
in media containing minimal essential alpha 1x medium
(MEMalx; Gibco, Waltham, MA, USA), 10% fetal bovine
serum (FBS; Biowest, Riverside, MO, USA), and 0.5% gen-
tamicin (Gibco, Waltham, MA, USA) at 37°C in a 5% CO2
incubator. As reported previously®>, we applied a precondi-
tioning protocol by treating hMSCs with ethionamide prior
to transplantation to enhance the overall therapeutic efficacy
of hMSCs. To prepare cells for transplantation, precondi-
tioned hMSCs were harvested using 0.25% Trypsin-
Ethylenediaminetetraacetic acid (EDTA) (Gibco, Waltham,

MA, USA). Cells were then suspended in serum-free phenol
red-free MEMalx (Gibco, Waltham, MA, USA) at a con-
centration of 2 x 10°/ 5 pL'*. At Day 0, 2 x 10° hMSCs
suspended in 5 pL of serum-free phenol red-free MEMalx
were injected into the left caudate putamen (CPu) of mice at
the following coordinates: -0.5 mm anterior to bregma (A/P),
-1.7 mm from the midline (M/L), and 3.3 mm ventral from
the surface of the skull (D/V). A 25 pL Hamilton syringe
(Hamilton Company, Reno, NV, USA) was used to deliver
the cells and cells were injected at a rate of 1 pL per min.
Following the completion of cell transplantation, a 5-minute
delay was carried out before retracting the syringe to reduce
backflow of cells. BALB/c nude mice did not receive any
administrations of immunosuppressants. Equivalent to the
C57BL/6 mice that received transplantations of hMSCs only,
hMSCs were transplanted to the left CPuof BALB/c nude mice
and the mice were subsequently sacrificed at Day 7.

Quantification of Human DNA Using Real-Time
Quantitative PCR

The persistence of hMSCs in the mouse parenchyma was
assessed by targeting the human ALU element via quantita-
tive real-time PCR (qPCR). Genomic DNA isolation and
qPCR were carried out as described previously'®. At the day
of sacrifice, brain tissue samples were harvested (left and
right hemispheres separated) from both C57BL/6 and
BALB/c nude mice and were then immediately frozen in
liquid nitrogen. Genomic DNA was extracted only from the
left hemisphere where the injection was performed (Gentra
Puregene Tissue Kit; Qiagen, Hilden, Germany). ALU pri-
mers were synthesized by referring to previous reports®®?’:
Forward (5'-CAT GGT GAA ACC CCG TCT CTA-3’) and
reverse (5-GCC TCA GCC TCC CGA GTA G-3'). PCR
was carried out on a QuantStudio 6 system (Applied
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Biosystems, Foster City, CA, USA) by using a mixture con-
taining 20 ng of genomic DNA, ALU primers (forward and
reverse), and the SYBR Green Master Mix probe (Thermo
Fisher Scientific, Waltham, MA, USA). The PCR conditions
were as follows: a total of 40 cycles starting with 95°C for 10
min, 95°C for 15 sec, 68°C for 30 sec, and lastly 72°C for 30
sec. The standard curve was generated by using the threshold
cycle (CT) values acquired from varying number of hMSCs
(10%, 10°, 10% 10, 10°). The persistence of hMSCs in the
mouse parenchyma was quantitated by fitting the CT values
of the respective samples to the standard curve.

Immunohistochemical Staining and Analysis

The expressions of immune and inflammatory markers
and engraftment of hMSCs were evaluated by performing
immunohistochemical (IHC) staining. IHC was carried
out by referring to studies reported previously'*?*. On
Day 7, mice that were randomly allocated to undergo IHC
analysis was sacrificed via cardiac perfusion. Harvested
brain tissue samples were fixated in 4% paraformalde-
hyde prior to embedding the tissue samples in paraffin
blocks. 4 um thick coronal sections were deparaffinized
in xylene, varying percentages of ethanol, and distilled
water. Sodium citrate buffer (1x, pH 6.0 (Dako, Glostrup,
Denmark) was used to perform heat-induced epitope
retrieval. Slides were incubated in primary antibodies
overnight at 4°C and secondary antibodies for 1 hr at
room temperature. Primary antibodies used in this study
were as follows: anti-rat CD45 (1:200; Biolegend, San
Diego, CA, USA), anti-rabbit Iba-1 (1:250; Wako Chemi-
cals, Osaka, Japan), anti-rat neutrophil (1:200; Abcam,
Cambridge, UK), anti-rabbit CD68 (1:200; Abcam,
Cambridge, UK), anti-mouse STEM121 (1:500; Cellartis,
Japan), anti-rabbit CD4 (1:1000; Abcam, Cambridge,
UK), and anti-rabbit CD8a (1:100; Cell Signaling, Dan-
vers, MA, USA). Secondary antibodies used in this study
were as follows: Alexa Fluor 633-conjugated donkey anti-
rat (1:400; Life Technologies, Carlsbad, CA, USA),
Alexa Fluor 546-conjugated donkey anti-rabbit (1:400),
and Dako EnVision 4+ System-HRP Labelled Polymer
anti-mouse and anti-rabbit (Dako, Carpinteria, CA, USA).
By referring to the manufacturer’s (Dako, USA) instruc-
tions, further dilutions were not performed for each of the
HRP labeled polymers. Images of slides that underwent
immunofluorescent staining were acquired using a confo-
cal microscope (Carl Zeiss AG, Jena, Germany). Slides
that underwent 3,3’-Diaminobenzidine (DAB) staining
were scanned using the Scanscope AT scanner (Leica
Biosystems, Wetzlar, Germany). Images of all THC-
stained slides were re-acquired using the Vectra® Auto-
mated Imaging System (version 2.4.1, PerkinElmer
Applied Biosystems, Waltham, MA, USA) and quantifi-
cation was performed subsequently via the InForm 2.4.1
image analysis software.

Statistical Analysis

The GraphPad Prism 8.0 software (version 8, Graphpad; San
Diego, CA, USA) was utilized to conduct statistical analysis.
All values are presented as mean + standard error of mean
(S.E.M). One-way ANOVA or a t-test (unpaired, two-tailed)
was used to assess significance and a P-value < 0.05 was
considered statistically significant. One-way ANOVA was
utilized to compare the Dexa, Tac, and DexaTac groups to
the hMSC group and the t-test was used to compare the
BALB/c nude mice to the C57BL/6 mice.

Results

Immunosuppressant Administration Drastically
Attenuated the Infiltration of Leukocytes and
Neutrophils at the hMSC Injection Site

Co-immunostaining was conducted to compare the distribu-
tion of CD45-positive leukocytes and Iba-1 positive micro-
glia cells at the site of injection among the 4 groups (hMSC,
Dexa, Tac, and DexaTac) (Fig. 2A). CD45-positive leuko-
cytes were identified mostly at the site of injection while the
presence of Iba-1 positive microglia cells was discernible not
only at the injection site but also in the vicinity of the graft.
The highest CD45-positive leukocyte population was
detected from the hMSC group (34.97% =+ 3.41%). Com-
pared to the hMSC group, administration of immunosuppres-
sants dramatically reduced the expression of CD45-positive
leukocytes in the following order (highest to lowest): Dexa
(16.18% =+ 2.28%), DexaTac (15.57% + 1.65%), and Tac
(11.68% =+ 2.20%) (Fig. 2A). The difference in expression
of CD45-positive leukocytes for all three immunosuppres-
sant conditions was statistically significant when compared
to that of the hMSC group (****P < 0.0001). Contrary to the
expression of CD45-positive leukocytes, a decrease in
expression of Iba-1 positive microglia was not discovered
following administration of immunosuppressants (Dexa,
Tac, and DexaTac) (Fig 2A). The expressions of Iba-1 pos-
itive microglia cells were as follows for all four groups:
hMSC (22.54% + 1.84%), Dexa (34.36% + 3.33%), Tac
(30.47% + 2.45%), and DexaTac (25.95% + 2.45%). The
percentage of Iba-1 microglia cells was greater by 1.5-fold
when comparing the results of the Dexa group to that of the
hMSC group and the difference was also statistically signif-
icant (**P < 0.01). Although an increase in Iba-1 microglia
cells was evident, no statistically significant differences
were noted when comparing the results of DexaTac
(P = 0.5705) and Tac (P = 0.1434), respectively, to that
of the hMSC group (Fig. 2A).

The expression levels of immune and inflammatory cells
at the injection sites were further examined by carrying out
additional THC staining using neutrophil and CD68 markers.
Neutrophils are known to be the most common type of leu-
kocytes'*?®2? and thus a neutrophil marker was used to
confirm the CD45 THC results. Although widely known as
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Figure 2. Administration of immunosuppressants reduces the expression levels of CD45-positive leukocytes and neutrophils at the hMSC
injection site. (A) Compared to the Dexa (n = 6), Tac (n = 5), and DexaTac (n = 7) groups, severe infiltration of CD45-positive leukocytes
(indicated in golden yellow) is visualized from the injection site of the hMSC group (n = 7) via IHC staining. For all 4 groups (hMSC, Dexa,
Tac, and DexaTac), Iba-1 microglia cells (indicated in red) are randomly dispersed at the injection site and the region surrounding the cell
graft. (B) The hMSC group shows the highest infiltration of neutrophils (indicated in golden yellow) at the injection site. The expression of
neutrophils is significantly reduced for the Dexa (n = 6), Tac (n = 5), and DexaTac (n = 7) groups. CDé8-positive macrophages (indicated in
green) are not as densely populated as neutrophils. Macrophages are identified at and the region bordering the engraftment site. Statistical
significance is defined as ** P < 0.01, ** P < 0.001, *** P < 0.0001 vs. hMSC; mean + SEM (One-way ANOVA). Scale bar = 100 um.

a marker for microglia, several studies report that Iba-1 is
expressed by both microglia and macrophages®*>'. CD68, a
common marker used to identify macrophages®>, was used to
evaluate whether similar expression levels could be observed
in comparison to that of the Iba-1 marker. Like the distribu-
tion of CD45-positive leukocytes, a dense population of
neutrophils was concentrated at the site of hMSC injection
(Fig. 2B). Compared to the hMSC group (40.25% =+ 3.80%),
administration of immunosuppressants reduced the expres-
sion of neutrophils strikingly in the following order (highest

to lowest): Dexa (22.69% + 4.31%), DexaTac (20.47% +
2.56%), and Tac (18.41% + 4.03%) (Fig. 2B). The differ-
ence in expression of neutrophils for all three immunosup-
pressant conditions was statistically significant when
compared to that of the hMSC group (Dexa, Tac: **P < 0.01,
DexaTac: *** P < (.001). The expression pattern of CD68-
positive macrophages resembled that of Iba-1-positive micro-
glial cells. CD68-positive macrophages were distributed at the
vicinity or border of the hMSC engraftment site (Fig. 2B).
Compared to the hMSC group, the Tac group did show
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Figure 3. Residual hMSCs remaining in the mouse parenchyma following immunosuppressant administration at Day 7. (A) IHC results of
representative tissue sections from the hMSC (n = 7), Dexa (n = 6), Tac (n = 5), and DexaTac (n = 7) groups, respectively, show STEM12]
positive cells that are discernible as brown signals surrounding the nuclei of the cells (solid red arrowhead). Non-specific brown signals, not
enclosing the nuclei of cells, can also be identified in the surrounding tissue regions of the injection site (solid black arrowhead). (B) The
number of residual hMSCs present in the parenchyma of the 0 hr (n = 3), hMSC (n = 6), Dexa (n = 7), Tac (n = 6), and DexaTac (n = 7)
groups, respectively, is quantitated via ALU qPCR. 0 hr is the positive control group where unlike the other experimental groups, this group
was sacrificed not at Day 7 but immediately following transplantation of hMSCs. Out of the immunosuppressant groups, the highest number
of persisting hMSCs is observed from the DexaTac group. Statistical significance is defined as ** P < 0.01 vs. h(MSC; mean + SEM (One-way

ANOVA). Scale bar = 50 um.

a slight increase in expression of CD68-positive macro-
phages, but the difference was not statistically significant
(P = 0.6362). Likewise, statistically significant differ-
ences were not observed from the Dexa (P = 0.8682) and
DexaTac (P = 0.6733) groups, respectively, when com-
pared to the hMSC group.

Immunosuppressant Administration Increased the
Persistence of hMSCs in the Mouse Brain Parenchyma

According to IHC-DAB staining results, STEM121 positive
human cells were identified as brown-colored signals sur-
rounding the nuclei in the cytoplasm (Fig. 3A; solid red
arrowhead). Small, circular, pyknotic cells were also identi-
fied at the injection sites of all 4 groups (hMSC, Dexa, Tac,
DexaTac). While a high distribution of these pyknotic cells
was identified from all of the groups, more STEM121 pos-
itive cells was identified from the DexaTac group. Apart
from the clearly visible STEM121 positive signals which
have been indicated as red arrowheads, there were non-
specific signals that were discernible at and in the vicinity
of the injection site (Fig. 3A; solid black arrowhead). Thus,
hMSC persistence was quantitated separately via ALU
qPCR (Fig. 3B). Compared to the 0 hr (positive control)
group, a marked reduction in hMSC persistence was
observed at 7 days-post transplantation (with or without the
administration of immunosuppressants). However, com-
pared to the hMSC group, administrations of Dexa only, Tac
only, and DexaTac increased the persistence of hMSCs in

the mouse parenchyma by 10.7, 7.8, and 19.1-fold, respec-
tively (Fig. 3B). While statistically significant differences
were not noted when comparing the Dexa (P = 0.1918) and
Tac (P = 0.5829) groups to the hMSC group, respectively,
statistically significant differences were noted when com-
paring the DexaTac group to the hMSC group (**P < 0.01)
(Fig. 3B).

T Cell Reactivity Is Not Pronounced at the hMSC
Engraftment Site

In addition to examining the expressions of various immune
and inflammatory cells, IHC staining was carried out to
assess changes in CD4" and CD8a* T cell proliferation
following administrations of Dexa, Tac, and DexaTac,
respectively. Overall, the proliferation of both CD4" and
CD8a" T cells was relatively low and sparsely distributed
(Fig. 4) in comparison to the densely populated leukocyte
and neutrophil populations that were observed following
hMSC injection (Fig. 3). For all four groups (hMSC, Dexa,
Tac, and DexaTac), the population of CD4" T cells was
greater than the population of CD8a™ T cells. When com-
pared to that of the hMSC only (no immunosuppressant)
group (9.65% + 0.73%), the percentage of CD4" T cells
at the implantation site was reduced for each of the immu-
nosuppressant conditions (Dexa: 5.57% + 0.62%, Tac:
4.35% + 0.86%, and DexaTac: 7.59% + 1.00%). Statistical
significance was observed between the hMSC group and the
Dexa (**P < 0.01) and Tac (**P < 0.01) groups,
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Figure 4. Administering immunosuppressants decreases the proliferation of CD4* T cells at the hMSC engraftment site. The expressions
of CD4™" (top row) and CD8ut (bottom row) T cells at the site of hMSC injection are assessed via IHC staining for the hMSC (n = 7), Dexa
(n = 6), Tac (n = 5), and DexaTac (n = 7) groups, respectively. T cells are identified as dark brown signals colocalized to the nuclei of cells.
CD4" T cells are sparsely distributed and CD8a" T cells are barely identified at the site where hMSCs have been implanted. Statistical
significance is defined as ** P < 0.0l vs. hMSC; mean + SEM (One-way ANOVA). Scale bar = 200 pum.

respectively. Unexpectedly, however, the DexaTac group
did not differ from the hMSC group (P = 0.1581) in terms
of CD4" T cell expression. Contrary to the CD4" ITHC
results, little differences were noted when comparing the
CD8u " expression of the hMSC group (0.99% + 0.12%)
to that of the Dexa (1.10% + 0.31%; P = 0.9744), Tac
(1.48% + 0.31%; P = 0.4389), and DexaTac (1.20% +
0.19%; P = 0.7175) groups, respectively (Fig. 4).

Increase in hMSC Persistence and Reduction of
Immune Responses Are Discernible from BALB/c Nude
Mice

As a proof-of-principle we subsequently carried out an
experiment to evaluate immune responses exerted following
transplantation of hMSCs in an immunodeficient mouse
model. By applying the same experimental design as that
performed using C57BL/6 mice, hMSCs were transplanted
into the left CPu of BALB/c nude mice but without the co-
administration of immunosuppressants. Expressions of
immune and inflammatory responses generated following
hMSC transplantation were explored via IHC staining
(Fig. 5). The expression of CD45-positive leukocytes was

significantly reduced in BALB/c nude mice (6.02% +
1.67%) in comparison to that of C57BL/6 mice (21.68%
+ 4.26%) (Fig. 5A). Like C57BL/6 mice, Iba-1 positive
microglia cells were observed at but mostly surrounding the
border of the hMSC engraftment site (Fig. 5A). Compared to
the C57BL/6 mice (23.16% =+ 5.06%), a reduction in
expression of Iba-1 positive microglial cells was discernible
from the BALB/c nude mice (13.98% + 2.28%) but the
difference was not statistically significant (P = 0.1153).
Along with CD45-positive leukocytes, an extremely high
population of neutrophils was identified in the injection site
of C57BL/6 mice. While there was a 3.6-fold difference in
expression of CD45-positive leukocytes, there was a 4.2-fold
difference in expression of neutrophils between the C57BL/6
(43.85% + 6.30%) and BALB/c nude mice (10.33% +
1.48%). This difference was statistically significant
(***P < 0.001) (Fig. 5B). Contrasting results were observed
when expression levels of CD68-positive macrophages were
assessed. Macrophages were present at and near the border-
ing regions of the hMSC engraftment site (Fig. 5B). Overall,
the percentage of Iba-1 positive microglia cells was higher in
both C57BL/6 and BALB/c nude mice in comparison to the
percentages of CD68-positive macrophages that were pres-
ent from both groups. Compared to the C57BL/6 mice
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positive microglia cells (indicated in red) from both groups. (B) Contrary to C57BL/6 mice (n = 4), severe infiltration of neutrophils

(indicated in orange) is not identified from the injection site of BALB/c nude mice (n 7). The percentage of CD68-positive
macrophages was slightly higher in the C57BL/6 group in comparison to that of BALB/c nude mice but there was no significant
difference between the groups. Statistical significance is defined as **P < 0.01, *** P < 0.001 vs. C57BL/6 mice; mean + SEM (t-test).
Scale bars: (A) 100 um, (B) 50 um.
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Figure 6. Higher number of residual hMSCs is quantitated from the parenchyma of BALB/c nude mice at Day 7. (A) Via IHC staining,
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(n = 5). (B) The number of residual hMSCs persisting in the parenchyma of both C57BL/6 (n = 5) and BALB/c nude mice (n = 5) is assessed
via ALU qPCR. MSC persistence is higher in BALB/c nude mice. Statistical significance is defined as **P < 0.01 vs. C57BL/6 mice; mean + SEM

(t-test). Scale bar = 50 um.

(11.03% + 2.61%), a slight increase in percentage of
CD68-positive macrophages was apparent from the BALB/
¢ nude mice (15.34% + 1.66%) but the difference was not
statistically significant (P = 0.1844). Based on IHC staining,
a striking increase in number of STEM121-positively stained
cells was detected from BALB/C nude mice in comparison to
wild-type C57BL/6 mice (Fig. 6A). When quantitated via ALU
gPCR, there was a dramatic and significant increase in number
ofresidual hMSCs from the BALB/c nude mice (**P <0.01) in
comparison to that of C57BL/6 mice (Fig. 6B).

Proliferation of T Cells Is Reduced at the hMSC
Engraftment Site of BALB/c Nude Mice

In addition to the analysis of immune and inflammatory cell
infiltration at the hMSC injection site, the distribution of
T cells was closely examined via [HC staining. A remarkable
difference was noted in the expression of CD4™ T cells
between the C57BL/6 (5.52% + 1.12%) and BALB/c nude
mice (0.57% + 0.09%) (Fig. 7). Brown signals representa-
tive of CD4" T cells were clearly identified from IHC-
stained tissue sections of C57BL/6 mice while only few were
discernible from the stained slides of BALB/c nude mice.
Close to an 8.6-fold decrease in CD4" T cells was observed
from the hMSC injection site of BALB/c nude mice. The
difference between the CD4" T cell expression levels of
C57BL/6 and BALB/c nude mice was statistically signifi-
cant (**P < 0.01). CD8a™ T cells, on the other hand, were
barely visible at the injection sites of both C57BL/6 and
BALB/c nude mice (Fig. 7). Non-specific signals were
detected but very few positive signals co-localized in the
nuclei of cells. Compared to C57BL/6 mice (0.30% =+
0.08%), although a decrease in CD8a* T cell expression was
noted from BALB/c nude mice (0.11% + 0.03%), the dif-
ference was not statistically significant (P = 0.0546).

Discussion

This study demonstrates the feasibility of ameliorating
immune responses generated following transplantation of
hMSCs into the parenchyma of WT C57BL/6 mice by
co-administering the following immunosuppressants: dexa-
methasone only, tacrolimus only, or a combination of dex-
amethasone and tacrolimus. First, we hypothesized that
administration of immunosuppressants would reduce expres-
sion levels of immune (CD45 and neutrophil) cells. As
expected, administration of immunosuppressants did lower
the expression levels of both CD45-positive leukocytes and
neutrophils at the site of hMSC transplantation. A limited
number of studies have investigated on the effects of immu-
nosuppressive agents such as dexamethasone, a potent glu-
cocorticoid, and tacrolimus (FK506), a calcineurin inhibitor,
on the accumulation of immune cells at the site of hMSC
engraftment in the central nervous system (CNS). It has been
suggested that dexamethasone has the ability to enhance the
apoptosis of monocytes and also decrease the infiltration of
inflammatory cells****. Glucocorticoids have also been
reported to reduce the infiltration of polymorphonuclear leu-
kocyte, or neutrophils, in inflamed tissues®>. In a rat model
of transient retinal ischemia, compared to the vehicle-treated
rats, intramuscular administration of tacrolimus decreased
the accumulation of leukocytes in the retina®®.

We also hypothesized that administration of immunosup-
pressants would reduce inflammatory (Iba-1 and CD68)
cells. Contrary to our expectation, significant differences
were not discernible in expression levels of both Iba-1
microglial cells and CD68-positive macrophages. Interest-
ingly, regardless of whether or not immunosuppressants
were administered, a high percentage of Iba-1 positive
microglial cells were observed surrounding the border of the
engraftment site. These results are in concordance with past
findings where the presence of Iba-1 positive microglial cells
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stained with the CD4 antibody while positive signals are barely detectable from representative tissue sections of BALB/c nude mice.
Statistical significance is defined as **P < 0.0l vs. C57BL/6 mice; mean + SEM (t-test). Scale bar = 200 pm.

was evident in the border of the engraftment site a week
following transplantation of autologous MSCs into the par-
enchyma of FVB/NCrl mice®’. The same group also detected
the localization of Iba-1 positive microglial cells in the bor-
der region where C57BL/6 bone marrow-derived blue fluor-
escent protein expressing MSCs were implanted into the
parenchyma of C57BL/6 CX3CR1+/- mice®®. The authors
proposed that the pro-inflammatory environment generated
following transplantation of MSCs may account for the
accumulation of microglial cells surrounding the engraft-
ment site®’. Overall, the expression of CD68 positive cells
or macrophages for all experimental groups was not as
strong when compared to that of Iba-1 positive microglial
cells, although the macrophages and microglial cells accu-
mulated at similar regions (at and surrounding the graft). The
localization of microglia and macrophages at or surrounding
the engraftment site possibly indicates the presence of apop-
totic and necrotic cells®® which may have triggered the
recruitment of macrophages and resident microglia in the
mouse parenchyma. These apoptotic and necrotic bodies

could have originated from both human MSCs and also the
immune / inflammatory cells of the mouse or recipient. As
indicated from our ALU-based real-time PCR assay results,
the presence of apoptotic and or necrotic cells of human
origin at the engraftment site is highly possible considering
that residual human cells were barely remaining in the
mouse parenchyma at Day 7 for the hMSC group (no immu-
nosuppressant treatment group) compared to that of the 0 hr
(positive control) group. These results replicate our previous
findings where at the same endpoint, the persistence of
human adipose-derived MSCs in the parenchyma of
C57BL/6 was lower than expected'®.

It is noteworthy that in addition to reducing the percent-
age of infiltrating immune cells, the administration of immu-
nosuppressants enhanced the persistence of hMSCs in the
parenchyma of C57BL/6 mice. Although the exact mechan-
ism has not been elucidated, such results suggest that miti-
gating immune responses may enhance the engraftment of
xenogeneic MSCs in the mouse parenchyma. It has previ-
ously been demonstrated that administering tacrolimus via
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the I.P. route in a rat model of spinal cord injury enhanced
the graft survival of allogeneic MSCs*'**. The positive
effects of tacrolimus on graft survival may not be surprising
considering that the immunosuppressive drug has been used
widely in renal transplantations. Use of the tacrolimus-based
regimen not only reduced the risk of acute rejection but also
promoted long-term graft survival in kidney transplant
patients*'*?. It has been suggested that utilizing multiple
immunosuppressants with different targets may enhance the
overall graft survival®'. In the current study, the highest
MSC persistence was also observed from the DexaTac group
that received a combination of both dexamethasone and
tacrolimus.

Both tacrolimus and dexamethasone are known to induce
immunosuppression by impairing and inhibiting the prolif-
eration of T cells*"****3. This could possibly explain why a
statistically significant reduction was observed when com-
paring the CD4™ T cell expression levels of the hMSC group
to that of the Dexa only or Tac only group. It is unclear,
however, as to why a slight decrease was noted but a statis-
tically significant difference was not observed when compar-
ing the CD4™ T cell expression levels of the hMSC group to
that of the DexaTac group. Interestingly, while the presence
of CD4" T cells was easily identifiable from the 4 groups
(hMSC, Dexa, Tac, and DexaTac), CD8o" T cells was
barely discernible via IHC staining and statistically signifi-
cant differences did not exist when comparing the hMSC
group to the Dexa, Tac, and DexaTac groups, respectively.
Innate immune responses involving immune cells such as
neutrophils, monocytes, and macrophages occur first and
rapidly within hours, while adaptive immune responses take
longer, possibly days, to activate multiple lymphocyte sub-
populations including helper (CD4 ") and cytotoxic (CD8a ")
T cells**. This could partly explain why differences were
noted in the expressions of CD41 and CD8u. " T cells at the
site of hMSC injection for all 4 groups. Unlike CD4™" T cells,
CD8u. " T cells might not have been fully activated at Day 7.
If sacrificed at a time point past 7 days, it is possible that a
higher percentage of CD8a™ T cells may have been identi-
fied. As suggested previously®, it can also be speculated that
T cells do not play a significant role in exerting immune
responses against xenogeneic MSCs. For example, the pres-
ence of T cells infiltrating the MSC graft or the periphery of
the graft was limited, or absent®, which was also demon-
strated from the current study.

Immune reactions exerted in response to transplantation
of hMSCs were assessed further using BALB/c nude mice as
a proof-of principle. BALB/c nude mice are known for their
lack of T cell production due to an absence of a thymus
gland*®. As expected, compared to C57BL/6 mice, immune
responses observed at the injection sites of BALB/c nude
mice were highly attenuated. Moreover, a striking increase
in number of persisting hMSCs was also observed from the
BALB/c nude mice. The difference between the C57BL/6
and BALB/c nude mice was close to 15-fold. These results
further supported the notion that there may be a strong

association between immune response and graft survival and
that the use of immunosuppressants may be a favorable and
effective approach to tackle both the high immune response
and low graft survival rate observed following transplanta-
tion of xenogeneic MSCs.

This study has several limitations. First, the results of this
current study highlight how reducing immune responses
exerted by the recipient can improve the persistence of
engrafted hMSCs. However, the underlying mechanism has
not been delved deeply in this study. Second, whether sim-
ilar or equivalent results will be replicated when hMSCs are
administered via alternative routes such as the intracerebro-
ventricular (ICV) route has also not been explored. Third,
how various dosages, especially dosages used in the clinical
settings, and different administration routes may affect the
overall immune response and persistence of hMSCs have not
been tested. Lastly, while recent studies have reported that
including females does not necessarily increase the variabil-
ity of small animal studies*’*°, both genders were not rep-
resented in our study. Thus, we cannot rule out the
possibility that gender may affect the host immune response
and overall persistence of hMSCs in the mouse parenchyma,
and further studies are warranted.

Conclusion

Altogether, we have presented findings that encourage the
use of immunosuppressants when performing transplanta-
tions of human MSCs. Higher MSC persistence was
observed with administration of immunosuppressants. While
varying results were observed in expressions of representa-
tive immune and inflammatory markers for each of the
immunosuppressant regimen, overall, administration of
immunosuppressants consistently reduced expression of
CD45-positive leukocytes and neutrophils. Whether the use
of immunosuppressants will produce beneficial results when
applied to varying disease models warrants further investi-
gation. Nevertheless, the results of this current study put into
perspective of what must be considered when performing
transplantations of xenogeneic MSCs in the CNS.
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