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Abstract
Rationale—Human embryonic stem cell (hESC) derivatives are attractive candidates for
therapeutic use. The engraftment and survival of hESC derivatives as xenografts or allografts
require effective immunosuppression to prevent immune cell infiltration and graft destruction.

Objective—To test the hypothesis that a short-course, dual-agent regimen of two costimulation-
adhesion blockade agents can induce better engraftment of hESC derivatives compared to current
immunosuppressive agents.

Methods and Results—We transduced hESCs with a double fusion reporter gene construct
expressing firefly luciferase (Fluc) and enhanced green fluorescent protein (eGFP), and
differentiated these cells to endothelial cells (hESC-ECs). Reporter gene expression enabled
longitudinal assessment of cell engraftment by bioluminescence imaging (BLI). Costimulation-
adhesion therapy resulted in superior hESC-EC and mouse EC engraftment compared to
cyclosporine therapy in a hindlimb model. Costimulation-adhesion therapy also promoted robust
hESC-EC and hESC-derived cardiomyocyte (hESC-CM) survival in an ischemic myocardial
injury model. Improved hESC-EC engraftment had a cardioprotective effect after myocardial
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injury, as assessed by magnetic resonance imaging (MRI). Mechanistically, costimulation-
adhesion therapy is associated with systemic and intra-graft upregulation of T cell
immunoglobulin and mucin domain 3 (TIM3) and a reduced pro-inflammatory cytokine profile.

Conclusions—Costimulation-adhesion therapy is a superior alternative to current clinical
immunosuppressive strategies for preventing the post-transplant rejection of hESC derivatives. By
extending the window for cellular engraftment, costimulation-adhesion therapy enhances
functional preservation following ischemic injury. This regimen may function through a TIM3-
dependent mechanism.

Keywords
immune tolerance; costimulation blockade; immunosuppressive drugs; embryonic stem cells;
endothelial cells; myocardial infarction

INTRODUCTION
Human embryonic stem cell (hESC) and induced pluripotent stem cell (iPSC) derivatives
are attractive candidates for therapeutic use, with the potential to replace deficient cells and
to improve functional recovery in injury or disease settings1, 2. The therapeutic potential of
these cells, however, may depend on their long-term survival following transplantation.
Engraftment and survival of hESC-derived xenografts or allografts require effective
immunosuppression to prevent immune cell infiltration and graft destruction3. Clinical
transplantation regimens are systemically toxic and require chronic agent delivery, leaving
the host immunocompromised and susceptible to infection4. The ideal therapeutic regimen
would require only short-term agent delivery while promoting long-term graft survival.

However, investigators have yet to demonstrate optimal strategies to promote the long-term
survival of hESC derivatives, which is hampered by a formidable immunologic barrier5.
hESCs lack expression of major histocompatibility (MHC) class II molecules and express
low levels of MHC class I molecules, both of which increase upon differentiation into
specialized antigen-presenting cells6. Undifferentiated hESCs exhibit some level of immune
privilege and immunosuppressive effects, which may be related to the tumor-like
microenvironment created with in vivo differentiation7. Before moving pluripotent cell
therapies to larger animal models and to the clinic, investigators need to establish methods
that ensure the long-term survival of human differentiated stem cells in small animal
models5, 8. To this end, endothelial cells (ECs) hold clinical promise and have demonstrated
success in various models. Several reports have now provided convincing evidence that
endothelial cell transplantation promotes myocardial recovery through a variety of
mechanisms, including but not limited to paracrine signaling9 and by supporting the spatial
organization of host cardiomyocytes10.

T cell activation requires two signals, which result from (1) antigen-specific T cell receptor
ligation and (2) non-antigen-specific costimulatory molecule signaling. The presence of
signal (1) and absence of signal (2) prevents optimal T cell activation, resulting in the
abortive activation or death of donor-reactive T cells, lowering the production of
interleukin-2 (IL-2), and generating a state of T cell anergy11. Here we test the hypothesis
that a short-course regimen of two agents that results in costimulation-adhesion blockade
delivered in four doses in the days following hESC-derived endothelial cell (hESC-EC) or
hESC-derived cardiomyocyte (hESC-CM) transplantation can induce prolonged cell
engraftment in intramuscular, subcutaneous, and/or intramyocardial murine models, and that
this improved cell survival can also enhance the cardioprotective effect in an ischemic
myocardial injury model.
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MATERIALS AND METHODS
Study design

A schematic overview of the study is provided in Supplementary Figure 1. hESCs were
transduced with a lentiviral Fluc-eGFP double fusion construct as previously described3.
hESCs were differentiated into endothelial cells (hESC-ECs) or cardiomyocytes (hESC-
CMs). Differentiated cells were transplanted into one of two models: (i) hindlimb injection
or (ii) cardiac injection following ligation of the left anterior descending coronary artery
(LAD). Costimulation-adhesion blockade therapy consisted of anti-LFA-1 (M17/4) and
CTLA4-Ig (BioXCell, West Lebanon, NH) administered intraperitoneally (i.p.) at a dose of
20 mg/kg on days 0, 2, 4, and 6 after transplantation. For comparison with conventional
immunosuppressive protocol, CsA (Novartis, New York, NY; 10 mg/kg/day, i.p.) and
Prednisone (2 mg/kg/day, i.p.) were given daily.

(i) Hindlimb injection
Animals received 3×106 hESC-ECs or immortalized mouse ECs (Weill Cornell Medical
College, New York, NY), which were transfected with SV40 T antigen and human
telomerase by lentiviral vectors, and which exhibit stable EC phenotype. We transplanted
both xenogeneic (i.e., hESC-ECs) and allogeneic (i.e., mouse ECs) cells, as previously
described3, to allow for comparison of survival in these settings. Animals were randomized
into the following groups: (1) hESC-ECs with costimulation-adhesion therapy (hESC-ECs +
costim; n=15); (2) hESC-ECs with CsA and prednisone (hESC-ECs + CsA/Pred; n=15); (3)
hESC-ECs without therapy (hESC-ECs + no treatment; n=15); (4) immunodeficient animals
(SCID, n=15; Nude, n=5; NSG, n=5); (5) Mouse ECs with costimulation-adhesion therapy
(n=10); (6) Mouse ECs with no therapy (n=10); and (7) Mouse ECs with costimulation-
adhesion therapy + sirolimus (n=10, Wyeth Pharmaceuticals, Madison, NJ) at 1.5 ug/dose as
previously described12. Cell survival was monitored by optical bioluminescence imaging
(BLI) on days 2, 4, 7, 10, 14, 21, 28, and 35. Harvested and cultured tissues were analyzed
ex vivo by fluorescent activated cell sorting (FACS), RT-PCR, and Luminex cytokine
profiling.

(ii) Myocardial infarction (MI) model
We transplanted 2×106 hESC-ECs or 2×106 hESC-CMs into the ischemic myocardium
following ligation of the left anterior descending (LAD) coronary artery, in order to compare
survival of these cell types. Animals were randomized into the following groups: (1) hESC-
ECs + costimulation-adhesion (n=15); (2) hESC-ECs + CsA/Pred (n=15); (3) hESC-ECs +
no treatment (n=15); (4) no cells + costimulation-adhesion (n=15); (5) no cells + PBS
(n=15); (6) hESC-CMs + costimulation-adhesion (n=5); (7) hESC-CMs + CsA/Pred (n=5);
and (8) hESC-CMs + no treatment (n=5). Cell survival was monitored by BLI on days 2, 4,
7, 10, 14, 21, 28, and 35. Cardiac function was assessed by magnetic resonance imaging
(MRI) on days 2 and 28 post-MI (groups 1–5). Histological analysis was performed on
hearts from randomly selected animals at 4 weeks post-infarction. Cell survival was
monitored by BLI on days 2, 4, 7, 10, 14, 21, 28, and 35 post-MI.

Characterization of hESC-ECs
Undifferentiated hESCs (H9 line; obtained from WiCell, Madison, WI) were grown and
expanded on Matrigel-coated plates in mTeSR1 medium (Stem Cell Technologies,
Vancouver, BC, Canada) as previously described13. To confirm the pluripotent state of
hESCs, quantitative polymerase chain reaction (q-PCR) analysis demonstrating the
expression of key transcription factors associated with pluripotency and in vivo teratoma
formation assays were performed, as described previously9 and as further detailed in the

Huber et al. Page 3

Stem Cells. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Supplementary Methods section. hESCs were differentiated to hESC-ECs, as outlined in
Figure 1A, and as previously described14. For further details of the differentiation protocol,
please refer to the Supplementary Methods section. hESC-ECs were subjected to in vitro
hypoxic conditions to profile their paracrine signaling and growth factor release.

Characterization of hESC-CMs
Undifferentiated hESCs (H7 line; obtained from WiCell, Madison, WI) were grown and
expanded on Matrigel-coated plates in mTeSR1 medium (Stem Cell Technologies,
Vancouver, BC, Canada) as previously described13. At 90% confluence, hESCs were
subsequently differentiated into beating cardiomyocytes using a small molecule-based
monolayer method adapted after Lian et al.15 and described in detail by Hu et al14.

Animal surgery and cell transplantation
Myocardial infarction (MI) was induced in immunocompetent FVB and immunodeficient
NOD/SCID mice (Charles River Laboratories, Wilmington, MA) by LAD ligation under
1.5% to 2% inhaled isoflurane anesthesia. Cell and PBS injections were performed at 2 sites
on the anterolateral wall with a total volume of 30 μl using a 29-gauge Hamilton syringe
immediately following injury. All operations were performed by a blinded microsurgeon
(Y.G.). For the hindlimb model, cells were injected unilaterally or bilaterally into the
gastrocnemius muscles of C57BL/6J, Nude, NSG, or SCID mice in 50 μl Matrigel (BD)
using a 29-gauge Hamilton syringe, and animals randomized to the costim-adhesion therapy
group received these agents at days 0, 2, 4, and 6 post-cell transplantation. Study protocols
were approved by the Stanford Animal Research Committee. Animal care was provided in
accordance with the Stanford University School of Medicine guidelines and policies for the
use of laboratory animals.

Bioluminescence imaging (BLI) of cell transplantation
BLI (n=8–10/group) was performed on all animals that survived surgical procedures using
the Xenogen In Vivo Imaging System (PerkinElmer, Waltham, MA) as previously
described16 and detailed in the Supplementary Methods section.

Cardiac magnetic resonance imaging (MRI)
For evaluation of myocardial function, mice (n=6–9/group) were imaged on days 2 and 28
post-MI using a 7T MR901 Discovery horizontal bore scanner (Agilent Technologies, Santa
Clara, CA) with a shielded gradient system (600 mT/m). Short- and long-axis images for
each animal were combined into one dataset, randomized, and made anonymous. Images
were analyzed as previously described17 using the cardiac analysis software Segment (http://
segment.heiberg.se). Additional details are provided in the Supplementary Methods section.

Immunofluorescence staining and confocal microscopy
Primary antibodies against human CD31 (Invitrogen, Carlsbad, CA), laminin (Abcam,
Cambridge, MA), CD144 (BD, San Jose, CA), cardiac troponin T (Thermo Fisher Scientific,
Waltham, MA and Abcam), and sarcomeric alpha-actinin (Sigma, St. Louis, MO) and
secondary antibodies (goat anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa Fluor
594) were used. Briefly, endothelial cells growing on gelatin-coated 12 mm glass coverslips
were fixed in 4% PFA. Cells were blocked with 1% BSA for 1 hr at room temperature,
followed by addition of the primary antibody at a dilution of 1:100 for 2 hr at room
temperature. Secondary antibody was added at a dilution of 1:100 for 1 hr at room
temperature. Cardiomyocyte stainings were performed following a previously described
protocol18. Primary and secondary antibodies were added in 1% BSA and 0.1% Triton
X-100 to individually stained coverslips. Pictures were taken with 10x, 20x, and 40x plan
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apochromat, and 63x plan apochromat (oil) objectives using a confocal microscope (Carl
Zeiss, LSM 510 Meta, Göttingen, Germany) and ZEN software (Carl Zeiss).

Quantitative gene expression analysis
Please refer to the Supplementary Methods section.

Flow cytometry analysis
Please refer to the Supplementary Methods section.

T cell activation and mouse cytokine array
Please refer to the Supplementary Methods section.

Statistical analysis
Experimental results are expressed as mean ± SEM. Linear regression analysis was
performed to determine the correlation between 2 variables. ANOVA and repeated measures
ANOVA with post-hoc testing as well as the 2-tailed Student t test were used. Differences
were considered significant at probability values of 0.05.

RESULTS
Costimulation-adhesion blockade is superior to cyclosporine therapy in promoting
engraftment of transplanted hESC-ECs

To generate a therapeutically relevant cell population, undifferentiated hESCs were
differentiated to endothelial cells (hESC-ECs) using a differentiation protocol consisting of
activin A, BMP4, FGFb, and VEGF-A (Figure 1A). The undifferentiated parental line
readily proliferates (Figures S2A–B) and forms teratomas (Figure S2C) in immunodeficient
hosts. To confirm successful differentiation to endothelial cells, we performed confocal
microscopy and observed appropriate expression of CD31, CD144, and laminin (Figure 1B).
To test endothelial cell marker expression at the gene expression level, we performed RT-
PCR and observed robust expression of CD31 and CD144 compared to undifferentiated
hESCs and fibroblasts, and downregulated expression of Oct4, Sox2, and Nanog (Figure
1C), markers associated with pluripotency. As expected, hESC-ECs readily took up DiI-ac-
LDL (Figure 1D) while undifferentiated hESCs did not take up the substrate, and neither
hESC-ECs nor hESCs exhibited autofluorescence in the absence of the probe (Figure S2D).
As expected, hESC-ECs formed tubules in a tube formation assay (Figure 1E), whereas
undifferentiated hESCs did not form tubular structures (Figure S2E).

Prior to differentiation, hESCs were transduced with a double fusion reporter gene construct
expressing Fluc and enhanced eGFP to enable in vivo tracking of transplanted cells19

(Figure 2A). Cell count is robustly correlated with Fluc signal (R2 = 0.99) (Figures 2B–C).
We first transplanted hESC-ECs into hindlimbs of immunodeficient and immunocompetent
mice. Immunodeficient NOD scid gamma (NSG) mice lack functional natural killer cells,
but Nude mice retain functional natural killer cells; both lack mature T- and B-
lymphocytes20. We observed robust graft survival in both immunodeficient strains up to 28
days post-transplantation (Figures 2D–E) (p = NS, NSG compared to Nude).

We next tested various immunosuppressive therapies (Figure 3A) to promote cell
engraftment in immunocompetent hosts. Cyclosporine (CsA), one of the primary clinical
immunosuppressive agents used following cardiac transplantation, has been used
extensively in human cell xenotransplantation models of cardiac repair (reviewed
elsewhere21). None of the studies using CsA, to our knowledge, have longitudinally
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assessed graft survival by in vivo imaging, relying instead on histological or functional
outcomes21. Therefore, we used BLI to assess chronic CsA and prednisone therapy, and we
found that they did not significantly prolong hESC-EC survival compared to no
immunosuppression, with graft rejection by day 10 (Figures 3B–C) (p = NS). By contrast,
short-term administration of CTLA4-Ig and anti-LFA-1 (costimulation-adhesion) permitted
the long-term engraftment of hESC-ECs (p<0.05) (Figures 3D–E and Figure S3A). Because
successful immunosuppressive approaches have broad clinical potential with respect to host
tissues or graft delivery sites, we also delivered hESC-ECs in a subcutaneous Matrigel plug
matrix, and observed similar patterns of cell graft survival as those seen in the hindlimb
injection model, with superior survival in immunodeficient compared to immunocompetent
hosts (Figures S3B–C) (p<0.05), and superior results from costimulation-adhesion compared
to CsA and prednisone therapy (p<0.05) (Figures S3D–E). Neither the addition of
prednisone (Figures S3D–E) nor of sirolimus (Figure S4A), which acts independently of
costimulatory molecule signaling4, to the costimulation-adhesion regimen significantly
improved its efficacy. Costimulation-adhesion therapy also promoted the superior
engraftment of allogeneic immortalized mouse endothelial cells (p<0.05) (Figures S4B–C)
and resulted in enhanced graft size (Figure S4D).

Costimulation-adhesion blockade mitigates immunological rejection of hESC-ECs and
hESC-CMs after transplantation into the ischemic myocardium

After establishing the superiority of costimulation-adhesion therapy in a non-ischemic
model, we next investigated whether this regimen could promote the engraftment of hESC-
ECs in ischemic hindlimb and acute myocardial infarction (MI) models. In the ischemic
hindlimb model, hESC-EC survival was limited to day 10 post-transplantation, whereas
costimulation-adhesion therapy significantly improved cell engraftment beyond two weeks
post-transplantation in the ischemic setting (Figures S5A–B). In the MI model, hESC-ECs
were rejected in immunocompetent animals by day 10, whereas hESC-ECs engrafted in
immunodeficient SCID mice up to 21 days post-transplantation (Figures 4A–B) (p<0.05).
Similar to the non-ischemic hindlimb model (see Figures 3B–E), CsA and prednisone
therapy did not improve graft survival after MI compared to costimulation-adhesion therapy
(p<0.05); costimulation-adhesion therapy again permitted superior graft survival compared
to that observed in immunocompetent animals (Figures 4C–D) (p<0.05). BLI signal was
10,481 ± 3,087 photons/sec/cm2/sr in costimulation-adhesion-treated animals at two weeks
post-transplantation, and 4,718 ± 498 photons/sec/cm2/sr in CsA-treated animals (p<0.05).
By day 35 post-transplantation, BLI signal did not differ significantly from day 14 in
costimulation-adhesion-treated animals (9,673 ± 2,925 photons/sec/cm2/sr; p = NS), but was
significantly lower in CsA-treated animals compared to signal at day 14 (3,560 ± 80
photons/sec/cm2/sr; p<0.05).

In order to investigate whether the efficacy of costim-adhesion therapy is limited to
promoting the survival of hESC-ECs, we also transplanted another differentiated cell type
(i.e., hESC-CMs) into the ischemic myocardium. Prior to transplantation, we characterized
hESC-CMs. Gene expression profiling of hESC-CMs revealed upregulation of cardiac genes
including TNNT2, MYH6, and MYL2 compared to undifferentiated hESCs (Figure S6A) as
well as positive expression of sarcomeric proteins (α-sarcomeric actinin and Troponin T)
and connexin-43 (Figure S6B). Following transplantation into the ischemic myocardium, we
monitored graft preservation by BLI in animals receiving costimulation-adhesion therapy,
CsA and prednisone therapy, or no treatment. As with the transplantation of hESC-ECs, we
observed the superior engraftment of hESC-CMs in costimulation-adhesion-treated hosts
compared to CsA and prednisone-treated hosts as well as control animals (Figure S6C–D;
p<0.05).
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Improved cell survival is correlated with functional protection in the MI model
It has been suggested in previous studies that cell engraftment is not necessary for
therapeutic benefits. To test the hypothesis that long-term graft survival would result in
superior benefits, we performed cardiac MRI following MI in immunocompetent mice
randomized to receive: (1) hESC-ECs + costimulation-adhesion therapy; (2) hESC-ECs +
CsA and prednisone therapy; (3) hESC-ECs + no treatment; (4) no cells + costimulation-
adhesion therapy; or (5) no cells + PBS. Following confirmation of MI by myocardial
blanching and ECG changes (Figures S7A–B), we observed significant preservation of
cardiac function, including increased left ventricular ejection fraction (EF), decreased end
diastolic volumes (EDV), and decreased end systolic volumes (ESV) in animals receiving
hESC-ECs with costimulation-adhesion therapy compared to all other groups (Figures 5A–
E, S8, and Supplementary Table 1; ANOVA, p<0.05). Furthermore, we qualitatively
observed attenuated cardiac remodeling in animals receiving hESC-ECs and costimulation-
adhesion therapy compared to controls. Histological analysis also revealed smaller infarct
size and decreased left ventricular wall thinning (Figures S9A–D).

To investigate why transplanted hESC-ECs may promote functional recovery, we profiled
paracrine signaling by hESC-ECs in vitro under hypoxic conditions analogous to those of
the ischemic myocardium. We observed that, under low oxygen conditions, hESC-ECs
expressed higher levels of VEGF-A, IL-1α, FGF1, TNF-α, and TGF-α as well as lower
levels of TIMP1 and TIMP2 than when they were under normoxic conditions, which may
functionally contribute to their role in promoting neoangiogenesis in an ischemic
transplantation setting (Figure S10).

Superior cell engraftment by costimulation-adhesion blockade is correlated with
upregulation of TIM3 and downregulation of pro-inflammatory cytokine profile

To better understand the mechanism by which costimulation-adhesion therapy promotes cell
engraftment, we profiled cell surface marker expression on splenocytes isolated from treated
and control animals, and on hESC-EC-implanted gastrocnemius muscles. We found a
marked increase in the percentage of TIM3+PD1+ cells in the splenocytes (Figures 6A–B)
and of TIM3+ cells in muscles (Figures 6C–D) of treated animals. Gene expression analysis
of lymph nodes revealed similarly upregulated TIM3 and PD1 expression in treated animals
(Figures 6E–F). In profiling splenocyte cytokine levels after stimulating cells with phorbol
12-myristate 13-acetate (PMA) and ionomycin, we found important differences between
treated and untreated hosts (Supplementary Table 2). In particular, we observed a reduced
pro-inflammatory cytokine profile in costimulation-adhesion-treated animals. Notably, our
data showed significantly decreased IL-2 levels in costimulation-adhesion-treated animals,
as well as decreased interferon-γ (IFN-γ) and macrophage inflammatory protein-1α (MIP1-
α), and increased interleukin-4 (IL-4) levels, although the changes in the latter three did not
reach statistical significance (Figures 6G–J).

DISCUSSION
The immunogenicity of stem cell-based grafts presents a significant barrier to successful
regenerative therapies5. The requirement to demonstrate efficacy and safety of human stem
cell-derived therapies in animal models adds an additional level of complexity, because
xenograft rejection is difficult to overcome. Previous investigations have provided strong
evidence supporting the ability of costimulation-adhesion blockade therapy to promote the
long-term engraftment of undifferentiated murine and human pluripotent cells3. However,
because of their potential for tumorigenicity22, future clinical studies incorporating
pluripotent stem cell therapies are expected to use these cells’ derivatives instead.
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Here we describe a short-course immunosuppressive strategy to promote the engraftment of
hESC-ECs compared to current clinical immunosuppressive agents. The major findings can
be summarized as follows: (1) Costimulation-adhesion therapy resulted in superior mouse
EC and hESC-EC engraftment compared to Cyclosporine A and prednisone therapy in a
hindlimb model; (2) Costimulation-adhesion therapy promoted robust hESC-EC and hESC-
CM survival in the ischemic myocardium; (3) Improved hESC-EC engraftment after
costimulation-adhesion treatment resulted in a cardioprotective effect following myocardial
infarction as assessed by MRI; and (4) mechanistically, costimulation-adhesion therapy is
associated with systemic and intra-graft upregulation of TIM3 and a reduced pro-
inflammatory cytokine profile.

This simple and effective regimen entails the brief administration of CTLA4-Ig and anti-
LFA-1. CTLA4-Ig binds CD80 and CD86 (B7-1 and -2); this binding outcompetes CD28
for engagement with CD80 and CD86, an interaction important for T cell stimulation23.
Anti-LFA-1 blocks the interaction of LFA-1, a β2 integrin, with its receptor, ICAM-1; this
interaction prevents delivery of a costimulatory signal involved in the activation of resting T
cells24, and prevents optimal T-cell priming in the immunological synapse25. Previous
investigations have demonstrated the efficacy of a tri-agent regimen in prolonging the
survival of undifferentiated stem cells, but not of their derivatives; these investigations have
also demonstrated that no single agent used as monotherapy prolonged graft survival beyond
two weeks post-transplantation3. The derivatives of pluripotent stem cells are more
immunogenic than their undifferentiated parental lines, so we reasoned that multiple agents
would be required to promote the long-term survival of ESC derivatives. However, the
aforementioned tri-agent regimen required the use of a monoclonal antibody against CD154
(CD40L), which has not been pursued clinically since the halting of its phase I clinical trial
testing in non-human primates due to thromboembolic events26, so we sought to devise a
successful regimen excluding its use. All clinically feasible immunosuppressive approaches
must address the important issue of agent-induced side effects. Abatacept and belatacept,
clinical correlates of the CTLA4-Ig fusion protein tested in this study, are FDA-approved for
use following renal transplantation and for the treatment of rheumatoid arthritis25,27. In
addition to efalizumab, an antibody against LFA-1, a new class of anti-adhesion molecule
agents is being pursued clinically. Anti-VLA4 therapy is FDA-approved for treating
multiple sclerosis, and is under active investigation for its promising role as a post-
transplantation immunosuppressive agent8.

While CsA and steroid therapy has well-documented pathological associations with
hypertension, hyperlipidemia, infection, increased malignancy risk, hepatotoxicity, and
nephrotoxicity, as well significant side effects such as gingival hyperplasia and
hypertrichosis28, costimulation-adhesion blockade therapy results in no statistically
significant alterations in complete blood count with manual differential, chemistry, and
electrolyte panels3. Given its extensive use in laboratory and clinical settings, we were
surprised by CsA’s inability to permit significant long-term cell survival. While
bioluminescent imaging (BLI) can, in theory, detect photon emission from single, live cell
populations, there are practical limitations to its sensitivity. For example, light transmission
from viable cells is subject to signal attenuation and emission scatter related to tissue
depth29. To our knowledge, no other studies have used BLI to profile the kinetics of graft
destruction under a CsA and steroid regimen; others have reported graft preservation by
positive histological stains at several weeks post-transplantation, or by improvement in
cardiac function with cell therapy21. Therefore, we interpret our lack of persistent BLI signal
in CsA-treated hosts as indicative of significant, but not necessarily complete, graft
destruction.
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Interestingly, our data show that costimulation-adhesion blockade is correlated with the
marked upregulation of TIM3 on splenocytes, on cells infiltrating muscle tissue implanted
with hESC-ECs, and on lymph node cells of treated hosts, suggesting that costimulation-
adhesion blockade may induce inhibitory molecules associated with T cell exhaustion30.
CsA is a calcineurin inhibitor that, through downstream action, results in decreased
activation of IL-2; sirolimus is an mTOR inhibitor that prevents the activation of IL-2;
costimulation-adhesion therapy indirectly reduces IL-2 levels following ex vivo PMA and
ionomycin stimulation. The increased IL-4 and decreased IFN-γ levels we observed in
costimulation-adhesion-treated animals are consistent with downregulated humoral and
cellular immune pathways, as IL-4 produced by T-helper-2 (TH2) cells stimulates humoral
immunity and IFN-γ produced by T-helper-1 (TH1) cells activates cellular immunity4. We
observed stronger cell engraftment in immunocompetent animals treated with costimulation-
adhesion therapy than in immunodeficient SCID hosts, which retain some innate immune
function, indicating that our regimen may depress both adaptive and innate immunity.

While the literature is replete with reports of TIM3 expression in HIV infection31 and of
anti-TIM3 therapies for inducing anti-tumor immunity32, there are far fewer reports on the
role of TIM3 in transplant immunology. TIM3 is expressed in vivo by IFN-γ-secreting TH1
cells, dendritic cells, monocytes, and subsets of CD4+ and CD8+ T cells33. It has been
previously reported that TIM3 pathway blockade prevents the ability of costimulation-
adhesion blockade agents to induce tolerance to MHC-mismatched allografts34, and that
TIM3 upregulation on tumor-specific CD8+ T cells causes T cell dysfunction35. TIM3
expression on activated TH1 cells is mirrored by TIM3 ligand expression on CD4+

regulatory T cells36, which can exhibit donor-specific immunoregulatory and
immunosuppressive effects in vivo by promoting self-tolerance37 and allogeneic graft
acceptance38. Interestingly, the interaction of TIM3 with its ligand is necessary for donor-
specific CD4+CD25+ regulatory T cell generation, but not for its function34. These data
suggest that further work is needed to understand the role of costimulation-adhesion
blockade agents in regulatory T cell production and the potential role of TIM3. If targeted
abrogation of TIM3 expression on T cells in combination with costimulation-adhesion
therapy and hESC-derivative transplantation can induce more rapid graft rejection, TIM3
may play a critical role in regulating T cell graft-directed activity. Further work using
transgenic mouse models or pharmacological TIM3-inhibition may clarify whether the
relationship between TIM3 expression and costimulation-adhesion therapy is correlational
or potentially causal.

This study also makes the important observation that significantly improved cardiac function
as assessed by longitudinal MRI requires both cell transplantation and effective
immunosuppression. We did not observe any functional improvement in animals that rapidly
rejected cell grafts in the absence of adequate immunosuppression. This suggests that graft
preservation is required for therapeutic benefit; in addition to their potential to participate
directly in new vessel formation, long-lived cells may act as cytokine delivery vehicles or
activators of paracrine signaling to promote recovery in the ischemic environment39.
Furthermore, these data indicate that successful stem cell based therapies may require the
reliable engraftment of a sufficient number of transplanted cells.

CONCLUSION
In summary, this study demonstrates that a short course of costimulation-adhesion blockade
treatment is sufficient to induce engraftment of xenogeneically transplanted hESC
derivatives in both injured and healthy tissues, and to promote cardiac protection.
Costimulation-adhesion therapy is associated with systemic and intra-graft upregulation of
TIM3 and a reduced pro-inflammatory cytokine profile. The transplantation of hESC and

Huber et al. Page 9

Stem Cells. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



iPSC derivatives holds great therapeutic promise, with clinical trials on the immediate
horizon40,41. This study represents an important step forward in overcoming the
immunologic barriers that have continued to hamper the full realization of highly promising
pluripotent stem cell-based therapies42, and that must be addressed before their eventual
clinical application.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterization of hESC-ECs. (A) Endothelial cell differentiation protocol.
Undifferentiated hESCs were grown on Matrigel and subcultured in low attachment dishes
with differentiation medium supplement. At day 14, EBs in collagen were collected and
digested and CD31+ cells were isolated by FACS and then sub-cultured in EGM-2 medium
to expand. (B) Expression of endothelial cell markers CD31, CD144, and Laminin by
confocal microscopy. Cell nuclei stained with DAPI (blue). Scale bars = 20 μm. (C) Gene
expression profile (RT-PCR) of fibroblasts, undifferentiated ESCs, and hESC-ECS showing
upregulation of CD31 and CD144 in hESC-ECs compared to undifferentiated hESCs and
fibroblasts. Upregulation of pluripotency markers Sox2, Oct4, and Nanog is seen in
undifferentiated hESCs compared to differentiated hESC-ECs and fibroblasts. Values were
normalized to GAPDH and expression values are relative to fibroblasts. (D) hESC-ECs also
can uptake ac-DiI-LDL and (E) form tube-like structures on Matrigel. Experiments were
performed in triplicates.
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Figure 2.
hESC-EC transplantation and survival in immunodeficient hosts. (A) Schematic of double
fusion reporter gene construct with a constitutive human ubiquitin promoter driving
expression of Fluc and eGFP, with a self-inactivating (SIN) lentiviral vector. (B, C)
Correlation of cell count with Fluc signal (R2 = 0.99). (D) Strong cell engraftment after
hindlimb transplantation in immunodeficient NOD scid gamma (NSG) and Nude mice. (E)
BLI signal quantification of panel D.

Huber et al. Page 14

Stem Cells. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Costimulation-adhesion therapy (Costim) is superior to cyclosporine (CsA) and prednisone
therapy in promoting hESC-EC survival. (A) CTLA4-Ig competes with CD28 for CD80/86
binding; anti-LFA-1 inhibits LFA-1/CAM-1 interaction; and CsA blocks production of IL-2.
(B) Cell survival is limited in immunocompetent animals and is not significantly improved
by CsA/Pred therapy. (C) BLI signal quantification of panel B. (D) Costimulation-adhesion
therapy significantly improves hESC-EC survival compared to no treatment. (E) BLI signal
quantification of panel D (*p<0.05; **p<0.01).
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Figure 4.
Costimulation-adhesion therapy promotes survival and engraftment of hESC-ECs in a
myocardial infarction model. (A) Superior hESC-EC engraftment in immunodeficient
(NOD/SCID) compared to immunocompetent (FVB) animals. Survival of hESC-ECs in
immunocompetent mice was limited by day 10 whereas hESC-ECs in immunodeficient
SCID mice engrafted up to day 21. (B) BLI signal quantification of panel A (*p<0.05). (C)
Costimulation-adhesion therapy (costim) permits the strong engraftment of hESC-ECs
compared to mice receiving CsA/Pred therapy. (D) BLI signal quantification of panel C
(*p<0.05 costim compared to immunocompetent control, and costim compared to CsA/
Pred).
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Figure 5.
Animals treated with costimulation-adhesion therapy and hESC-ECs showed improved
cardiac function following myocardial infarction. (A–C) MRI analyses with plots for end
diastolic volume (EDV), end systolic volume (ESV), and ejection fraction (EF) of animals
with either (1) hESC-ECs + costimulation-adhesion therapy (costim); (2) hESC-ECs + no
treatment; (3) hESC-ECs + CsA/Pred; (4) no cells + costim; or (5) no cells + PBS at day 2
and day 28 after MI (n=6–9/group). EDV and ESV were significantly lower and EF was
significantly higher in animals treated with hESC-ECs and costimulation-adhesion agents
compared to all other groups (ANOVA, *p<0.05 hESC-ECs + costim compared to all other
groups), indicative of reduced remodeling and increased cardiac function. (D, E)
Representative short-axis images of infarcted hearts at 2 days and 28 days after surgery of
animals with (1) hESC-ECs + costim; (2) hESC-ECs + no treatment; (3) hESC-ECs + CsA/
Pred; (4) no cells + costim, or (5) no cells + PBS. Scale bars = 5 mm; width of individual
cardiac images = 18 mm.
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Figure 6.
Improved hESC-EC engraftment by costimulation-adhesion therapy is associated with
upregulation of TIM3 and downregulation of a pro-inflammatory cytokine profile. (A, B)
Marked increase in TIM3+PD1+ cells in splenocytes of costimulation-adhesion treated
animals compared to untreated controls (*p<0.05). (C, D) Significant upregulation of TIM3+

cells in hindlimb muscle tissue implanted with hESC-ECs harvested from costimulation-
adhesion-treated animals compared to untreated controls (*p<0.05). (E, F) RT-PCR of
lymph node cells from costimulation-adhesion-treated animals also reveals upregulation of
TIM3 and PD1 compared to untreated control animals. (G–J) Downregulation of IL-2, IFN-
γ, and MIP1-α, and upregulation of IL-4 in splenocytes of costimulation-adhesion-treated
animals compared to controls (*p<0.05, only in IL-2).
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