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A B S T R A C T

Background: With their inherent capability of unlimited self-renewal and unique potential to differentiate
into functional cells of the three germ layers, human embryonic stem cells (hESCs) hold great potential in
regenerative medicine. A major challenge in the application of hESC-based cell therapy is the allogeneic
immune rejection of hESC-derived allografts.
Methods: We derived dendritic cell-like cells (DCLs) from wild type and CTLA4-Ig/PD-L1 knock-in hESCs,
denoted WT DCLs and CP DCLs. The expression of DC-related genes and surface molecules was evaluated, as
well as their DCL capacity to stimulate allogeneic T cells and induce regulatory T (Treg) cells in vitro. Using an
immune system humanized mouse model, we investigated whether the adoptive transfer of CP DCLs can
induce long-term immune tolerance of parental hESC-derived smooth muscle and cardiomyocyte allografts.
Findings: CP DCLs can maintain immune suppressive properties after robust inflammatory stimulation and
induce Treg cells. While CP DCLs survive transiently in vivo, they induce long-term immune tolerance of
parental hESC-derived allografts.
Interpretation: This strategy does not cause systemic immune suppression but induces immune tolerance
specific for DCL-specific HLAs, and thus it presents a safe and effective approach to induce immune tolerance
of allografts derived from any clinically approved hESC line.
Funding: NSFC, leading talents of Guangdong Province Program (No. 00201516), Key R&D Program of Guang-
dong Province (2019B020235003), Science and Technology Innovation Committee of Shenzhen Municipality
(JCYJ20180504170301309), National High-tech R&D Program (863 Program No. 2015AA020310), Shenzhen
“Sanming” Project of Medicine (SZSM201602102), Development and Reform Commission of Shenzhen
Municipality (S2016004730009), CIRM (DISC2�10559).
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Human pluripotent stem cells (hPSCs), including human embry-
onic stem cells (hESCs) and induced pluripotent stem cells (hiPSCs),
have the unique potential to generate an unlimited cell source for tis-
sue regeneration. During the past two decades, considerable progress
has been achieved in developing technologies to efficiently differenti-
ate hPSCs into functional lineage-specific cells [1�6]. In addition,
clinical trials of hESC-based cell therapy have been initiated in
patients with spinal cord injury, macular dystrophy, severe ischemic
left ventricular dysfunction, and type 1 diabetes [7�9]. Although the
reprogramming technologies allow the generation of patient-specific
hiPSCs, the development of hiPSC-based personalized therapy faces
considerable challenges that are associated with high cost, increased
risk of genetic mutations, and uncertain quality [10,11]. In addition,
accumulating data indicate that certain autologous iPSCs-derived
cells are not inherently immunologically silent and can be rejected
by the syngeneic immune system [12�14].

One of the major obstacles that hamper the clinical application of
hESC-based therapies is the immune rejection of the hESC-derived
allografts by the recipient [15]. While effective, current immunosup-
pressive drugs are highly toxic to patients with chronic diseases and
cause serious side effects, such as increased risk of spontaneous
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Research in context

Evidence before this study

Despite significant progress in developing hESC-based thera-
pies to treat major human diseases, one of the key challenges
remains the allogeneic immune rejection of hESC-derived
allografts.

Various strategies have been published to prevent alloge-
neic immune rejection of hESC-derived allografts, such as anti-
body-mediated blockade or direct gene-editing of the hESCs.
However, these approaches pose the risk of systemic immune
suppression or renders the hESC-derived allografts immune
evasive and susceptible to infection and cancer.

Added value of this study

To develop a safe and effective approach to induce immune tol-
erance of hESC-derived allografts without the safety risk associ-
ated with previous approaches, we took advantage of the well-
known capability of immature DCs to induce immune tolerance
of antigen-specific T cells. We demonstrate that CTLA4-Ig/PD-
L1 expressing DCLs derived from hESCs (CP DCLs) can induce
persistent immune tolerance of the parental hESC-derived
allografts. In contrast to normal immature DCs, CP DCLs main-
tain immature and tolerogenic properties even after strong
inflammatory stimuli. While CP DCLs survive transiently in
vivo, they can induce long-term immune tolerance of parental
hESC-derived allografts. This reduces the cancer risk of the
genetically modified CP DCLs as well as parental hESC-derived
allografts that remain under immune surveillance. In this con-
text, only T cells specific for the DCL-expressing alloantigens
are immune tolerated, while other T cells remain able to mount
immune responses to antigens produced during infection or
cellular transformation.

Implications of all the available evidence

When compared to the published immune protection strate-
gies, our approach will not lead to systemic immune suppres-
sion nor immune evasive allografts, and thus mitigate the
cancer and infection risk associated with existing approaches.
Based on the findings that CP DCLs can induce immune toler-
ance of various functional cell types derived from the same
strain of hESCs, our approach should improve the feasibility for
clinical development of hESC-based therapy. In this context, for
each clinically approved hESC cell line, the development of CP
hESC-derived DCLs can be universally applied to induce
immune tolerance of various hESC-derived functional cells to
treat major human diseases.
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infection, nephrotoxicity, and cancer [16]. Different approaches have
been developed to achieve immune protection of hESC-derived allog-
rafts with the least impact on the survival and function of the trans-
planted cells. For example, antibody-mediated coreceptor and
costimulation blockade can achieve tolerance of hESC-derived xeno-
grafts in the context of mouse immune system [17,18]. By genetic
modification of hESCs that induces the expression of immune suppres-
sive molecules such as programmed death ligand-1 (PD-L1) and CTLA4
immunoglobulin fusion protein (CTLA4-Ig), or that disrupts the
expression of major histocompatibility complex (MHC) class I and class
II molecules, show promising results in protecting allografts from allo-
geneic T cells [19�21]. Using a humanized mouse (Hu-mouse) model
with functional human immune system that can robustly reject alloge-
neic hESC-derived allografts [22], it has been shown that the simulta-
neous expression of CTLA4-Ig and PD-L1 protects CP hESC-derived
cells from allogeneic immune rejection [22]. CTLA4 and PD-L1 are criti-
cal molecules that shut down T-cell activation, culminating in T-cell
death or anergy [23,24]. Because CTLA4 binds CD80 and CD86 with
higher affinity than CD28, CTLA4-Ig has been developed to block the
costimulatory signal and inhibit T-cell mediated immune response
[25]. However, transplanted cells that were engineered to escape
immune surveillance may pose long-term risk of uncontrollable cellu-
lar transformation or impaired viral clearance.

By their capacity to sense and integrate stimulating or tolerogenic
signals from the peripheral and lymphoid tissues, dendritic cells (DCs)
play a central role in the maintenance of immune homeostasis.
Depending on the context in which antigen presentation occurs, DCs
can either induce robust immunity or promote and maintain immune
tolerance [26]. Optimal T cell activation requires several signals: recog-
nition of the antigenic peptide bound to MHC molecules by a specific
T-cell receptor (TCR), co-stimulation of CD28 by the molecules of the
B7-receptor families expressed on antigen-presenting cells, and the
production of T cell stimulatory cytokines. The balance between the
expression of inhibitory and stimulatory ligands by DCs regulates the
outcome of their interactions with T cells [23]. In this context, co-stim-
ulatory signals are required for efficient T cell activation, and TCR liga-
tion without co-stimulation can induce T-cell anergy or apoptosis [27].
Therefore, it has been hypothesized that the administration of imma-
ture DCs expressing allo-HLAs but with low expression of co-stimula-
tory molecules could be used to prevent transplant rejection [28]. One
of the main bottlenecks in achieving this goal is that immature DCs
can be activated and become stimulatory in vivo after encountering
different inflammatory factors and lose their tolerogenic properties.

For more than 20 years, considerable effort has been made to gen-
erate potential donor- or recipient-derived tolerogenic DCs, which
have been tested in transplantation models [26,29,30]. One approach
is to treat monocyte-derived DCs with a variety of pharmaceutical
agents or RNA interference to maintain their immature phenotype, so
that they express low levels of co-stimulatory molecules and induce
anergy in antigen-specific T cells [31�34]. The genetic modification of
DCs was another approach to generate tolerogenic DCs. For example,
donor-derived murine myeloid DCs engineered to overexpress Fas
ligand or CTLA4-Ig could promote cardiac allograft survival in mouse
models [35,36]. Based on studies in rodents and non-human primates
[37], the first-in-human study of donor-derived regulatory DCs was
initiated in liver transplant recipients to evaluate the safety and the
efficacy of the infused cells to achieve early complete immunosuppres-
sion withdrawal [38]. Recently, the generation of DCs with tolerogenic
properties was reported from mouse and human iPSCs [39,40]. How-
ever, the tolerogenic potential of human iPSC- derived DCs was only
tested in vitro and the efficacy of these DCs to suppress human alloge-
neic immune response in vivo has not been tested.

To overcome the key challenge that immature tolerogenic DCs can
be activated by inflammatory stimuli in vivo and lose their tolero-
genic property, we hypothesized that DCs derived from CTLA4-Ig/PD-
L1-expressing hESCs can maintain immune suppressive properties in
vivo and induce immune tolerance of the allogenic cells derived from
parental hESCs. Here we demonstrate that DC-like cells (DCLs)
derived from CP hESCs, denoted CP DCLs, can maintain immune sup-
pressive characteristics and induce regulatory T (Treg) cells. Using an
immune system humanized model, we show that the adoptive trans-
fer of CP DCLs before the transplantation of parental hESC-derived
allografts can protect these allografts from immune rejection by
inducing immune tolerance.

2. Methods

2.1. Cell culture

The Hues3 hESC (RRID:CVCL_B161) line was cultured on CF-1
mouse embryonic fibroblast feeder layer in knockout Dulbecco`s
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modified Eagle`s medium (DMEM) supplemented with 10% knockout
serum replacement, 10% plasmanate (Grifols therapeutic), 0.1 mM
nonessential amino acids, 2 mM Glutamax, 1% penicillin/streptomy-
cin, 10 ng/ml basic fibroblast growth factor, 55 mM b-mercaptoetha-
nol. The H1 (RRID:CVCL_9771) and H9 (RRID:CVCL_9773) hESC lines
were cultured on mouse embryonic fibroblast feeder layer in DMEM/
F12 medium supplemented with 20% knockout serum replacement,
0.1 mM nonessential amino acids, 2 mM Glutamax, 1% penicillin/
streptomycin, 10 ng/ml basic fibroblast growth factor, 55 mM b-mer-
captoethanol. The hESCs were dissociated with TrypLE and passaged
on feeders with 1:10 dilution. All reagents were purchased from Life
Technologies unless indicated elsewhere. The CTLA4-Ig/PDL1 knock-
in hESCs were generated using BAC-based homologous recombina-
tion as previously described [22]. The hESCs were tested for myco-
plasma contamination using the MycoAlert Plus kit (Lonza
Cat#LT07�703). This work was approved by the Institutional Embry-
onic Stem Cell Research Oversight Committee and Human Research
Protection Program.

2.2. Differentiation of hESCs into DCLs

DCL differentiation from hESCs was conducted using OP9 feeders
according to previously published protocols [5,41] (Fig. 1a). Undiffer-
entiated hESCs maintained on CF-1 mouse embryonic fibroblasts
were harvested using collagenase type IV 0.1% and cultured on OP9
(RRID:CVCL_KB57) feeder cell layers for 6 days in a-minimum essen-
tial medium (MEM-a) supplemented with 20% HyClone character-
ized FBS (GE Healthcare Cat#SH30071.03). On day 6, the cells were
dissociated with trypsin/EDTA 0.05%, plated on fresh OP9 feeders and
cultured for additional 12 days. On day 18, the cells were dissociated
using collagenase type IV 0.1%, followed by treatment with trypsin/
EDTA 0.05%/DNAase I 0.1%. The dissociated cells were plated onto
culture dishes, incubated overnight and the floating cells were col-
lected. The floating cells were passed through nylon meshes (Cell
strainer, 100 mm, BD Falcon) and cultured for 10�14 days in MEM-a
20% characterized FBS containing GM-CSF (100 ng/ml, PeproTech
Cat#300�03). To generate DCLs, the cells were further cultured in
presence of GM-CSF (100 ng/ml) and Il-4 (100 ng/ml, PeproTech
Cat#200�04) for 7 days in RPMI-1640 medium (Life Technologies)
containing 10% FCS, 10 mM HEPES, 2 mM Glutamax, 1 mM sodium
pyruvate, 1% penicillin/streptomycin, and 55mM b-mercaptoethanol.
To activate DCLs, the cells were further incubated for 2�3 days with
TNF-a (10 ng/ml, PeproTech Cat#300�01A) and LPS (1 mg/ml,
Sigma-Aldrich Cat#L5543).

2.3. Differentiation of hESCs into cardiomyocytes and smooth muscle
cells

Cardiomyocyte differentiation was performed as previously
described [1]. hESCs were plated on matrigel-coated plates, when the
culture reached confluence, cells were treated with GSK3 inhibitor
CHIR99021(Selleckchem Cat#2924) in RPMI/B27-insulin (without
insulin) for 24 h (day 0 to day 1). The next day, the medium was
changed to RPMI/B27-insulin for 2 days. On day 3, the cells were
treated with IWP4 (Stemgent Cat#04�0036) for 2 days. From day 7,
the medium was changed to RPMI/B27 with medium change every
other day.

The directed differentiation of hESCs into SMCs was performed as
previously described [42]. Briefly, the hESCs were separated from the
feeder cells and plated on 6 well gelatin-coated culture plates (Becton
Dickinson). Cells were maintained daily in differentiation media con-
sisting of DMEM (Invitrogen), 15% HyClone characterized FBS (GE
Healthcare Cat#SH30071.03), 2 mM l-glutamine (Invitrogen), 1 mM
MTG (Sigma), 1% nonessential amino acids (Invitrogen), pen/strep
(Invitrogen), and 10 mM all trans retinoic acid (Sigma) for 10 days.
Cells were then continued to differentiate in serum-free culture
medium, consisting of knock-out DMEM (Invitrogen), 15% knock-out
serum replacement (Invitrogen), 2 mM l-glutamine, 1 mM MTG, 1%
nonessential amino acids, penicillin, and streptomycin for another
10 days.
2.4. Generation of Hu-mice with functional immune system

All mouse work was approved by the Institutional Animal Care
and Use Committee and performed in the dedicated procedure
room in the animal facility according to the animal protocol. NSG
(NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) immunodeficient mice of 6�8
weeks of age were purchased from the Jackson Laboratory, were
housed in the animal facility in groups of up to five animals/cage
under 12-hr light/dark cycles and allowed to acclimate for 7 days
before surgery. Human fetal liver and thymus tissues of gesta-
tional age of 17 to 20 weeks were obtained from Advanced Bio-
science Resource and CD34+ cells were isolated from human fetal
liver tissues by magnetic cell sorting using anti-human CD34
microbeads (Miltenyi Biotec Cat#130�046�702). The Hu-mice
with functional immune system were generated as previously
described [22,43]. After a sublethal total body irradiation
(2.25 Gy), NSG mice were transplanted with a human fetal thy-
mus piece of about 1mm3 under the kidney capsule and intrave-
nously transfused with 1 £ 105 CD34+ human fetal liver cells. The
reconstitution of the mice with functional immune system was
assessed 2 months later by Flow Cytometry. Each batch of Hu-
mice was composed of mice with same age, same sex, and was
generated with the same batch of human fetal thymus and CD34+

human fetal liver cells. Each mouse was assigned a number.
Before performing the animal experiments, the reconstitution
with human immune cells of all mice was checked by flow
cytometry and only mice with similar levels of human immune
reconstitution were used in each set of experiment. After this ini-
tial assessment, in each set of experiment, the mice were ran-
domly included in each group, using a computer-based random
number generator.
2.5. Adoptive transfer of DCLs and transplantation experiments

DCLs were intravenously infused in Hu-mice 7 days before the
transplantation of hESCs, hESCs-derived cardiomyocytes or SMCs.
1 £ 106 DCLs in 500ml PBS were injected in the tail vein using 27 G
needle. Human ESCs were harvested, washed with PBS, 3 £ 106 cells
were suspended in PBS containing 30%(V/V) Matrigel (BD Biosciences
Cat#BD354277) and subcutaneously implanted in NSG and Hu-mice.
Cardiomyocytes and SMCs differentiated from hESCs were harvested,
washed with PBS, suspended in PBS containing 50% Matrigel and
intramuscularly implanted into the hind leg gastrocnemius with a
20 G needle.

Mouse experimental groups were sized at n � 4, based on data
generated in previous studies [14,22].All the samples/ animals ana-
lysed were included in the data and none was excluded. For each
experiment, the exact number of mice (n) used is stated in the
respective figure legend. In each set of experiment, age- and sex-
matched mice were randomly included in each group, using a com-
puter-based random number generator. Age- and sex-matched NSG
mice were used as control in each experiment. The adoptive transfer
of DCLs and the transplantation experiments were performed by the
same operator to minimize potential confounders, the researcher
was blinded to experimental groups during the transplantation
experiments. At different time-points after transplantation, as speci-
fied in the relative figure legend and result section, the grafts were
collected and analyzed for graft survival and immune cell infiltration.
The assessment of the outcome was not blinded.



Fig. 1. DCL cells differentiated from CP hESCs cannot be activated by TNF-a and LPS. (a) Schematic description of the differentiation protocol of hESCs into DCL cells. (b) The expres-
sion of DC-specific genes was evaluated at the end of step 3 of the differentiation protocol of WT and CP hESCs with or without TNF-a + LPS activation. The gene expression of DCLs was
normalized to the gene expression of monocyte-derived DC (Mo-DC). Data are presented as mean values § SEM (n = 6). Data from different groups were compared using one-way
ANOVA test, *, ** and *** denote significant differences at P<0.05, P<0.01 and P<0.001 respectively, ns denotes non-significant. (c) The expression of MHC II, CD86, CD80 and PDL1 was
evaluated by flow cytometry at the end of step 3 of differentiation before (blue line) and after TNF-a + LPS activation (red line), the isotype control is shown in gray.
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2.6. In vivo tracking of DCLs

WT and CP DCLs were labeled with 5 mM CFDA using Vybrant
CFDA SE cell tracer kit (Molecular probes Cat# V12883) according to
the manufacturer instruction. After labeling, the cells were washed
2 times with PBS and 1 £ 106 DCLs in 500ml PBS were injected in the
tail vein of Hu-mice using 27 G needle. Two days, seven days and ten
days after injection, the blood, spleen and thymus were collected, sin-
gle cell suspension was prepared and analyzed by flow cytometry for
the presence of CFDA-labeled DCLs. Hu-mice that didn`t receive any
DCL cells were served as controls.

2.7. Quantitative real-time PCR analysis

Total RNA was extracted from hESCs, hESCs-derived DCs and from
teratomas formed by hESCs using RNA isolation kit (Qiagen). Total
RNA (1 mg) was reversely transcribed into cDNA, using cDNA tran-
scription kit (Applied Biosystems Cat#4368814) and followed by
quantitative real time PCR analysis using the PowerUpTM SYBRTM

Green Master Mix (Applied Biosystems Cat# A25742) and StepOne
Plus RealTime PCR System (Applied Biosystems). The primers used
are listed in Supplemental Table S1.

2.8. Immunohistochemistry

For immunofluorescence staining, teratomas, cardiomyocyte- and
SMC- grafts were frozen in optimal cutting temperature (OCT) com-
pound (Sakura Finetek) and sectioned on a cryostat at a thickness of
8 mm. Frozen sections were fixed for 15 min with 4% paraformalde-
hyde solution in PBS (Affimetrix), permeabilized for 10 min with 0.3%
Triton X-100 (Sigma), blocked for 30 min with PBS containing 1%
BSA, 0.05% tween 20, and incubated with primary antibodies



D. Todorova et al. / EBioMedicine 62 (2020) 103120 5
overnight at 4 °C. Antibodies used were as following: mouse anti-
human CD3 (Thermo Fisher Scientific Cat# 16�0038�85, RRID:
AB_468,857), rabbit anti-human CD3 (Agilent Cat# A0452, RRID:
AB_2,335,677), mouse anti-human CD4 (BD Biosciences Cat#
550,369, RRID:AB_393,640), mouse anti-human CD8 (BD Biosciences
Cat# 555,364, RRID:AB_395,767), mouse anti-human Foxp3 (Thermo
Fisher Scientific Cat# 14�4777�82, RRID:AB_467,556), rabbit anti-
human cardiac troponin I (Abcam Cat# ab52862, RRID:AB_869,983),
rabbit anti-human SM22 (Abcam Cat# ab14106, RRID:AB_443,021).
The sections were washed with PBS, incubated for 45 min with the
corresponding conjugated secondary antibodies. The secondary anti-
bodies used are the following: goat anti-mouse AlexaFluor488
(Thermo Fisher Scientific Cat# A-11,001, RRID:AB_2,534,069), goat
anti-rabbit AlexaFluor488 (Molecular Probes Cat# A-11,008, RRID:
AB_143,165), goat anti-mouse AlexaFluor568 (Molecular Probes Cat#
A-11,031, RRID:AB_144,696), goat anti-rabbit AlexaFluor568 (Molec-
ular Probes Cat# A-11,011, RRID:AB_143,157). After incubation, the
sections were washed with PBS and slides were mounted with
mounting medium for fluorescence with Dapi (Vector Laboratories
Cat# H-1200, RRID:AB_2,336,790). Images were captured using Leica
SP8 Confocal microscope and Zeiss Axiovert 40 CFL Inverted micro-
scope.

2.9. Flow cytometry

For the characterization of DCLs, cardiomyocytes and SMCs differ-
entiated from hESCs by flow cytometry, 5 £ 105 cells were washed
with PBS 2% FBS, incubated with the cell-type specific antibodies for
30 min at 4 °C. For intracytoplasmic staining, cells were fixed and
permeabilized using Cytofix/Cytoperm Fixation/Permeabilization
solution kit (BD Pharmingen). The antibodies used were as follows:
For DCLs characterization, FITC-anti-HLADR, DQ, DP (BD Biosciences
Cat# 550,853, RRID:AB_393,926), PE-anti-hCD80 (BD Biosciences
Cat# 557,227, RRID:AB_396,606), PE-anti-hCD86 (BD Biosciences
Cat# 555,658, RRID:AB_396,013), APC-anti-hCD45 (BD Biosciences
Cat# 555,485, RRID:AB_398,600), FITC-anti-hCD43 (BD Biosciences
Cat# 560,978, RRID:AB_10,562,394), BV421-anti-hCD11c (BioLegend
Cat# 337,225, RRID:AB_2,564,484), PE-anti-HLAG (Thermo Fisher Sci-
entific Cat# 12�9957�41, RRID:AB_11,151,694), PE-anti-HLA ABC
(Thermo Fisher Scientific Cat# 12�9983�42, RRID:AB_10,547,062),
PerCP-eFluor710-anti-hCTLA-4 (Thermo Fisher Scientific Cat#
46�1529�42, RRID:AB_2,573,718); For SMCs, FITC-anti-human
Smooth muscle actin (Sigma-Aldrich Cat# F3777, RRID:AB_476,977);
For cardiomyocytes, mouse anti-human cardiac troponin T (Lab
Vision Cat# MS-295-P, RRID:AB_61,806), followed by incubation
with anti-mouse Alexa Fluor 568.

For flow cytometric analysis of teratomas, teratomas were dissoci-
ated using a mixture of liberase blendzyme TM/liberase blendzyme
TH (Roche Cat# 5,401,119,001 and Cat# 5,401,135,001) and DNAse I
(STEMCELL Technologies Cat# 07,900). After dissociation, the cell
suspension was passed through nylon meshes (Cell strainer, 40 mm,
BD Falcon), washed with PBS and red blood cells were removed with
ACK lysis buffer. Cells were stained with the following antibodies:
APC-anti-hCD45, APC��Cy7-anti-hCD14 (BD Biosciences Cat#
557,831, RRID:AB_396,889), PE-Cy7-anti-hCD3 (BioLegend Cat#
300,420, RRID:AB_439,781), PerCp-Cy5.5-anti-hCD19 (BioLegend
Cat# 302,229, RRID:AB_2,275,547).

For flow cytometric analysis of blood, spleen, thymus and bone-
marrow of Hu-mice, single-cell suspension was prepared and red
blood cells in samples were removed with ACK lysis buffer. The cells
were incubated with the following antibodies: FITC-anti-hCD8 (BD
Biosciences Cat# 555,635, RRID:AB_395,997), PE-anti-hCD4 (BD Bio-
sciences Cat# 555,347, RRID:AB_395,752), APC-anti-hCD45, PE-Cy7-
anti-hCD3, BV711-anti-hCD19 (BioLegend Cat# 363,021, RRID:
AB_2,564,230). After staining, the cells were analyzed with BD LSR-II
(Becton Dickinson) or ZE5 (BioRad) flow cytometers.
2.10. ELISA

The secretion of CTLA4-Ig by CP DCLa was assessed using Human
CTLA4 ELISA kit (Novus Cat#NBP1�91,268). 2.5 £ 106 WT or CP DCLs
were cultured in 2.5 ml of culture media for 48 h, the media was col-
lected, after centrifugation at 300 g for 5 min the supernatants were
collected and analyzed for the presence of CTLA4-Ig by ELISA accord-
ing to the manufacturer`s instructions.

2.11. T cell proliferation and activation assays

Allogeneic T cells from spleens of Hu-mice were isolated using
human CD4 (Miltenui Cat#130�045�101) and CD8 T cell isolation
kit (Miltenyi Cat# 130�045�201). The isolated T cells were labeled
with 5mM CFSE (Biolegend Cat# 422,701). Briefly, 5 £ 105 T cells
were co-cultured for 5 days with 1.25 £ 105 DCLs differentiated from
WT and CP ESCs. After co-culture, cells were stained with PE-anti-
hCD4 or PE-anti-hCD8 antibody and the proliferation of the T cells
was assessed by the loss of CFSE signal using flow cytometry (ZE5
BioRad).

For CD8 T cell activation assay, allogeneic CD8 cells were isolated
from the spleen of Hu-mice using CD8 T cell isolation kit. 5 £ 105 T
cells were co-cultured for 5 days with 1.25 £ 105 DCLs differentiated
from WT and CP ESCs. At the end of the co-culture, the cells were
stained with FITC-anti-hCD8 and BV650-anti-hCD62L (BD Biosciences
Cat# 563,808, RRID:AB_2,738,433) and the surface expression of
CD62L by CD8+ T cells was assessed by flow cytometry.

2.12. Treg assay

Allogeneic CD4+ T cells were isolated from the spleen of Hu-mice
using CD4 T cell isolation kit. 5 £ 105 T cells were co-cultured for
7 days with 1.25 £ 105 DCLs differentiated from WT and CP ESCs. At
the end of the co-culture, the cells were stained with BV421-anti-
hCD25 (BioLegend Cat# 302,629, RRID:AB_10,896,914), BV711-anti-
hLAG3 (BioLegend Cat# 369,319, RRID:AB_2,716,124), PE-anti-hCD4,
APC-anti-hPD1 (BioLegend Cat# 329,908, RRID:AB_940,475), PerCP-
eFluor710-anti-hCTLA4. After extracellular staining, the cells were
fixed and permeabilized using Cytofix/Cytoperm Fixation/Permeabili-
zation solution kit (BD Pharmingen Cat# 554,715) and stained with
Alexa488-anti-hFoxp3 (BD Biosciences Cat# 560,887, RRID:
AB_10,562,196).The percentage of CD25highFoxp3+ CD4+ T cells and
the expression of CTLA4, LAG3 and PD1 by CD25highFoxp3+ CD4+ T
cells was assessed by flow cytometry.

2.13. Ethics

All animal experiments were approved by Institutional Animal
Care and Use Committee (IACUC) (Protocol # S09182). hESC work
was approved by Institutional Human Research Protections Program
(IRB # 180,065).

2.14. Statistics

The continuous variables were tested for normal distribution with
Shapiro-Wilk normality test. For non-normally distributed variables,
when 2 groups were analyzed, the medians of non normally distrib-
uted variable were compared using non-parametric Mann-Whitney
test. When more than 2 groups were analyzed, the medians were
compared using non-parametric Kruskal-Wallis test with Dunn`s
multiple comparisons test. For normally distributed variables, data
from different groups were compared using one-way ANOVA test.
Data were analyzed using GraphPad Prism version 8.0 (GraphPad
Software Inc. La Jolla). Results were considered statistically significant
when p < 0.05.

nif-antibody:AB_61,806
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2.15. Role of funding source

The funders have no role in this study design, data collection, data
analysis, interpretation, or writing of the report.
3. Results

3.1. Dendritic cell-like cells (DCLs) differentiated from CP hESCs exhibit
immune suppressive characteristics

Using BAC-based targeting vector, we previously reported the
generation of CTLA4-Ig and PD-L1 knock-in hESCs (termed CP hESCs,
Fig. S1a) that constitutively express CTLA4-Ig and PD-L1 in all deriva-
tives [22]. To investigate the impact of CP expression on the differen-
tiation of hESCs into DCLs, we used the protocol established by Senju
et al. with minor modifications (Fig. 1a) [5]. At the end of step 2 of the
differentiation protocol that corresponds to the generation of
hematopoietic progenitors, both WT and CP hESCs were able to dif-
ferentiate into CD43+CD45+ hematopoietic progenitors with similar
efficiency, approximately 97% (Fig. S1b). At the end of step 3, the
expression of CD11c by hESC-derived DCLs (Fig.S1d) was comparable
to that of monocyte-derived DC (Mo-DC) (Fig. S2a). The differentia-
tion efficiency of WT and CP hESCs into DCLs was similar, both result-
ing in approximately 95% of CD11c+ cells at the end of step 3 (Fig.
S1d). These data indicate that CP expression did not affect the differ-
entiation efficiency of hESCs into DCLs.

The overall expression of DC-related genes seems to be lower in
DCL compared to Mo-DC. In contrast to DCLs derived from WT hESCs,
CP DCLs expressed lower levels of co-stimulatory molecules CD86,
CD80, CD83, HLA Class II, CD40 and CCR7, which are known to acti-
vate T cells (Fig. 1b, 1c and S1c). Even after stimulation by a strong
inflammatory cocktail containing LPS and TNF-a, DCLs derived from
WT parental hESCs were activated and matured, but CP DCLs could
not be activated with elevated expression levels of CTLA4-Ig, PD-L1
and the immunosuppressive HLA-G molecule (Fig. 1b, S1d and S1e).
These results indicate that the CP expression maintains the immune
suppressive characteristics of DCLs even after robust inflammatory
stimuli.
3.2. CP DCLs exhibit impaired capacity to activate naïve T cells and
promote Treg cells

Based on the persistent tolerogenic phenotypes of CP DCLs, we
hypothesized that CP DCLs could have immune suppressive effects
on allogeneic T cells. To test this hypothesis, we examined the capac-
ity of CP DCLs to activate naïve allogeneic CD8+ and CD4+ T cells.
When compared to WT DCLs with or without prior TNF-a activation,
CP DCLs showed reduced capacity to stimulate the proliferation of
allogeneic CD8+ and CD4+T cells (Fig. 2a). As a control, we also per-
formed the same experiments using Mo-DC (Fig.S2b). Following T
cell activation, CD62L is shed from the cell membrane of CD8+ T cells
[44]. When compared to those of CD8+ T cells co-cultured with WT
DCLs, the CD62L levels on CD8+ T cells co-cultured with CP DCLs were
much higher and similar to those without co-culture with any DCLs
(Fig. 2b). These findings indicate that, in contrast to WT DCLs, CP
DCLs fail to activate allogeneic T cells.

To test the hypothesis that CP DCLs might induce immune toler-
ance by stimulating Treg cells, we examined the ability of CP DCLs to
promote Treg cells in the co-culture of DCLs and allogeneic CD4+ T
cells. Our data demonstrate that CP DCLs can significantly increase
the proportion of CD25highFoxp3+CD4+ Treg cells and the expression
levels of immune suppressive CTLA4 and LAG3 (Fig. 2c). These find-
ings indicate that CP DCLs suppress the activation of CD8+ T cell and
promote the generation of Treg cells.
3.3. The adoptive transfer of CP DCLs protects parental hESC-derived
allografts from immune rejection in vivo

Considering the immune suppressive characteristics of CP DCLs,
we hypothesized that CP DCLs could induce immune tolerance of the
parental hESC-derived allografts. To test this hypothesis, we used
Hu-mice reconstituted with functional human immune system by
the transplantation of human fetal thymic tissues under the kidney
capsule and simultaneous intravenous injection of isogenic CD34+

fetal liver cells into immunodeficient NSG (NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ) mice, known also as BLT model [43]. These Hu-mice
are well reconstituted with human T and B cells (Fig. S3), and are able
to mount effective allogeneic immune rejection of hESC-derived cells
[22].

As hESCs can form teratomas that contain cells derived from all
three germ layers, we tested whether CP DCLs could protect the
parental hESC-derived teratomas from allogeneic immune rejection.
While hESCs formed teratomas with similar kinetics in NSG and Hu-
mice that received CP DCLs, teratomas formation was slower in Hu-
mice that did not receive any CP DCLs, suggesting that the prior trans-
plantation of CP DCLs can protect hESC-derived allografts from
immune rejection (Fig. 3a). In support of this notion, the teratomas
formed in Hu-mice that did not receive any CP DCLs were extensively
infiltrated with T cells (Fig. 3b, 3c and S4a). In contrast, significantly
fewer T cells were detected in teratomas formed in Hu-mice that
received CP DCLs (Fig. 3b, 3c and S4a). In addition, when compared to
that of teratomas formed in Hu-mice that did not receive any DCLs,
the infiltration of other immune cells such as monocytes and B cells
was also reduced in the teratomas formed in Hu-mice that received
CP DCLs (Fig. 3d). The presence of NK cells couldn`t be detected in ter-
atomas (Fig. S4b), suggesting that NK cells are unlikely involved
directly in the immune rejection. Consistent with the findings of T
cell infiltration, the expression of human CD3 gene was lower in the
teratomas of Hu-mice that received CP DCLs than those that didn`t
receive any DCLs that (Fig. 3e). In addition, compared to those of Hu-
mice that received no DCLs, the infiltrating T cells in the teratomas of
Hu-mice that received CP DCLs expressed higher levels of FOXP3 and
immune suppressive cytokine such as TGF-b and IL-10, all markers of
Treg cells (Fig. 3e and S4c). These results indicate that the prior trans-
fusion of CP DCLs in Hu-mice can prevent the allogeneic immune
rejection of the parental hESC-derived teratomas by inhibiting
immune cell infiltration and promoting Treg cell dependent immune
suppressive microenvironment.

3.4. CP DCLs protect parental hESC-derived cardiomyocytes from
allogeneic immune rejection

To further confirm if CP DCLs can protect parental hESC-derived
functional cells from allogeneic immune rejection, the parental hESCs
were differentiated into cardiomyocytes and characterized (Fig. S5).
Hu-mice with similar reconstitution levels of human immune system
received intravenous injection of PBS control and DCLs derived from
either WT or CP hESCs. At day 7 after DCL injection, cardiomyocytes
differentiated from the parental hESCs were transplanted into the
hindleg of the Hu-mice (Fig. 4a). As a control for graft survival, the
same batch of cardiomyocytes was transplanted into the hindleg of
the NSG mice. Grafts were collected 2 and 4 weeks after transplanta-
tion and analyzed for cardiomyocyte survival and T cell infiltration.
Two weeks after transplantation, the survival rate of hESC-derived
cardiomyocytes in Hu-mice with prior transplantation of CP DCLs
was significantly higher than that in Hu-mice that received WT DCLs
or did not receive any DCLs, and was comparable to that in NSG mice
(Fig. 4b). Four weeks after transplantation, while Hu-mice that did
not receive DCL injection completely rejected the grafted allogeneic
cardiomyocytes, Hu-mice that received CP DCLs retained most of the
grafted allogeneic cardiomyocytes (Fig. 4c and 4d). Hu-mice that



Fig. 2. CP DCL cells fail to activate T cells but promote Treg cells. (a) T cell proliferation was assessed in presence of immature or activated WT and CP DCL cells. CD8+ and CD4+

T cells were purified from spleens of Hu-mice and labeled with CFSE. 5 £ 105 allogeneic CD8+ or CD4+ T cells were co-cultured with 1.25 £ 105 hESC-derived DCL cells for 5 days.
The percentage of CD3+CFSElow T cells was quantified by flow cytometry and presented as mean values § SEM (n = 4). Data from different groups were compared using one-way
ANOVA test, *, ** and **** denote significant differences at P<0.05, P<0.01 and P<0.0001. (b) Allogeneic CD8+ human T cells purified from spleens of Hu-mice were co-cultured with
WT and CP DCL cells. The surface expression of CD62L by CD8+ T cells was assessed by flow cytometry. The experiments were performed with 3 independent sets of DCL cells and
CD8+ T cells isolated from spleens of Hu-mice established with fetal tissues from 2 different donors. Data are presented as mean values § SEM (n = 3). Data from different groups
were compared using Kruskal-Wallis test with Dunn`s multiple comparison test, * P<0.05. (c) Allogeneic CD4+ T cells purified from spleens of Hu-mice were co-cultured with WT
and CP DCL cells for 7 days. The percentage of CD25highFoxp3+ CD4+ T cells was assessed by flow cytometry and shown as mean values § SEM (n = 5). Representative expression pro-
file of CTLA4, LAG3 and PD1 by CD25highFoxp3+ CD4+ T cells are shown. Data from different groups were compared using one-way ANOVA test, * P<0.05.
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received WT DCLs retained approximately 20% of the cardiomyocyte
allograft, which was not different from that in Hu-mice which did not
receive any transfusion of DCLs (Fig. 4c and 4d).

Consistent with the survival data of cardiomyocyte allografts,
T cell infiltration was significantly higher in the allografts of Hu-mice
without DCL transfusion than in those of Hu-mice with CP DCL trans-
fusion (Fig. 4b, 4c and 4d). T cell infiltration was slightly lower in the
cardiomyocyte allografts of Hu-mice with prior WT DCL transfusion
than in the cardiomyocyte allografts of Hu-mice without DCLs
2 weeks after cardiomyocyte transplantation (Fig.4b) but reached
similar levels 4 weeks after transplantation (Fig.4c and 4d). By ana-
lyzing T cells infiltrating in the grafts for the presence of FOXP3+ cells,
we found significantly increased proportion of FOXP3+ Treg cells in
the grafts of Hu-mice that received CP DCLs than those without DCL
transfusion (Fig. 4e). In contrast, the proportion of CD25high-

FOXP3+CD4+ T cells in the spleens of Hu-mice without prior DCL
injection is similar to that in the spleens of the Hu-mice that received
CP DCLs (Fig. 4f). These results indicate that CP DCLs can protect car-
diomyocyte allografts from immune rejection by promoting the
recruitment or expansion of Treg cells in the grafts.



Fig. 3. CP DCL cells protect hESC-derived teratomas from allogeneic immune rejection. (a) Teratomas weight and representative image of teratomas formed by HUES3 hESCs in
NSG mice, in Hu-mice injected with DCL cells differentiated from CP HUES3 ESCs (HUES3 CP DCL cells), and in Hu-mice that didn`t receive any DCL cells. The DCL cells were delivered
via the tail vein 7 days prior to the subcutaneous transplantation of hESCs. Teratomas were collected 6 to 8 weeks after transplantation. No DCL group n = 6, CP DCL group n = 8, NSG
group n = 6. Data are presented as mean values § SEM. Data from different groups were compared using Kruskal-Wallis test with Dunn`s multiple comparison test, **p<0.01. (b)
Representative images of CD4+ T cell infiltration into the HUES3 teratomas formed in Hu-mice with or without prior HUES3 CP DCL cell transplantation. The presence of CD4+T cells
was revealed by immunofluorescent staining. Scale bar 200 mm. (c) CD3+ T cell infiltration into the HUES3 teratomas formed in Hu-mice with or without prior HUES3 CP DCL cell
transplantation was evaluated by flow cytometry. The plots show representative data obtained from 5 different batches of Hu-mice (5 different donors of human fetal liver and thy-
mus). No DCL group n = 6, CP DCL group n = 8. Data are presented as mean values § SEM. The two groups were compared using non-parametric Mann-Whitney test. *** p<0.001.
(d) The infiltration of human monocyte and B cells into the HUES3 teratomas formed in Hu-mice with or without prior HUES3 CP DCL cell transplantation. No DCL group n = 6, CP
DCL group n = 8. Data are presented as mean values § SEM. The two groups were compared using non-parametric Mann-Whitney test. ** P<0.01. (e) Relative expression of CD3,
FOXP3, TGFB and IL-10 genes in HUES3 teratomas formed in Hu-mice with or without prior HUES3 CP DCL cell transplantation. The levels of CD3 mRNA were normalized with those
of GAPDH mRNA, FOXP3, TGFB and IL-10 mRNA levels were normalized with those of CD3 mRNA. The fold change difference in gene expression was tested using Wilcoxon signed
rank test, n = 7 for each group, * P<0.05.
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3.5. CP DCLs protected the parental hESC-derived smooth muscle cells
(SMCs) from allogeneic immune rejection but did not induce systemic
immune suppression

To further confirm our conclusion, we tested the capability of CP
DCLs to protect the parental hESC-derived SMCs (Fig. 5a) from alloge-
neic immune rejection. As described above, Hu-mice were intrave-
nously injected with PBS or DCLs derived from either WT or CP
hESCs. At day 7 after DCL transfusion, SMCs differentiated from the
parental hESCs were transplanted into the hindleg muscle of the Hu-
mice. The same batch of SMCs was transplanted into the hindlegs of
NSG mice as a control for graft survival. The grafts were collected 2
weeks after transplantation and analyzed for graft survival and T cell
infiltration. Consistent with the findings of hESC-derived cardiomyo-
cytes, when compared to SMC allografts in Hu-mice with prior trans-
fusion of WT DCLs or PBS, the prior transfusion of CP DCLs in Hu-
mice significantly improved the survival of parental hESC-derived
SMCs and reduced T cell infiltration into the allografts (Fig. 5b and
5c). In contrast to Hu-mice that received CP DCLs, robust T cell infil-
tration but few remaining SMCs were detected in Hu-mice that
received WT DCLs or PBS (Fig. 5b and 5c). By analyzing T cells infil-
trating in the grafts for the presence of FOXP3+ cells, we found



Fig. 4. CP DCL cells inhibit the allogeneic immune rejection of the same hESC line-derived cardiomyocytes in Hu-mice. (a) Schematic description of the experiments. DCL cells
derived from WT and CP hESCs were delivered via the tail vein into Hu-mice. The experiments were performed using 2 different hESCs lines, H1 and HUES3. Seven days after intra-
venous injection of DCLs, the same hESC line-derived cardiomyocytes were transplanted into the skeletal muscle of Hu-mice and NSG control mice. (b) Cardiomyocyte survival and
T cell infiltration into the cardiomyocyte graft 2 weeks after transplantation (n = 5, H1 n = 3, HUES3 n = 2). (c) Cardiomyocyte survival and T cell infiltration into the cardiomyocyte
graft 4 weeks after transplantation (n = 4, H1 n = 2, HUES3 n = 2). Sections were stained with anti-CD3 (shown in green) and anti-CTnI (shown in red) antibodies. For each section,
the numbers of CD3+ T cells and CTnI cells were counted, 3 sections per graft were analyzed. The graft survival rate was calculated in comparison to the graft survival in NSG mice.
The T cell infiltration rate was calculated in comparison to that of grafts in Hu-mice without any DCL cell injection. Data are presented as mean values § SEM. Data from different
groups were compared using one-way ANOVA test. *P<0.05, ** P<0.01. (d) Representative immunofluorescent images of cardiomyocyte grafts recovered 4 weeks after transplanta-
tion. Sections were stained with anti-CD3 (shown in green) and anti-CTnI (shown in red) antibodies. Scale bar 250 mm (left panel), scale bar 50 mm (right panel). (e) The presence
of CD3+FOXP3+ T cells in the cardiomyocyte grafts 2 weeks after transplantation. Grafts were sectioned and stained with anti-CD3 (shown in green) and anti-FOXP3 (shown in red)
antibodies. For each section, the numbers of CD3+ T cells and FOXP3+ cells were counted, 2 sections per graft were analyzed, scale bar 50 mm. No DCL n = 3, WT DCL n = 3, CP DCL
n = 4. Data from different groups were compared using Kruskal-Wallis test with Dunn`s multiple comparison test, * P<0.05. (f) The presence of CD4+CD25highFoxp3+ T cells in the
spleens of the Hu-mice 2 weeks after transplantation were analyzed by flow cytometry (No DCL n = 4, WT DCL n = 3, CP DCL n = 5). Data are presented as mean values § SEM. The
groups were compared using non-parametric Mann-Whitney test. ns, non significant.
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significantly increased proportion of FOXP3+ Treg cells in the grafts of
Hu-mice that received CP DCLs than those without DCL transfusion
(Fig. 5d). Therefore, the prior transfusion of CP DCLs can efficiently
protect the parental hESC-derived smooth muscle cell allografts from
immune rejection.

To test the possibility that the protection of hESC-derived allog-
rafts by CP DCLs is due to the induction of systemic immune
suppression, CP DCLs derived from HUES3 CP hESCs, denoted HUES3
CP DCLs, were intravenously transfused into Hu-mice. At day 7 after
injection, HUES3 hESCs were transplanted subcutaneously into the
left flank and H9 hESCs into the right flank of the same Hu-mice. The
same batch of hESCs was transplanted into left and right flanks of the
same NSG mice as the control for their capability to form teratoma.
While HUES3 hESCs formed teratomas with similar kinetics and sizes



Fig. 5. CP DCL cells inhibit the allogeneic immune rejection of the same hESC line-derived smooth muscle cells in Hu-mice. (a) Characterization of hESC-derived smooth mus-
cle cells (SMCs). The expression of SM22 was analyzed by Flow cytometry and immunofluorescence microscopy, scale bar 50mm. (b) SMC survival and T cell infiltration in the grafts
2 weeks after transplantation. Seven days after intravenous injection of DCLs, the same hESC line-derived SMCs were transplanted into the skeletal muscle of Hu-mice and NSG con-
trol mice (n = 5). Data are presented as mean values § SEM. Data from different groups were compared using one-way ANOVA test. **p<0.01, ***p<0.001. (c) Representative immu-
nofluorescent staining of SMC grafts 2 weeks after transplantation. Sections were stained with anti-CD3 (shown in green) and anti-SM22 (shown in red) antibodies. Scale bar
50 mm (upper panel), scale bar 250 mm (lower panel).(d) The presence of CD3+FOXP3+ T cells in the smooth muscle cell grafts 2 weeks after transplantation. Grafts were sectioned
and stained with anti-CD3 (shown in green) and anti-FOXP3 (shown in red) antibodies. For each section, the numbers of CD3+ T cells and FOXP3+ cells were counted, 2 sections per
graft were analyzed, scale bar 50mm. No DCL n = 4, WT DCL n = 4, CP DCL n = 3. Data from different groups were compared using one-way ANOVA test, **p<0.01.
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in Hu-mice and NSG mice, the teratomas formed by H9 WT hESCs in
Hu-mice were much smaller than those formed in NSG mice and
exhibited extensive necrosis and T cell infiltration (Fig. S6a-d), indi-
cating that the prior transfusion of CP DCLs can selectively protect
HUES3 hESC-derived allografts but not H9 hESC-derived allografts
from allogeneic immune rejection. In further support of this conclu-
sion, prior transfusion of CP DCLs into Hu-mice selectively protected
the parental hESC-derived SMCs but not non-parental hESC-derived
SMCs from allogeneic immune rejection (Fig. S7 a, b and c). Therefore,
the prior transfusion of CP DCLs does not cause systemic immune
suppression but induce immune tolerance specifically to the parental
hESC-derived allografts. In this context, only T cells specific for the
DCL-expressing HLAs are immune tolerated, while other T cells
would remain able to mount immune responses to antigens pro-
duced during infection or cellular transformation, improving the
safety of the immune tolerance strategy.
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3.6. DCLs have short survival in Hu-mice

To distinguish the possibilities that CP DCLs induce immune pro-
tection or immune tolerance of parental hESC-derived allografts, we
examined the survival of DCLs in Hu-mice after intravenous injection
into Hu-mice. WT and CP DCLs were labeled using Vybrant CFDA SE
cell tracer kit and injected into the tail vein of Hu-mice. At different
time points after transfusion, the blood, spleen and thymus were col-
lected and analyzed by flow cytometry for the presence of CFDA-
labeled DCLs (Fig. 6a). Day 2 after injection, both WT and CP DCLs
were detected in the spleen of Hu-mice (Fig. 6b and 6c). Day 7 after
injection, DCLs were still detected in the spleen, but not in the thy-
mus or the blood of Hu-mice (Fig. 6b-d). Although both injected DCLs
were detected at very low levels in the spleens of Hu-mice, the per-
centage of CP DCLs was significantly higher than that of WT DCLs.
Fig. 6. The survival of hESC-derived DCL cells in Hu-mice. (a) Schematic description of the
into the tail vein of Hu-mice. Two days, seven days and ten days after injection, the blood,
DCL cells. Hu-mice that didn`t receive any DCL cells were ered as controls. (b) The detection
were compared using the non-parametric Mann-Whitney test, * P<0.05. (c, d) The detection
Day 10 after injection, very few DCLs could be detected in the spleens
of Hu-mice (Fig. 6b). Therefore, CP DCLs can only stay for a short
period of time in Hu-mice, but can induce long-term immune toler-
ance of parental hESC-derived allografts.

4. Discussion

Despite significant progress in developing hESC-based therapies
to treat major human diseases, one of the key challenges remains the
allogeneic immune rejection of hESC-derived allografts [45]. While
the typical immune suppressants can effectively prevent allogeneic
immune rejection, they pose serious infection and cancer risks for
hESC-based therapy of chronic diseases such as macular degeneration
and type 1 diabetes. This increases the risk versus benefit ratio of
hESC-based cell therapy and thus reduces the feasibility of its clinical
in vivo tracking of DCL cells. WT and CP DCL cells were labeled with CFDA and injected
spleen and thymus were collected and analyzed by flow cytometry for the presence of
of WT and CP DCL cells in the spleen by flow cytometry. The data from the two groups
of WT and CP DCL cells in the blood (c) and (d) thymus by flow cytometry.
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application. Various approaches have been published to prevent allo-
geneic immune rejection of hESC-derived allografts. For example,
previous studies have shown that using CTLA4-Ig and anti-CD40
Ligand antibody could protect hESC-derived xenografts from mouse
immune system [18]. While this approach remains to be validated in
a model with functional human immune system, it will cause sys-
temic immune suppression similarly to the standard immune sup-
pressants. Secondly, the overexpression of CTLA4-Ig and PD-L1 in
hESC-derived allografts can protect them from allogeneic immune
rejection [22], but renders the hESC-derived allografts immune eva-
sive and susceptible to infection and cancer. In addition, the expres-
sion of CTLA4-Ig and PD-L1 could affect the differentiation and
function of hESC-derived cells. Thirdly, the knockout of HLA class I
and II in hESCs using CRISPR/CAS9 technology could protect their
derivatives from allogeneic T cells in vitro and in mouse models with
human T cells [19�21]. One potential risk of this approach is that the
CRISPR/CAS9 technology can induce genetic instability in the cells by
disrupting the non-homologous end joining pathway [46]. In addi-
tion, the HLAI/II knockout cells are prone to infection and caner.

To develop a safe and effective approach to induce immune toler-
ance of hESC-derived allografts without the safety risk associated
with previous approaches, we took advantage of the well-known
capability of immature DCs to induce immune tolerance of antigen-
specific T cells [29,47]. We demonstrate that CTLA4-Ig/PD-L1 express-
ing DCLs derived from hESCs can induce persistent immune tolerance
of the parental hESC-derived allografts. There are many unique prop-
erties of CP DCLs that improve their capability to induce long-term
immune tolerance. First, in contrast to normal immature DCs, the
expression of CP ensures that CP DCLs remain immature and with
tolerogenic properties even after strong inflammatory stimuli. Sec-
ond, CP DCLs derived from hESCs enable the immune tolerance of
T cells reactive to the alloantigens expressed by the cells derived
from the same strain of hESCs. Thirdly, while CP DCLs survive briefly
in vivo, they can induce long-term immune tolerance of parental
hESC-derived allografts. This reduces the cancer risk of the geneti-
cally modified CP DCLs as well as parental hESC-derived allografts
that remain under immune surveillance.

When compared to the published immune protection approaches
that can either lead to systemic immune suppression or the establish-
ment of immune evasive grafts, our approach will not lead to sys-
temic immune suppression nor immune evasive allografts, and thus
mitigate the cancer and infection risk associated with existing
approaches. In this context, only T cells specific for the DCL-express-
ing alloantigens are immune tolerated, while other T cells remain
able to mount immune responses to antigens produced during infec-
tion or cellular transformation. Based on the findings that CP DCLs
can induce immune tolerance of various functional cell types derived
from the same strain of hESCs, our approach should improve the fea-
sibility for clinical development of hESC-based therapy. In this con-
text, for each clinically approved hESC cell line, the development of
CP hESC-derived DCLs can be universally applied to induce immune
tolerance of various hESC-derived functional cells to treat various
human diseases.

4.1. Caveats and limitations

Although these results are promising, our study has some impor-
tant limitations. We show that CP DCLs can promote Treg cell in vitro
and protect the allografts from immune rejection by promoting the
recruitment or expansion of Treg cells in the grafts. However further
in-depth study is warranted to better understand the mechanism by
which CP DCLs induce immune tolerance. We conducted graft sur-
vival surveillance for up to 4 weeks but the question whether CP
DCLs can protect the hESC-derived allografts for longer period of
time needs to be addressed. As the immune microenvironment of the
transplantation site plays an important role in shaping the immune
response towards the graft [48], further studies are necessary to eval-
uate the efficiency of CP DCLs to promote tolerance towards hESCs-
derived cells transplanted in different anatomical sites. In addition,
although the DCLs generated in this study displays many of the char-
acteristics of bona fide DCs, the improvement of the differentiation
protocols to achieve clinical grade DCs is of critical importance to
enable their clinical application. Our choice of differentiation protocol
was based on previous published protocols for the differentiation of
DCs from hPSCs [5,41] and previous studies that were able to success-
fully produce DCs with tolerogenic properties using GM-CSF and Il-4
[35,40,49]. However, it would be necessary to test if using other fac-
tors, such as Flt-3-ligand, would generate DCLs with better tolero-
genic properties.
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