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Background: Rapidly improving protocols for the derivation of autologous cells from stem cell sources is a
welcome development. However, there are many circumstances when off-the-shelf universally im-
munocompatible cells may be needed. Embryonic stem cells (ESCs) provide a unique opportunity to modify the
original source of differentiated cells to minimize their rejection by nonautologous hosts.

Hypothesis: Immune rejection of nonautologous human embryonic stem cell (hESC) derivatives can be reduced
by downregulating human leukocyte antigen (HLA) class I molecules, without affecting the ability of these cells
to differentiate into specific lineages.

Methods and Results: Beta-2-microglobulin (B2M) expression was decreased by lentiviral transduction using
human anti-HLA class I light-chain B2M short hairpin RNA. mRNA levels of B2M were decreased by 90% in a
RUES2-modified hESC line, as determined by quantitative real time-polymerase chain reaction analysis. The
transduced cells were selected under puromycin pressure and maintained in an undifferentiated state. The latter
was confirmed by Oct4 and Nanog expression, and by the formation of characteristic round-shaped colonies.
B2M downregulation led to diminished HLA-I expression on the cell surface, as determined by flow cytometry.
When used as target cells in a mixed lymphocyte reaction assay, transduced hESCs and their differentiated
derivatives did not stimulate allogeneic T-cell proliferation. Using a cardiac differentiation protocol, transduced
hESCs formed a confluent layer of cardiac myocytes and maintained a low level of B2M expression. Trans-
duced hESCs were also successfully differentiated into a hepatic lineage, validating their capacity to differ-
entiate into multiple lineages.

Conclusions: HLA-I depletion does not preclude hESC differentiation into cardiac or hepatic lineages. This meth-
odology can be used to engineer tissue from nonautologous hESC sources with improved immunocompatibility.

Introduction

TISSUES ENGINEERED FROM autologous induced pluripo-
tent stem cells (iPSCs) should, in theory, offer a great
way to fully circumvent graft rejection. Yet, this concept has
been recently challenged, as autologous iPSCs may be tar-
gets of immune rejection due to genomic alterations ac-
quired during the reprogramming of somatic cells, as well as
other poorly understood factors.'™ Derivation of iPSCs
from elderly patients can be also problematic.* It will be
difficult to restore organs using autologous cells that retain

inherited or accumulated mutations and/or acquired mal-
icious epigenetic changes.” iPSCs from different donors also
require different culturing and differentiation protocols,
making the final products and therapies hard to compare.®®
Finally, at least today, iPSC protocols involve high costs and
prolonged periods to acquire and cultivate initial cell sour-
ces, isolate, scale-up, reprogram, and differentiate iPSCs.
If the cell sources used to engineer tissue grafts are not
autologous, they are likely to be rejected. An immune re-
sponse is triggered by recognition of a peptide antigen,
which is presented by major histocompatibility complex
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(MHC) molecules.® While present in all species, MHCs are
highly polygenic and polymorphic, varying among organ-
isms and within a species. O1n humans, MHC molecules are
called human leukocyte antigens (HLA), and they are coded
for by 21 core genes located on the short arm of chromo-
some six.'" Because multiple alleles exist for each poly-
morphic HLA gene, the task of matching a specific pair of
HLA haplotypes to a prospective transplant recipient is a
challenge. HLA class I genes are expressed on most nu-
cleated cells, while HLA class II genes are expressed only in
specialized or professional antigen-presenting cells. The
success of solid organ and hematopoietic stem cell trans-
plantation has been greatly improved by matching HLA
class I and II antigens between donors and recipients, with
immunosuppressive therapy still required in cases of HLA
mismatch to prevent rejection. Unfortunately, prolonged use
of immunosuppressive drugs can lead to a variety of unde-
sirable side effects and immunosuppression is not always
effective.'* !4

One possible alternative to immunosuppression is to
create donor cells with minimal surface expression of HLA
class I molecules. Creation of an immune compatible human
embryonic stem cell (hESC) line, which can be differenti-
ated into any desired cell lineage, is an appealing goal with a
wide range of clinical implications. In recent years, signif-
icant progress by a number of laboratories, including ours,
has been made toward this goal.'>!

In this study, we hypothesized that the immunogenicity of
hESCs and their derivatives can be decreased by constitutive
expression of short hairpin RNA (shRNA) against beta-2-
microglobulin (B2M), the invariable nontransmembrane
12kDa conserved light-chain of HLA class I molecules.
This approach should diminish the assembly and presence of
functional HLA-I molecules on the cell surface, without
impairing the cell’s ability to differentiate into specific cell
phenotypes, thus making them and their differentiated de-
rivatives less susceptible to recognition by allogeneic T
lymphocytes.

Due to our long-term interests in heart repair and recent
successes in improving postinfarction cardiac performance
by stem cell derivatives,”>>* the main goal of our studies
was to document the ability of the modified hESCs to dif-
ferentiate into fully functional cardiac cells. We also con-
firmed the ability of these cells to differentiate into a hepatic
lineage. Hepatocytes generated from iPSCs of individual
donors can mimic individual differences in drug metabolism
causing unpredictable side effects.>>?® In contrast, cells
derived from a B2M(-) hESC line can be a reliable and
consistent hepatocyte source for cell-based therapies for li-
ver diseases, including hepatitis, end-stage liver failure,
cirrhosis, and hepatocellular carcinoma.

Materials and Methods
Cell sources

A federally approved hESC line from Rockefeller Uni-
versity (RUES2, NIH Stem Registry identification No.
0013) was modified to include a genetically encoded cal-
cium indicator GCaMP, as recently described.?* In brief, a
transgene encoding for the constitutive expression of
GCaMP3 was inserted into the AAVSI1 locus in hESCs,
generated by ZFN-mediated targeting.?” Having an endog-
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enous calcium sensor greatly facilitates the analysis of car-
diomyocyte behavior—in both in vitro and in vivo
settings.>>?* It also eases monitoring and functional com-
parison of the control and modified cells, as there is no need
to take cells out of the media to add/wash the dye out or
account for data variability related to differences in dye re-
tention or loading conditions. Undifferentiated GCaMP+
hESCs were then cultured under feeder-free conditions, using
vitronectin-coated plates and fed daily with the mouse em-
bryonic fibroblast-conditioned medium (MEF-CM) supple-
mented with human basic fibroblast growth factor (bFGF,
4 pg/L). Methods for the feeder-free growth of hESCs on
coversliopszs’ ? or protocols for in vitro 3D cardiac con-
structs®*! have been detailed elsewhere. GCaMP expression
enabled direct visualization of calcium release in contracting
hESC-derived cardiac cells, as described earlier.”

Generation of B2M depleted hESC

For efficient and stable delivery of shRNAi constructs
against B2M, we used stable transfection with a vector that
integrated into genomic DNA, followed by puromycin-
based selection. MISSION shRNA lentiviral transduction
particles were purchased from Sigma-Aldrich (SHCOO08V,
clone No. TRCN0000066424). The backbone vector
(pLKO.1-Puro) used for the cloning of B2M shRNA con-
tains a puromycin resistance gene. Cells were transduced
with 3.4x10° TU/mL in the presence of hexadimethrine
bromide (polybrene; Sigma-Aldrich) at a final concentration
of 8 ug/mL (MOI 1-1.5). Media were replaced at 48 h post-
transduction. Undifferentiated cells were placed under pu-
romycin pressure at 10 pg/mL final concentration for at least
10 generations. Control (mock) samples were treated iden-
tically, but with lentiviral particles omitted.

Qualitative and quantitative polymerase chain reaction

Genomic DNA was obtained from parental and stably
transduced cells using a Qiagen Purification Kit. DNA was
quantitated using a NanoDrop 2000 Spectrophotometer
(ThermoScientific), and equal amounts of genomic DNA
were used as a template for each clone to validate transgene
incorporation. Plasmid DNA encoding the transgene was
used as positive control. For quantitative real-time PCR
(qRT-PCR), total RNA was isolated using TRIzol (Invitro-
gen) as per the manufacturer’s instructions. First-strand
cDNA synthesis was generated using the AffinityScript
qPCR cDNA Synthesis Kit (Stratagene). qRT-PCR was
performed using the BioRad qPCR kit and CFX384 PCR
detection system. To increase the confidence in measuring
the level of B2M, we used two primers that map different
regions of the gene (Fig. 5SA). The qRT-PCR experiments
shown in Figure 4 were performed in three independent
biological triplicates per sample and condition. The qRT-
PCR experiments shown in Figure 2D were acquired from
three different differentiation experiments, following nor-
malization to the housekeeping gene. They were then
displayed as a fraction of the maximum expression level
for each gene within the analyzed time frame. Primers
were ordered from BioSynthesis, Inc. and from Re-
alTimePrimers. The full list of primers is included in
Supplementary Table S1 (Supplementary Data are avail-
able online at www.liebertpub.com/tea).
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Cardiac differentiation protocol

hESC-CMs were generated usin§ a previously described
cardiac differentiation protocol.24’ 2 In brief, undifferenti-
ated cells were expanded under standard feeder-free con-
ditions using MEF-CM supplemented with human bFGF
(4 pg/L). When the undifferentiated hESC colonies occupy
approximately two-thirds of the surface area, they were
dispersed using 0.2mL/cm? Versene, followed by a wash
with MEF-CM containing 10 pM ROCK inhibitor Y-27632
dihydrochloride. Cells were then replated to form a dense
monolayer. After a confluent monolayer was formed, hESCs
were switched to the RPMI-B27 medium and serially pulsed
with 100 pg/L activin A on day 1 and bone morphogenetic
protein-4 (BMP4, 10 pg/L) from days 1 to 5. Thereafter, the
differentiating cultures are grown in the RPMI-B27 medium
supplemented with insulin and vitamin A. Spontaneous
beating activity commenced on days 10-20.

Hepatic differentiation

hESCs were induced into definitive endoderm (DE) and
subsequently hepatocytes using previously described protocols
(Duan, Y., et al., 2010, Stem Cells). Briefly, hESCs were in-
duced to DE in a serum-free condition with the RPMI medium
(Invitrogen) containing activin A (100ng/mL; Peprotech),
Wnt3a (50ng/mL; R&D Systems, Inc.), 2mM L-glutamine
(Gibco, Life Technologies), and 1% (vol/vol) penicillin/
streptomycin (Gibco, Life Technologies) for 24 h. The me-
dium was then changed to the RPMI medium with activin A
(100ng/mL), sodium butyrate (0.5 mM; Stemgent), and B27
supplement (Gibco, Life Technologies) for 6 days. DE cells
were then passaged on collagen type I-coated 12-well plates in
IMDM (Invitrogen) supplemented with 20% fetal bovine se-
rum (FBS; Invitrogen), FGF4 (20 ng/mL), hepatocyte growth
factor (HGF) (20 ng/mL), BMP2 (10 ng/mL), BMP4 (10ng/
mL), 0.3 mM L-thioglycerol (Sigma), 0.5% dimethyl sulfox-
ide (Sigma), 100 nM dexamethasone (Sigma), and 0.126 U/mL
human insulin for 2 weeks. The growth factors were purchased
from Invitrogen and the medium was changed every 2 days.

Expression of FASL and costimulatory molecules

The gRT-PCR assessment of major immune regulatory or
costimulatory molecules, including CD80, CD81, CD83,
CDS86, as well as Fas and FasL, was conducted using undif-
ferentiated cells (day 1, before activin A addition) and fully
differentiated and actively beating cells (day 21). RNA was
collected from three independent differentiation experiments
with protocols running in parallel for control and modified
cells. Three sets of RNA samples were collected and the RNA
samples were prepared using the miRNeasy Mini Kit (Qiagen).

Immunocytochemistry and imaging protocols

For cardiac lineage-specific staining, samples were fixed
with 4% paraformaldehyde, permeabilized with 0.1% Triton
X-100, and blocked overnight in 1% bovine serum albumin
(BSA). Samples were stained with mouse sarcomeric o-
actinin for 2h (1:500; Sigma-Aldrich), followed by goat
anti-mouse Cy3 secondary antibodies (1:1000; Jackson
ImmunoResearch Labs, Inc.). Nuclei were counterstained
with DAPI (1:300; Molecular Probes). Calcium transient
recordings were acquired using a Zeiss LSM 510 confocal
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imaging system using fluorescence from endogenous
GCaMP sensor. For hepatic identification, cells were fixed
in 4% paraformaldehyde+0.3% Triton X-100 in phosphate-
buffered saline (PBS) for 15 min. The cells were then in-
cubated in 1% BSA blocking solution for 1 h and exposed to
goat anti-human Sox17 (R&D Systems, Inc.), goat anti-
human Foxa2 (R&D Systems, Inc.), and goat anti-human
HNF4o (Santa Cruz) antibodies for 90 min. The samples
were washed thrice with PBS and incubated with a mixture
of secondary antibodies and DAPI (Invitrogen) for 1h.
Donkey anti-goat IgG antibodies conjugated with Alexa-488
and Alexa-555 were used at 1:1000 dilutions. All incuba-
tions were performed at room temperature, unless otherwise
mentioned. Fluorescent images were captured by a confocal
microscope (Zeiss LSM Pascal).

Flow cytometric assessment of HLA-I presence
on cell surface

A single-cell suspension of hESC or hRESC-B2M(-) cells was
first incubated with Fc block (BD Pharmingen Cat. No.
564219) to block nonspecific Ig-binding sites for 10 min at4 C.
Then, samples were stained with phycoerythrin fluorescent
dye-conjugated anti-human HLA-A, B, C (clone DX17; BD
Pharmingen, Cat. No. 560168). The DX17 monoclonal anti-
body reacts with a monomorphic epitope expressed on all HLA
class I molecules examined. The cells were incubated with
either DX17 or isotype control antibody in the FACS buffer
(PBS+0.1% BSA+0.1% NaN3) at 1 pg/mL concentrations for
30 min, washed with FACS buffer thrice, resuspended, and
examined using the BD FACSCalibur ~ System.

Lymphocyte proliferation assay

Briefly, 10 mL of heparinized venous blood was drawn from
a healthy donor and peripheral blood mononuclear cells
(PBMCs) were isolated by Ficoll-Hypaque density centri-
fugation. A total of 2x10° PBMCs/well were cultivated
in 200 pL of complete culture medium (RPMI 1640 medium
[Sigma Chemical Company], supplemented with penicillin
[100TU/mL], streptomycin [0.1 mg/mL], L-glutamine
[0.29m/L], and amphotericin B [5Smg/mL]), supplemented
with 10% FBS. PBMC were cocultured with hESC or hESC-
B2M(-) cells as targets. Cells were used in either undifferen-
tiated stage or fully differentiated (day 21 of directed cardiac
differentiation). PBMCs were also nonspecifically stimulated
with phytohemagglutinin (PHA, 5 pg/mL) as a positive con-
trol. PBMCs cultured under similar conditions without any
stimulation served as a negative control. The cultures were set
up in triplicate and incubated for 4 days at 37 C in 5% CO,
atmosphere. For the thymidine proliferative assay, the trans-
fected and control hESCs were incubated for 4 h with 1 uCi of
tritiated [*H] thymidine. The cells were then transferred to a
fiberglass membrane with MACH II harvester, and scintilla-
tion count was performed on a PerkinElmer Microbeta II
scintillation counter. The proliferation was measured as uptake
of [°’H]-thymidine as count per minute units of the radioisotope
compared between conditions.

Statistical analysis

Values are presented as mean® SEM. Unless indicated
otherwise, each quantitative or qualitative conclusion was
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derived from n >3 independent experiments. Representative
images are shown. A Student’s 7-test was used to compare
the differences between the means, with p <0.05 considered
significant.

Results
Derivation of beta-microglobulin depleted hESC line

The federally approved hESC-09-0013 cell line, depos-
ited by the Rockefeller University (RUES2) was used in
these studies. The RUES2 cell line was previously modified
to include a genetically encoded calcium indicator, GCaMP,
as described previously.>* This genetic modification allows
live visualization of calcium transients in hESC-derived
cardiac cells and in vivo grafts created from these cells.”?
Expression of B2M in hESCs was permanently silenced by
transduction with a lentiviral ShRNA against human B2M.
For simplicity, these cells are referred to as ““G-Par” and
“G-Mod”’ indicating parental RUES2-GCaMP and modified
RUES2-GCaMP with downregulated B2M gene expression,
respectively. B2M mRNA expression was decreased by
90% in G-Mod cells, compared with G-Par cells. Im-
portantly, the expression levels of pluripotency genes were
unchanged in G-Mod, as detected by qRT-PCR (Fig. 1A).
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Transduced undifferentiated G-Mod cells were indistin-
guishable from G-Par cells when visualized by phase-
contrast microscopy (Fig. 1B). The transduced cells formed
typical round-shaped colonies, characteristic of undifferen-
tiated ESCs, and had to be passaged every 4-5 days, simi-
larly to the parental cell line (Fig. 1C).

Differentiation of beta-microglobulin depleted hESCs
into cardiac muscle lineage

G-Par and G-Mod hESCs were subjected to a cardiac
differentiation protocol, to confirm that the transduction
procedure did not affect their differentiation potential or
alter the expression of costimulatory molecules.* Briefly,
undifferentiated cells from dispersed colonies were cultured
in media supplemented with activin A and BMP4. After 7
days, cells showed visible morphological changes that were
suggestive of cardiac differentiation (Fig. 1D). On day 10-
20 of the cardiac differentiation protocol, both G-Par and G-
Mod cells started to visibly contract. The presence of
GCaMP, an endogenous calcium sensor, made these cells
brightly fluoresce in a 500-550 nm emission range with each
contraction (Fig. 2A, B). When the cells were fixed and
stained with classical cardiac muscle markers, G-Mod cells
appeared similar to G-Par cells. This included a typical

A

FIG. 1. Transduced human
embryonic stem cells
(hESCs) (G-Mod) in an un-
differentiated state are phe-
notypically similar to the
parental (G-Par) cell line. (A)
The expression levels of
beta-2-microglobulin (B2M)
are decreased by 80-90% in
undifferentiated G-Mod cells
compared to controls, while
the expression levels of un-
differentiated markers such
as OCT4 or NANOG re-
mained unchanged. G-Par
and G-Mod samples were run
in triplicate. Average fold-
change in gene expression
levels compared to two dif-
ferent housekeeping genes is
shown. *p <0.05. (B) Trans-
duced cells formed round-
shaped colonies un- D
distinguishable from G-Par
cells. (C) G-Mod cells grew at
a similar rate compared to G-
Par cells, with a similar num-
ber of days required to passage
cell colonies (4-5 days). (D)
When subjected to cardiac
differentiation protocol,
G-Mod underwent visible
changes in cell morphology,
similarly to those observed

in G-Par cell layers. .

Relative expression level

C Day1l

04
B2M OCT4 NANOG
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Cardiac lineage diffentiation (Day 7) |
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FIG. 2. Properties of cardiac myocytes derived from hESCs with diminished B2M expression. The top row shows a
typical appearance of a differentiated G-Mod cardiomyocyte layer in a phase-contrast (A) and a fluorescence mode (B). The
presence of GCaMP sensor in G-Mod cells enables direct monitoring of rhythmical cell contractions upon cardiac lineage
differentiation seen as transient increases in endogenous cell fluorescence. The panel (C) shows sarcomeric alpha-actinin
immunostaining with regular striations indicative of proper structural development. The panel (D) illustrates changes in
relative expression levels of pluripotency (NANOG, Oct3/4), mesodermal (TBXY), early and late (alpha-actin, GATAA4,
NkX2.5, alpha-2 actinin, myosin heavy-chain 6) markers in samples acquired on day 1, 7, and 21 of cardiac differentiation
protocol (n=3). The panel (E) shows 3D cardiac fiber composed of G-Mod cardiac myocytes with the trace of calcium
transients acquired from it to illustrate regular spontaneous contractions.

striated pattern of sarcomeric alpha-actinin (Fig. 2C) and an
increase in expression of mesodermal (7bx5), early (a-actin,
Nkx2.5), and late cardiac markers («-MYH®6, a-actinin) (Fig.
2D). The expression of pluripotency genes (Oct3/4, Nanog)
decreased with differentiation, which is consistent with the
data by others.>

At optimal density, the cells formed robustly beating
cardiac cell networks that continued to contract synchro-
nously for several weeks in culture. When mixed with
Matrigel or fibrin-based hydrogels,*® they formed regularly
beating macroscopic 3D-cardiac fibers (Fig. 2E). Since these
cells also expressed an endogenous calcium sensor
(GCaMP), calcium transients were readily visualized as
spikes in endogenous cell fluorescence that correlated with
each episode of contraction.”>* Analysis of calcium tran-
sients is commonly used as a sensitive cumulative index of
excitation-coupling and cardiac contractions.>>>’ It can
reveal small changes in calcium handling machinery and, as
such, serves as a useful indicator for cell maturation or
physiologically adverse interventions.****~*" There were no
detectable differences between G-Par-derived and G-Mod-
derived cardiac myocytes as far as the number of days to

develop calcium transients, their average frequency, or
calcium transient time to peak (Fig. 3A). Sample recordings
of calcium transients from confluent G-Par and G-Mod
monolayers are shown in Figure 3B. When plated sparsely,
individual cells often contracted less frequently with longer
calcium transients (Fig. 3C), consistent with frequency-
dependent acceleration of relaxation frequency,*' but again,
no differences were noted between G-Par and G-Mod cells.

Effects of beta-microglobulin depletion
on other immune stimulatory molecules

To determine whether the transduction protocol had any
unanticipated effects that could alter the immunogenicity of
hESCs, we measured the mRNA expression levels of im-
mune regulatory molecules (Fig. 4). CD80, CD83, and
CD86 are members of the immunoglobulin supergene
family and have been shown to have a costimulatory effect
during T-cell activation.**** CD81 is a tetraspanin family
member and has been implicated in regulatmg immune cell
activation and cell—cell interaction.** FAS and FAS-ligand,
member of the tumor necrosis factor (TNF)-receptor and
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FIG. 3. Functional assessment of cardiac myocytes derived from hESCs with diminished B2M expression. (A) There were
no detectable functional differences between cardiac myocytes differentiated from G-Par and G-Mod cell lines. Neither the
number of days to develop spontaneous contractions nor the average beating frequency or calcium transient time to peak
was different between the two cell lines. (B) Typical recordings of calcium transients from spontaneously beating confluent
cell monolayers. Frequency of spontaneous beating ranged from 0.1 to 1Hz for individual coverslips with an average
frequency of 0.45 Hz for both cell types. (C) Sparsely plated individual cells contracted less frequently with longer calcium
transients, consistent with frequency-dependent acceleration of relaxation frequency.

TNF superfamilies, are best described as regulators of cell
death and in the transplant setting may promote down-
regulation of the immune response.*> As shown in Figure 4,
no significant differences in the expression of these mole-
cules in either undifferentiated or differentiated G-Par and
G-Mod cells were found and the levels of CD80, CD86, and
FASL were found to be negligible for both cell types.

B2M depleted hESCs have diminished HLA
class | molecules on cell surface

B2M binds with major and minor gene subunits to pro-
duce functional HLA-I heterodimers on the cell surface.
Decreased expression of B2M was confirmed using two
primers that map two different regions on the B2M gene: the
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FIG. 4. Levels of major costimulatory molecules remained
unchanged in hESCs with diminished B2M expression in
either undifferentiated or fully differentiated states. Gene
expression levels of major costimulatory molecules, includ-
ing CD80, CD81, CD83, CD86, FAS, and FAS-Ligand, after
normalization to housekeeping gene TBP (human TATA box
binding protein). No significant differences between G-Par
and G-Mod cells were found in either undifferentiated (day 1)
or fully differentiated (day 21) states.

3’ end B2M-H (589-674) and the two exons spanning B2M-
B (322-435) (Fig. 5A).

Reduced B2M gene expression in transduced hESCs does
not definitively cause a reduction in assembled HLA-I mol-
ecules on the cell surface. Indeed, it was previously suggested
that B2M present in serum can be used to reassemble func-
tional HLA heterodimers.*® Since serum is a necessary
component of most cell culture media and will also be present
in vivo, it was important to verify that reduced B2M ex-
pression coincided with a decrease in assembled HLA-I on
the cell surface. To do so, intact undifferentiated and differ-
entiated G-Par and G-Mod cells (grown in standard, serum-
containing media) were incubated with the HLA-I antibody,
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which recognizes a nonpolymorphic HLA-I epitope, and
analyzed by flow cytometry. The results confirmed a signif-
icant loss of HLA-I on the cell surface of both undifferenti-
ated and differentiated G-Mod cells, compared to their G-Par
counterparts (Fig. 5B).

Lack of T-lymphocyte activation by beta-microglobulin
depleted hESCs and their differentiated derivatives

A mixed lymphocyte reaction (MLR) assay was used to
test whether G-Mod cells escape recognition by allogeneic T
lymphocytes. In this assay, CD8 T cells recognize alloge-
neic HLA-I molecules on the surface of target cells and are
stimulated to proliferate, as detected by the uptake and in-
corporation of the [*H]-thymidine in newly synthesized
DNA molecules. Therefore, the extent of T-cell stimulation
can be measured by accumulation of incorporated [*H]-
thymidine after completion of the incubation period. The
data showed a significant decrease in the stimulatory ca-
pacity of G-Mod cells to background levels, compared with
their G-Par counterparts. This indicates that the decreased
HLA class I expression is functionally significant and causes
a lack of immune recognition of the genetically modified
hESCs by T lymphocytes (Fig. 6). The same graph also
shows [BH]—thymidine levels harvested from wells, in which
media included PHA as a positive control, and from wells
with no stimulants or target cells as negative controls. No-
tably, the presence of B2M depleted cells decreased incor-
poration levels of radioactive [*H]-thymidine in MLR below
that of negative control. These findings are consistent with the
existing literature on immunomodulatory effects of ESCs and
their derivatives, as detailed in the Discussion section.

Differentiation of beta-microglobulin depleted hESCs
into hepatic lineages

hESCs were differentiated into a hepatic lineage to fur-
ther validate that HLA deficiency did not alter differentia-
tion potential. First, transduced cells were differentiated into
an endodermal fate through Activin-A treatment. G-Mod
cells showed propensity to differentiate into DE, as deter-
mined by Foxa2 and Sox17 immunostaining (Fig. 7). The
differentiation potential was found to be indistinguishable to
that of the parental G-Par cell line. Next, we undertook a
head-to-head comparison with hepatic differentiation. The
DE cells were induced into hepatocyte progenitors using a
combination of insulin, FGF4, HGF, BMP4, BMP2, and
dexamethasone in serum-containing media. G-Mod and G-
Par cells had comparable hepatic differentiation, as deter-
mined by induction of HNF4« expression shown in Figure 8.

Discussion

The first approach to overcome immunological barriers
for implantation of tissue-engineered organs is the creation
of banks of human stem lines with different libraries of
HLAs. As of January 2015, the HLA alleles nomenclature
contained a total of 12542 alleles, of which 9437 are class I
alleles (http://hla.alleles.org/nomenclature/stats.html). Yet,
even large libraries only partially address this need, with an
estimated 150 human embryonic cell lines matchin§ with
only 20% of the population in the United Kingdom.*” The
estimated number of cell lines that would be required to
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ensure a match in a more ethnically diverse population,
such as in the United States, is likely to be much higher.*®
This approach also carries an additional burden of having
line-specific maintenance and differentiation protocols for
optimal results. Patients treated with these differently
maintained stem cell lines will then likely have different
therapeutic outcomes, thus complicating conclusions about
treatment efficiency.

A second approach is the use of pluripotent stem cells
from autologous cell sources.*’ Yet, as of today, iPSC-based
engineered tissues involve high costs and time commitment
to acquire and cultivate initial cell sources, isolate, scale-up,
reprogram, and differentiate iPSCs. Moreover, it will be
difficult to repair organs using autologous cells that retain
inherited or accumulated mutations and/or acquired epige-
netic changes.”®>* There are also significant regulatory
hurdles to utilizing autologous iPSC-based therapies. In the
current system, each new batch of iPSCs would be a sepa-
rate product requiring a new approval process.>

The third option is to create a universal donor cell with
minimal surface expression of HLA class I molecules. The
possibility of having a hypoimmunogenic or a universally
immune compatible hESC line that can give rise to a spe-
cific phenotype is an appealing goal with a wide range of
clinical implications.”® Creation of such a universal donor
cell line may lead to off-the-shelf tissue-engineered products
and the ability to treat patients for whom treatment with
autologous cells is problematic due to genetic mutations.
Since the ability to present peptide antigens is reduced,

creation of such a cell line can also help to repair organs for
patients with autoimmune disorders, including type-1 dia-
betes.’® Finally, tissue-engineered products made from a
universal stem cell line will be much easier to standardize
and regulate. Particularly, because different hESC lines have
been shown to vary considerably in their differentiation
potential, even when differentiation protocols are performed
within the same laboratory.”’

Depletion of B2M as a means to improve donor immune
compatibility has been explored in the past at both the
cellular and organ level. Specifically, it was shown that
tissues from B2M knockout mice exhibited increased survival
when transplanted into immunocompetent animals.”®°° This
included a significant improvement in the function of renal
allografts from MHC class I-deficient mice, compared with
allografts from mice with normal MHC class I expression,®
or indefinite survival of pancreatic islet allografts from
class I-deficient donors in fully allogeneic recipients.”® Si-
milar effects were seen for cardiac allograft survival with
some grafts accepted indefinitely.®' Interestingly, in con-
trast to the prolonged survival that has been observed for
allografts deficient in MHC antigen expression, no signifi-
cant extension of survival was observed in the case of xe-
nografts, presumably due to a response through the innate
immunity pathways.®

Recently, a number of laboratories have shown that
downregulation of MHC class I molecules in ESCs can de-
crease their immunogenicity.'>'”-*? Our work confirms these
findings and shows, for the first time, that shRNA-based
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FIG. 6. T-lymphocyte activation by parental versus
transduced hESCs with diminished B2M expression and
their differentiated derivatives. Mixed lymphocyte reaction
assay was used to test whether G-Mod cells escaped rec-
ognition by allogeneic T lymphocytes. The graph also shows
data from positive (phytohemagglutinin [PHA]) and nega-
tive (no target cells) controls that were run in parallel with
G-Par and G-Mod samples. Images on the top illustrate the
appearance of the wells with a large amount of proliferating
allogeneic T lymphocytes (the latter are darker in appear-
ance) that were present in G-Par cardiomyocyte samples,
but not in the wells with G-Mod cells or negative control.

downregulation of MHC-I does not affect hESC ability to
differentiate into specific lineages, including hepatic and
cardiac. Furthermore, we show that the differentiated cells
derived from MHC-I-deficient hESCs continue to be unrec-
ognizable by allogeneic T lymphocytes. While in vivo im-
plantation of these cells or tissue products made from them
into allogeneic human being will be an ultimate proof of our
hypothesis, such studies will require FDA approval for phase
I clinical trials and are beyond the scope of this article. As an
indirect in vivo evidence to support our main hypothesis, we
can cite in our recently published findings that down-
regulation of B2M in mouse ESC-derived cardiac myocytes
improves the survival in allogeneic mice.*!

Our experiments confirmed the presence of classical
cardiac and hepatic markers in cells differentiated from G-
Mod cells with low B2M expression levels, which indicates
that B2M and HLA class I expression is not essential for
stem cell differentiation. This is supported by the observa-
tions that mice and humans with deficiencies in MHC class I
expression, although immunodeficient, exhibit normal de-
velopment of nonimmune cells and tissues. For example,
B2M knockout mice have decreased MHC class I antigen on
the cell surface, but these mice are fertile and healthy despite
defects in T-cell-mediated immune responses.®® Individuals
with a severe reduction in the cell surface expression of HLA

FIG. 7. Induction of parental versus transduced hESCs
with diminished B2M expression into definitive endoderm.
Immunostaining images of differentiated G-Par and G-Mod
cells for Foxa2 and Sox17 at 9 days in differentiation media.
Nuclei were stained with DAPI (blue). Scale bar: 100 um.
Color images available online at www.liebertpub.com/tea

class I molecule, due to rare genetic mutations, can suffer
from increased susceptibility to infections, but do not display
defects in nonimmune cells or tissues.** The earlier studies
indicate that the absence of B2M expression is not critical to
normal cell or organ function.

The fact that shRNA transduction did not completely
eliminate B2M expression in hESCs may have additional
benefits. This is because a complete absence of functional
HLA-I may cause natural killer (NK)-mediated cell killing.
NK cell alloreactivity arises from the expression of inhibitor
killer Ig-like receptors (KIRs) that do not recognize HLA.%
Inhibitory receptors such as KIR dampen NK cell activation
upon interaction with their HLA class I ligands, including
those of class C, -E, and -G.%%%7 1t has been previously shown
that residual HLA expression in HLA-silenced cells is
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Phase
contrast

FIG. 8.
with diminished B2M expression into hepatocytes. Bright-
field and immunofluorescent staining images of differenti-
ated G-Par and G-Mod for HNF4a (red) at 21 days. Nuclei
were stained with DAPI (blue). Scale bar: 100 um. Color
images available online at www.liebertpub.com/tea

Induction of parental versus transduced hESCs

protective against NK-cell-mediated lysis.®*¢’ Specifically, it
was previously shown that if at least 10% of initial B2M
levels remain, the activation of NK is prevented. This can
also be attributed to the fact that ESC derivatives consistent%y
do not express NK stimulatory receptors such as NKG2D.%
We also felt that it was important to confirm that the di-
minished presence of B2M does not lead to any compensa-
tory increases in the expression levels of other immune
regulatory molecules (Fig. 4).

Interestingly, the data presented in Figure 6 suggest ad-
ditional immunomodulatory effects of hESCs and their de-
rivatives. Specifically, proliferation of allogeneic T cells
was lower in wells with G-Mod cells, compared to wells
with no target cells. Similar immunomodulatory effects
were previously reported for mesenchymal stem cells and
glial precursor cells.®”’> The exact mechanism of such
immunomodulation remains to be established.

Our studies, similar to others, delivered short-hairpin
RNAs through a lentiviral-based vector system.'®”>"5 In
cases when shRNA-based inhibition will be extended to
clinical applications, there may be a valid concern regarding
the carcinogenicity of introduced lentiviral genes. This
problem can be solved by utilizing a self-inactivating len-
tiviral clone.”® Cells transduced with such clones cannot
produce additional viral particles because the cells do not
contain the genes for the viral capsid. Furthermore, upon
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integration into the target cell’s genome, the 5° LTR pro-
moter is inactivated, which prevents replication of the viral
sequences. Alternatively, one can use a combination of gene
targeting and mitotic recombination to derive HLA-
homozygous ESC subclones or use targeted disruption of
both alleles of the B2M gene."”

For tissue engineering applications, we envision a general
scenario whereby genetically engineered, hypoimmuno-
genic hESCs represent a universal donor cell, which may be
differentiated into a desired tissue type and transplanted
with a minimal immune response. Notably, cells differen-
tiated from hESCs, including cardiac myocytes, retain their
ability to withstand freeze—defrost cycles and therefore can
be produced and stored in large quantities. These cells can
then be defrosted upon request and seeded in premade tissue
scaffolds, significantly speeding up the time needed to
produce tissue-engineered products. In total, the availability
of such cells represents an important step toward im-
munocompatible therapies that are based on cell and tissue-
engineered constructs.

Conclusion

We confirmed that transduced hESCs retain a B2M
shRNA insert through multiple passages in an undifferen-
tiated state. We also have shown that the B2M(-) cells can
form stable undifferentiated colonies and can be success-
fully differentiated into different phenotypes, such as car-
diac muscle and hepatocytes. The differentiated cells
maintain diminished levels of HLA-I on their surface and
are not recognized by allogeneic T lymphocytes. Con-
stitutive B2M shRNA expression did not cause any mea-
sureable changes in the expression levels of CD80, CD&8I1,
CD83, CD86, FAS, and FASL mRNAs. We conclude that
stable sShRNA B2M depletion is a promising approach to
create a universal donor ESC that can be used to produce
either cell grafts or engineered tissue constructs with im-
proved survival and/or minimal need for coadministration of
immunosuppressive drugs.
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