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Abstract

overcome xenogeneic rejection.

Universal embryonic stem cell donor lines would greatly facilitate stem cell based regenerative medicine and
permit facile testing of human pluripotent stem cell derived grafts in xenogeneic settings. Because HLA-G overcomes
immune cell mediated attack of foetal tissues during pregnancy and inhibits T-cell responses and dendritic cell antigen
maturation in vitro and in vivo, it is an attractive candidate molecule for achieving this goal. Here we investigated
whether enforced expression of either the soluble or the membrane bound form of the HLA-G mouse homologue, H2-
BI, in human and mouse ES cell lines would allow engraftment in immunocompetent mice. Despite evidence for robust
expression of soluble or membrane bound H2-BI molecules and effective inhibition of CD8+ T-cell proliferation by all
H2-Bl engineered ES cell lines, all failed to generate teratomas in immunocompetent mice, despite doing so in NOD-
SCID mice. We conclude that expression of H2-Bl in human and mouse embryonic stem cells alone is insufficient to
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Introduction

Several barriers to the utilization of pluripotent stem cell derived
products in the treatment of disease still exist. One such barrier is
the potential for immune rejection of embryonic stem cell (ESC)
derived tissues and cells after transplantation. Work with mouse
embryonic stem cells (mESCs) proposed that low expression of
major histocompatibility complex (MHC) class I, MHC class II and
non-classical antigens [1] as well as inhibition of T-cell maturation
by transforming growth factor p [2] may result in immunological
tolerance of these cells in transplantation settings. However, it was
observed that while MHC class I molecules were expressed at very
low levels in undifferentiated human embryonic stem cells (hESCs),
there is an increase in expression upon differentiation and a dramatic
elevation in response to IFN-gamma which is secreted by multiple
types of immune cells [3]. Evidently, additional strategies to avoid
immunogenic rejection of embryonic stem cell derived products must
be developed. There are four broad approaches that are currently
being attempted; producing banks of HLA-matched pluripotent cells,
immune suppression of recipients, production of gene corrected iPS
cells, and alteration of the intrinsic immunogenicity of the donor cells.

Major histocompatibility complexes (human leukocyte antigen
(HLA) in humans), which normally act to present antigens to cells
of the immune system, can themselves be recognized as antigens
and induce an immune response [4]. MHC molecules fall into three
broad classes (denoted MHC class I, II, and III). Amongst these MHC
class I molecules (which include HLA-A, B, C, E, F, G in humans)
were found to be the primary causative agents in the induction of
an immune response following hESC transplantation [5]. For organ
transplantation, matching of HLA antigens is often used and has been
shown to be a good indicator of graft acceptance.

It has been proposed that producing a bank of iPSCs from

selected HLA-typed volunteers may similarly avoid immune rejection
and facilitate transplantation. It was calculated that a bank of 150
iPSC cell lines could provide matched stem cells for 93% of the U.K.
population [6]. While these predictions are encouraging, it remains
to be determined how effective HLA matching will be for successful
transplantation and long term engraftment, given that even minor
histocompatibility complexes (mH), peptides carrying unique
polymorphisms, appear to be sufficient to induce acute rejection of
mESCs upon allogenic transplantation [7].

Another option, also employed in organ transplantation, is the
suppression of the immune response. Experiments with the clinically
available immunosuppressant drugs Sirolimus, mycophenolate mofetil,
and Tacrolimus were only able to partially mitigate the immune
response following injection of hESCs into an immune competent
mouse, and these xenogenic grafts were rejected within 28 days [8].
Continuous treatment with cyclosporine A on the other hand does
permit persistence and long-term engraftment of human ES and iPSC
derived cell types in immuno-competent recipients [9-13]. However,
such continuous immune suppression would leave a recipient
vulnerable to opportunistic infection, and is therefore not a favourable
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approach. Alternative immune suppression strategies for pluripotent
stem cell based therapies, using aleukocyte co-stimulatory blockade [14],
have meanwhile been developed. While administration of costimulatory
blocking agents (anti-CD40L, anti-LFA and CTLA-4-Ig) during the first
6 days following injection facilitated engraftment of pluripotent (mESC,
hESC, miPSC, hiPSC) as well as mouse bone marrow mononuclear cells
for up to ~50-70 days post injection, it remains to be determined how
this approach affects the long term immune competence of the recipient
mice. Similar to traditional immune suppression, these treatments may
leave patients vulnerable to opportunistic infection.

An attractive solution for the evasion of immunogenicity of stem
cell transplantation is to produce patient specific induced pluripotent
stem cells (iPSCs). While early reports questioned the immunogenicity
of iPSC [15], this was subsequently refuted [16], and next shown to be
dependent on the specific cell type that is delivered [17]. While it is
not unlikely that iPSCs will ultimately provide a source of tissues and
cells for autologous transplantation, enabling such iPSC-based cellular
therapies will require cheap plug-and-play type generation of iPSCs
under xeno-free GMP compliant conditions in hospital settings and will
require rapidly obtainable, robust safety criteria.

It is clear that human pluripotent stem cell based therapies would
greatly benefit from the production of a thoroughly characterised
“universal donor ES-cell” that can be accepted by the immune system
of any patient. The production of such a cell line was pioneered by
Deusse et al by knocking down HLA class I in hESCs [5]. While these
cells certainly proved to be less immunogenic than their wild type
counterpart, approximately 50% of grafts were still rejected from
immune competent mice.

Here we have attempted to take advantage of the mouse homologue
of the immunotolerogenic molecule HLA-G (known as H2-BI) to
produce pluripotent cell lines compatible with allogenic and possibly
xenogenic transplantation. Our decision to test this molecule was based
on its expression on the maternal foetal interface of trophoblast cells
[18], where it plays a key role in maternal immunotolerance of the
foetus, and protects trophoblasts from maternal natural killer (NK)
cell lysis [19]. It was further shown that this protection was transferable
to other cells, as cytotrophoblasts transfected with either HLA-GI1 or
HLA-G2 cDNA, were also protected from NK cell induced cell lysis [20].
As graft rejection is for a large part mediated by host T-cells recognizing
polymorphisms in MHCs and mHs [21], a role for HLA-G in T-cell
mediated immune suppression was inferred. Indeed, HLA-G inhibits
CD8+ cytotoxic T lymphocytes (CTL) [22], CD4+ T-Cell proliferation
[23], and can induce immunosuppressive CD4+ T regulatory cells [24].
Furthermore, HLA-G also inhibits the maturation of antigen presenting
dendritic cells [25]. The role of HLA-G in mediating immune tolerance
further extends well beyond pregnancy. Detection of soluble HLA-G in
patients receiving heart [26], liver [27], or kidney [28], transplants is
associated with enhanced graft acceptance and human muscle cell lines
transiently transfected with HLA-G1 and HLA-G5 expression constructs
elicit reduced human cytotoxic T-cells responses and undergo less NK
cell induced lysis [29]. Based on the ability of HLA-G to inhibit multiple
mechanisms associated with immune rejection, we were interested to
find out whether expression of different H2-Bl isoforms could facilitate
transplantation of human and mouse ES-cells in immune competent
mice.

Materials and Methods
hESC cell culture conditions

hESCs were cultured in knock out serum (KSR) replacement hESC

culture medium (80% DMEM F12 (GIBCO), 20% KnockOut-Serum
replacement (GIBCO), 2 mM L-glutamine (GIBCO), 1% non-essential
amino acids (NEAA) (GIBCO), 0.1 mM 2-mercaptoethanol 100ng/
ml basic fibroblast growth factor) (Invitrogen) at 37°C at 5% CO,
and at high humidity. Cells were cultured in feeder-free conditions
on Matrigel™ (BD) in MEF conditioned hESC culture medium. Cells
were passaged with collagenase IV (1mg/ml) (Stem Cell Technologies)
before replating at a seeding ratio of between 1:2 and 1:6. hESC media
was replaced daily and cells were split at approximately 80% confluence
on days 6-7.

mESC culture conditions

mESCs were grown in knock out serum (KSR) replacement ESC
culture medium (80% DMEM F12 (GIBCO), 20% KnockOut-Serum
replacement (GIBCO), 2 mM L-glutamine (GIBCO), 1% non-essential
amino acids (NEAA) (GIBCO), 0.1 mM 2-mercaptoethanol 1000 U/
ml murine leukemia inhibitory factor (mLIF) (Invitrogen) at 37°C
at 5% CO, and at high humidity. Cells were maintained on mouse
embryonic fibroblasts (MEFs) at a density of 0.8x10° cells/cm?. For
experimentation, cells were cultured in feeder-free conditions on
Matrigel™ (BD) in MEF conditioned ESC culture medium. Cells were
passaged using trypsin to dissociate cells into small clumps before
replating at a seeding ratio of between 1:2 and 1:6. ESC media was
replaced daily and cells were split at approximately 70% confluence on
days 2-3.

Generation of H2-Bl expressing cells

pLenti plasmids containing one of the H2-BI isoforms (a soluble
form from C57BL/6 mice and a membrane bound form from 129/
Sv]) or a GFP control were produced using the Gateway® cloning
system. An HA tag sequence was introduced in the 3’ Primer to
encode the HA tage at the C-terminus. 293FT cells were transfected
with the lentiviral vector DNA, PMDg, PRSV-Rev, and pVSVg using
Lipofectamine 2000 (all from Invitrogen) and virus was collected 36
hours post-transfection. This virus was then used to transduce desired
cells for 24 hours in presence of 7 ug/ml polybrene (Sigma). Feeder free
cultured Cells were expanded for 5 days after which they were selected
using 2 pg/ml puromycin. Resistant colonies were picked after 4 days,
expanded and cryopreserved.

Western blotting

Cells were washed twice with 1xPBS and then lysed with 5xloading
buffer (130 mM Tris pH 6.8, 4% SDS, 0.02% Bromophenol blue, 20%
glycerol, 100 mM DTT) containing 10% PhosSTOP phosphatase
inhibitor (Roche). They were subsequently homogenized using
30G needles and heated to 80°C for 10 mins. Proteins were resolved
using sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE). The iBlot® Dry Blotting System (Invitrogen) was used
to transfer proteins to a PVDF membrane. Blots were submerged in
blocking buffer (Tris-buffered saline with 0.01% Tween-20 (TBST) and
5% Bovine serum albumin (BSA)) at room temperature (~21°C) for 2
hours. Blots were then then probed with appropriate antibodies diluted
in blocking buffer at 4°C over-night with gentle agitation. Probes were
then washed three times for 15 minutes each, before submersion in
appropriate secondary antibodies diluted in blocking buffer for one
hour at room temperature. Blots were thenwashed as before and
analysed using Pierce ECL Western Blotting detection kit according
to manufacturer’s recommendation (Thermo Scientific) on the V3-
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Western Workflow (Bio-Rad) for a densitometric representation. The
images were respectively analyzed using either One-Rad (Bio-Rad) or
Image Lab (Bio-Rad).

Immunostaining

For immunostaining cells were washed in PBS and fixed in 4%
paraformaldehyde for 15 minutes at 4°C. For nuclear staining samples
were permeabilized in 0.1% Triton X-100 at room temperature for 10
minutes, before blocking with 10% goat serum and incubation with the
relevant antibodies overnight at 4°C. Antibodies and dilutions used
were OCT4 (Millipore) [1:1000], NANOG (Millipore) [1:400], and HA
(Cell Signalling) [1:1000]. Following washing with PBS (3 times for 5
min at room temperature) secondary antibodies goat anti-mouse IgG,
goat anti-mouse IgG,,, goat anti-mouse IgM and Donkey anti-rabbit
IgG (Alexa fluor) [1:1000] were used. Nuclei were stained with DAPI.
This preparation minus the addition of primary antibody was used to
confirm specificity of staining.

In vivo T cell activation assay

1 million ESCs were delivered via tail vein injection into into NOD.
Ragl-/-.IL-2ryc-/- (NRG) mice (Jax Laboratories). 24 hours following
injections of ESCs 5 million splenocytes which had been incubated
for 10 min in 1 uM violet proliferation dye 450 (VPD450) (Thermo
Scientific) were injected per animal. At day 7, splenocytes were
harvested for flow cytometry.

For flow cytometry, cells were incubated on ice with conjugated
anti-CD8 antibodies with 1 mg/ml propidium iodide (Calbiochem, San
Diego, CA). Flow cytometric analysis was performed on a LSR Fortessa
(BD Biosciences, North Ryde, NSW, Australia) with standard optics
configuration (405 nm violet laser, 488 nm blue laser, 633 nm red laser)
with CellQuest version 3.1F software (BD Biosciences, San Jose, CA).
Post-acquisition data analysis was performed with FlowJo software
(Treestar, Ashland, OR, USA).

Membrane Bound H2BI

L ol a-2 a-3 Tm Cyt HA
[E——— .

Soluble H2BI
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Anti-HA

Merge

Teratoma formation

hESCs collected by collagenase IV treatment and mESCs were
collected by trypsin treatment. One million cells, resuspended in 50
uL DMEM/F12 supplemented with 50% BD Matrigel™, were injected
into hind limb muscles of Methoxyflurane anaesthetised 6-week-old
SCID or CB7BL/6 mice (from the Animal Resource Centre (ARC) in
Western Australia). After eight to ten weeks, teratomas were dissected
and fixed in 4% paraformaldehyde. Samples were embedded in paraffin,
stained with haematoxylin and eosin and examined for the presence
of representatives of the three germlayers. All mouse procedures were
conducted under local ethical guidelines and after gaining permission
from the local animal ethics committee (University of Queensland,
QLD, Australia).

Statistics

Data represent mean + S.D of the number (1) of independent
experiments unless indicated otherwise. Statistical significance has
been calculated by a two-way ANOVA with Bonferroni post-tests
to compare replicate means between the indicated groups for all
experiments or via student’s T-test where appropriate.

Results

The human HLA-G gene and its mouse homologue H2-BI are
composed of 8 exons which can be alternatively spliced to produce
several different isoforms. Exon 1 codes for the leader fragment,
exon 2, 3, and 4 encode the 3 extracellular domains (al, a2, and a3
respectively), exon 5 encodes the transmembrane domain and exon 6
encodes the cytoplasmic tail. Exon 7 is not transcribed and exon 8 is
the 3> UTR region [30]. Seven different isoforms of human HLA-G are
currently known and the mouse homolog (H2-BI) can be alternatively
spliced into at least 3 different isoforms [31,32]. Here we have used
the mouse isoforms most similar to human HLA-G1 (referred to as
Membrane Bound (M)) and most similar to human HLA-G5 (referred

E
hESC mMESC
Ctrl M 5 ctrl M S
- .
HA i —

GAPDH | "l s s || — i a—

Figure 1: Generation of H2-Bl Expressing mESC and hESC Cell lines. (A) Schematic representation of the membrane bound (MB) and soluble (S) isoforms of H2-BI
used in these experiments. (B) Phase contrast image of the hESC line ENVY. (C) Phase contrast image of the mESC line R1. (D) The HA tag on of membrane bound
H2-Bl molecule was detectable in both ES cell lines as shown by immunofluorescence. (E) Presence of both isoforms of the H2-BI protein as detected by western

blotting.
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to as Soluble (S)) (Figure 1A). The human ESC line ENVY (Figure
1B), previously shown to constitutively express high levels of GFP
throughout differentiation [33], and the mouse ESCline R1 (Figure 1C)
were stably transduced with lentivirus encoding either the membrane
bound (MB) or soluble (S) form of the mouse H2-BI protein, driven
by the PGK reporter, and containing a puromycin resistance gene
cassette. The H2-Bl sequences were modified to include a C-terminal
HA tag allowing for identification of the protein, as no antibody
currently exists for H2-Bl. The HA tag of membrane bound protein
was detectable by immunofluorescence (Figure 1D) and both forms
were detectable by western blot analysis (Figure 1E) in both hESC and
mESC, indicating that transduction successfully produced mESC and
hESC that constitutively express the membrane bound or soluble form
of the H2-Bl protein.

The transduced murine and human ES cell lines maintained their
pluripotency following puromycin selection as indicated by robust
staining for the nuclear markers of pluripotency Nanog (Figure 2A)
and Oct4 (Figures 2B and 2C).

To verify that the soluble H2-BI (S-H2Bl) and membrane bound
H2-Bl (M-H2BI) expressing human and mouse cell lines were truly
pluripotent we next performed teratoma assays in nonobese diabetic/
severe combined immunodeficiency (NOD/SCID) mice. Following
intramuscular injection into immune compromised NOD/SCID mice,
all hESC and mESC cell lines formed teratomas containing tissues of all
three germ layers (endoderm, mesoderm, and ectoderm) (Figure 3 and
Supplemental Figure 1).

We next performed G-band karyotype analyses on the parental

A hESC - Ctrl hESC- MB hESC-S

- ---
o ---

B hESC - Ctrl hESC - MB hEsC-S
- -- -
Oct-4
C mESC - Ctrl mESC - MB mESC - S
Oct-4

Figure 2: H2-Bl transduced mES and hESC express pluripotency markers.
(A) All transduced hESC lines exhibit expression of the nuclear pluripotency
marker Nanog. The nuclear pluripotency marker Oct-4 was also detected in
transduced mouse (B) and human (C) ESC lines.
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Figure 3: H2-BI transduced mES and hESC form teratomas in NOD-SCID
mice. H&E stained images of paraffin embedded teratomas from parental
lines show the presence of tissues from all three germ layers.

cell lines (Supplemental Figure 2) and discovered that transduced
ENVY hESC cells exhibited a normal karyotype with the exception of
a missing X chromosome 45, X-X. As this karyotype was consistent
across all cells analysed, and did not alter the expression of HLA or the
capacity to differentiate into all three germ layers, it was concluded that
the loss of the chromosome in these cells would not interfere with our
ability to assess the effect of H2-Bl expression on immune mediated
cell rejection.

We next assessed whether M-H2BL and S-H2BI expression altered
the proliferation or survival of hESCs and mESCs, as this could affect
the capacity of the cells to proliferate in an in vivo environment and
therefore the immunogenicity of the cells. We detected no significant
difference in either the growth rate (Figures 4A and 4B) or viability
(Figures 4C and 4D) between any of the transduced hESCs and mESCs
relative to each other or their parental cell lines.

Previous studies have found CD8* T-cells to play a major role in the
rejection of pluripotent stem cell derived cells and tissues [8,14,34]. As
such, we chose to assess the capacity of the H2-Bl molecule to inhibit ES
cell induced CD8* T-cell proliferation in an in vivo situation. Parental
as well as S-H2BI and M-H2BI transduced ESC lines were injected via
tail vein into NOD.Rag1-/-.IL-2ryc-/- (NRG) mice. 24 hours following
injections MACS bead sorted CD8" cells (isolated from the spleen of
BALB/c mice) were stained with violet proliferation dye 450 (VPD450)
and injected via tail vein injection (Figure 5A). The number of CD8*
T cell divisions were next assessed at day 7 following ESC injections
(Figure 5B). The median fluorescence intensity of the VDP450-labelled
T cells was significantly lower in mice that received untransduced
hESCs when compared to mice that received hESCs transduced with
either S-H2BI or MB-H2BI (Figure 5C); we also observed a significant
increase in the percentage of cells which had undergone >1, >2, or
23 cellular divisions (Figures 5D-5F) in mice receiving the parental
controls, indicating that both H2-BI isoforms are capable of inhibiting
CD8"* T-cell proliferation.

To test whether M-H2BI and/or S-H2BL expression was sufficient
to evade the immune response of immune competent animals, all
human and mouse ESC lines were injected intramuscularly into both
NOD/SCID and C57BL/6 mice. While all of the cell lines were capable
of forming at least one teratoma in the NOD/SCID recipients, no
teratomas were observed when any of the cell lines were injected into
wild type C57BL/6 mice (Figure 6), indicating that H2-BI expression
did not facilitate transplantation into immune competent animals. To
assess whether this was perhaps related to insufficient expression levels
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not significantly altered in any of the hESC lines (C) or mESC lines (D) expressing either H2-Bl isoform relative to controls.

of M-H2BI or S-HSBI we next reselected all transduced mouse and
human ES cell lines with a higher concentration of puromycin in order
to re-establish lines with higher expression levels. However, following a
second round of injections all of the H2-Bl transduced lines again failed
to generate teratomas in C57BL/6 mice, despite increased M-H2BI or
S-H2BI expression, while producing multilineage teratomas in NOD/
SCID recipients.

Discussion

The generation of an ESC donor cell line capable of being accepted
by all recipients would greatly improve the potential of hESC and
iPSC based regenerative medicine and help to facilitate the testing of
cellular products in small and large animal species. Our data show that
expression of the soluble and membrane bound forms of H2-Bl does
not interfere with proliferation, viability or differentiation capacity of
mouse or human ES cells and inhibits CD8+ splenocyte proliferation
responses in vivo. However, this by itself proved insufficient to permit
xenogenic or allogenic teratoma formation in immune competent mice.
As short term teratoma formation has been shown to be permitted in
immunocompetent mice in situations of isogenic iPS transplantation

[16], as well as immune suppression [14], we believe this to be a
valid assay for the characterization of potential immune suppression
regimens.

Although we detected robust expression of both the soluble and
membrane bound forms of H2-Bl in our ES cell lines, and tested clones
with even higher expression, it is possible that expression levels were
still not sufficient to overcome T-cell mediated lysis. We further note
that in the NRG recipient mouse model used in our T-cell activation
assay there was a relatively high background proliferation rate in CD8+
cells, likely due to the homeostatic proliferation which is known to
occur in response to signals of lymphopenia in these recipient animals.
As such, the observed inhibition of CD8+ division may not have
been solely due to T cell activation associated with immune rejection.
However, given previous publications involving the human HLA-G
protein, our results are consistent with the inhibition of a cytotoxic T
lymphocyte response [22].

An important immunological difference between NOD/SCID
and C57BL/6 mice is the lack of detectable haemolytic complement in
NOD/SCID mice [35]. Given that complement plays a major role in
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Figure 5: H2-BI S and MB inhibit CD8+ T cell proliferation. (A) Schematic representation of experiments. (B) Representative flow cytometry histograms of VPD450 in
CD8+ cells from the spleen of recipients. (C) CD8+ splenocyets injected in recipients containing ES cells expressing either S-H2BI or MB-H2BI showed a decrease in
the median florescence intensity of VPD. (D-F) CD8+ cell proliferation was significantly lower in when injected into mice containing ES cells expressing either S-H2BlI
or MB-H2BI relative to control ES cells, and was similar to that seen in mice that had not received ES cell injections. (n=3, * p<0.05, ** p<0.01, *** p<0.001).

early and hyper-acute graft rejection [36] and that there is no known
role for HLA-G/H2-BI with regards to inhibition of the complement
pathway, it is possible that the rejection of our transplantations into
immune competent C57BL/6 mice was facilitated via the complement
pathway. As such, future attempts at utilizing H2-Bl may benefit from
the addition of complement inhibitors such as sCR1, CR2-Crry, or
CR2-fH during transplantation, as they have been shown to be useful
in previous transplantation models [37,38].

We conclude that similar to knock-down of HLA class I, expression
of H2-Bl in ESCs is not sufficient to fully protect grafts from immune
mediated rejection. It will be interesting to assess whether HLA-G/H2-
Bl expression can play a role in overcoming the immune rejection of
iPSCs and whether the expression of H2-Bl in combination with the
deletion of MHC can be effective. It is also worthwhile investigating
whether concurrent inhibition of complement mediated immunity is
also required. In our opinion the quest for such a universal donor line,
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Ctrl

MB S
Injection Round 1
NOD/SCID C57/Bl6

hESC-Ctrl 12 0/3
hESC-MB 2/2 0/3
hESC-S 2/2 0/3
mESC-Ctrl 1/2 0/3
mESC-MB 12 0/3
mESC-S 2/2 0/3

2 x NOD/SCID
3xC57/Bl6

Injection Round 2

NOD/SCID C57/BI6
2/2 0/3
2/2 0/3
1/2 0/3
212 0/3
172 0/3
2/2 0/3

Figure 6: Teratoma formation in immune compromised and immune competent mice. Teratoma formation was observed in all non-obese diabetic/severe combined
immunodeficiency (NOD/SCID) injected with ES cells upon intramuscular injection of 1x10° ES cells. No teratoma formation was observed in any C57BL/6 mice.

although at present elusive, is a viable and worthwhile exercise in light
of the enormous scientific and medical benefits that such a line would
bring to regenerative medicine approaches.
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