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Generation of HLA-Universal iPSC-Derived Megakaryocytes
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Platelet (PLT) fransfusion is indispensable to maintain homeostasis in thrombocytopenic patients. However, PLT transfusion

refractoriness is a common life-threatening condition observed in multitransfused patients. The most frequent immune cause for
PLT fransfusion refractoriness is the presence of alloantibodies specific for human leukocyte anfigen (HLA) class | epitopes. Here,
we have silenced the expression of HLA class | to generate a stable HLA-universal induced pluripotent stem cell (iPSC) line that
can be used as a renewable cell source for the generation of low immunogenic cell products. The expression of HLA class | was
silenced by up to 82% and remained stable during iPSC cultivation. In this study, we have focused on the yeneration of meya-
karyocytes (MK) and PLTs from a HLA-universal iPSC source under feeder- and xeno-free conditions. On d 19, differentiation rates
of MKs and PLTs with means of 58% and 76% were observed, respectively. HLA-universal iPSC-derived MKs showed polyploidy with
DNA contents higher than 4n and formed proPLTs. Importantly, differentiated MKs remained silenced for HLA class | expression.
HLA-universal MKs produced functional PLTs. Notably, iPSC-derived HLA-universal MKs were capable to escape antibody-mediated
complement- and cellular-dependent cytotoxicity. Furthermore, HLA-universal MKs were able to produce PLTs after in vivo trans-
fusion in a mouse model indicating that they might be used as an alternative to PLT transfusion. Thus, in vifro produced low
immunogygenic MKs and PLTs may become an alternative to PLT donation in PLT-based therapies and an important component
in the manaygement of severe alloimmunized patients.
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INTRODUCTION

Platelet (PLT) refractoriness represents
a relevant clinical concern in transfusion
medicine because it is associated with
adverse effects including an increased
risk of bleeding and reduced survival
(1,2). In addition, PLT transfusion
refractoriness is associated with sig-
nificant higher health care costs due to
prolonged or repetitive hospital stays (3).

The main immune causes leading to

PLT transfusion refractoriness are the
alloimmunization to HLA or human
platelet antigens due to previous trans-
fusion, pregnancy or transplantation.
Nevertheless, HLA alloimmunization is
accepted to be the major cause of PLT
refractoriness. Primarily, immunoglobu-
lin G antibodies targeting HLA-A and -B
are responsible for the development of
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refractoriness conditions after PLT trans-
fusion (4-7). Currently, the management
of patients suffering of PLT transfusion
refractoriness is based on the provision
of HLA-matched or cross-matched PLTs.
In contrast to the remarkable decline in
red blood cell transfusions, the demand
on PLTs has significantly increased (8).
However, PLT donor shortage, limited
shelf life and risk of viral or bacterial
infection remains a major obstacle to this
practice and have driven the search for
alternative sources of blood products.

In adults, megakaryocytes (MKs) are lo-
calized in the bone marrow and extend
long protrusions known as proPLTs,
through the sinusoidal blood vessels
into the circulation. The feasibility to
reproduce thrombopoiesis in vitro from
pluripotent stem cells has been
demonstrated (9,10).



Induced pluripotent stem cells (iPSCs)
gained plenty of attention in the field
of cell therapies including blood
pharming, as they may constitute a
reliable cell source for the scalable
production of several cell types (11).
Generally, the use of autologous
iPSC-derived grafts has been intended,
but the high technical and economic
associated efforts constitute a signifi-
cant hurdle to their clinical application
(12). Nevertheless, the use of allogeneic
iPSCs is associated with major histo-
compatibility concerns due to the high
variability of HLA and minor histo-
compatibility antigens (mHAs), which
would contribute to the rejection of
the potential iPSC-derived cell grafts.
Despite some attempts for the estab-
lishment of iPSC haplobanks to cover
the most frequent HLA haplotypes, it
is known from the field of transplanta-
tion that even HLA-matched grafts can
be rejected due to the presentation of
polymorphic mHAs (13,14). Recently,
the concept of generating HLA-universal
PLTs has been developed using different
tools such as RNA interference (RNAi)
or Clustered Regularly Interspaced
Short Palindromic Repeats/Cas9
(CRISPR/Cas9) (9,10). Previously, we
have demonstrated that silencing HLA
expression using RNAi prevents an
allogeneic immune response in vitro
and in vivo. The reduction of HLA ex-
pression was shown to be sufficient to
inhibit an allogeneic T-cell response.
Importantly, the residual expression of
HLA class I demonstrated to be crucial
to prevent natural killer (NK) cyto-
toxicity (10,15,16). Thus, in this study,
we have generated a HLA-universal
iPSC line for the differentiation of low
immunogenic products and assessed
MK and PLT immunogenicity in vitro
and in vivo. Furthermore, we have used
it as a cell source for the production
of HLA-universal PLTs upon differ-
entiation under defined and xeno-free
culture conditions. iPSC-derived
HLA-universal PLTs showed the
potential to survive under refracto-
riness conditions in vitro and after

transfusion in a mouse model for PLT
refractoriness.

MATERIALS AND METHODS

Generation and Culture
of HLA-Universal iPSCs

The human iPSC line hCBiPSC2 was
derived from human cord blood en-
dothelial cells, as previously described
(17). iPSCs were adapted to feeder- and
xeno-free culture by transfer onto human
recombinant Laminin-521-coated plates
(BioLamina) and using StemMACS me-
dium (Miltenyi Biotech). Passaging was
conducted by detaching the cells with
TrypLE Express (Life Technologies),
followed by reseeding at a cell density
of 50,000 cells/cm?. For the genera-
tion of HLA-universal iPSCs, the cells
were transduced with the previously
described lentiviral vector pPLVTHm
encoding a short-hairpin RNA (shRNA)
for p2-microglobulin silencing (ShRNA
targeting p2m transcripts or shp2m) and
the enhanced green fluorescent protein
as reporter gene (10). As control, a vector
encoding a nonspecific ShRNA (shNS)
was used as previously described (18).
Furthermore, nontransduced iPSCs
were used as control. For lentiviral vec-
tor transduction, iPSCs were grown to
70% confluency and transduced in the
presence of 8 ug/mL protamine sulfate
(Sigma-Aldrich). After 8 h, the virus-
containing medium was removed and
fresh medium was added to the cells.
Transduction efficiency was calculated
by assessing the percentage of GFP-
expressing cells. The expression of HLA
class I antigen was measured after stain-
ing with an anti-HLA class I (w6/32) an-
tibody conjugated with allophycocyanin
(APC; AbDSerotec). The expression of
the pluripotency markers TRA-1-60 and
SSEA-4 was detected by flow cytometry
after staining with specific antibodies
purchased from BD Biosciences.

Generation of MKs and PLTs
From HLA-Universal iPSCs

For differentiation, nontransduced
as well as shNS- and shp2m-expressing
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iPSCs were seeded on Laminin-
521-coated plates in StemMACS
medium. On d 0, the medium was replaced
by StemMACS and APEL medium
(STEMCELL Technologies; 1:1, vol:vol)
containing vascular endothelial growth
factor (VEGF; 50 ng/mL) and bone mor-
phogenetic protein 4 (BMP4; 50 ng/mL).
After 48 h, medium was exchanged to
APEL containing VEGF (50 ng/mL) and
BMP4 (50 ng/mL). After d 4, the culture
medium was replaced with APEL me-
dium containing thrombopoietin (TPO;
50 ng/mL), stem cell factor (SCF; 50 ng/mL)
and interleukin-3 (IL-3; 25 ng/mL).
After d 12, APEL medium containing
TPO (50 ng/mL) and SCF (50 ng/mL)
was used. All growth factors and cyto-
kines were purchased from PeproTech.
Cells present in the culture supernatants
were harvested gently by rinsing the
monolayer at d 12, 19, 26 and 33 and
analyzed for the presence of MKs and
PLTs, as described below. Separation of
the two fractions either containing cells
in the size of MKs (large cells) or con-
taining cells in the size of PLTs (small
cells + cell fragments) was done with a
centrifugal separation step. Harvested
cells were first centrifuged at 120 g for

10 min to pelletize MKs. PLTs remained
in the supernatant were collected and
centrifuged again at 740 g for 10 min.
Afterward analysis of cell fractions was
done separately.

Characterization of HLA-Expressing
and HLA-Universal MKs and PLTs
Flow cytometry. As previously
described (10), iPSC-derived MKs and
PLTs were detected via flow cytometry
after staining with APC-cyanine
7 (Cy7)-conjugated anti-CD41 (GPIIb),
APC-conjugated anti-CD61 (GPIlIa; all
from BioLegend) and phycoerythrin
(PE)-labeled anti-CD42a (GPIX; BD Bio-
sciences) antibodies. Forward scatter
(FSC) and side scatter (SSC) profiles of
blood-derived PLTs from healthy volun-
teers were used to adjust the PLT gate to
distinguish PLTs from MKs. In addition,
we performed propidium iodide (PI;
Sigma-Aldrich) staining for polyploidy
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analysis of MKs. Therefore, cells were
stained with APC-Cy7-labeled anti-CD41,
washed with phosphate-buffered saline
(PBS) and treated with Cytofix/Cytoperm
(BD Biosciences). After a second washing
step, cells were stained with PI staining
solution (10 pg/mL PI in PBS) containing
RNAse A (10 U/mL; Sigma-Aldrich) and
acquired by fluorescence-activated cell
sorting (FACS). Furthermore, HLA class I
expression of nontransduced, shNS- and
shp2m-expressing MKs was evaluated
by flow cytometric analysis after staining
with an anti-HLA class I (w6/32) antibody
conjugated with APC or PE (AbDSerotec).

Real-time polymerase chain reaction.
mRNA levels of iPSC-derived progenitor
cells and MKs were analyzed as previ-
ously described (19). Briefly, total RNA
was isolated from cells harvested from
differentiation cultures (RNeasy Mini
Kit, Qiagen) and reverse transcribed to
cDNA using the High-Capacity cDNA
Reverse Transcription Kit (Applied Bio-
systems). Real-time polymerase chain
reaction (PCR) was used to measure $2m
transcript levels. The GAPDH gene was
used as reference standard for normaliza-
tion of mRNA levels. All real time PCR
analyses were performed in triplicates.

Fluorescence microscopy. Morphology
of MKs and proPLTs in the differentia-
tion cultures at different stages was as-
sessed with an Olympus IX81 microscope
(Olympus). Images were acquired with a
digital B/W camera (Olympus) and ana-
lyzed with Xcellence Pro image software
(Olympus). To visualize polyploid nuclei,
MKSs were stained with anti-CD61-FITC
for 15 min and afterward stained with
4’ 6-diamidino-2-phenylindole nucleic
acid stain (Invitrogen). Cells were ac-
quired by fluorescence microscopy with
adequate filter sets.

PLT activation assays. To assess
PLT functionality, iPSC-derived PLTs
were separated from MKs as described
above and stimulated with adenosine
5'-diphosphate (ADP, 1 mmol/L) and
thrombin (1 U/mL) for 1 min at room
temperature (RT) and immediately
stained with anti-CD41-APC-Cy7 and
anti-CD62P-PE for 15 min. PLT activation

was then analyzed by flow cytometry
and compared with the levels of nonstim-
ulated PLTs.

Complement-dependent cytotoxicity
assay. hCBiPSC2 were typed positive for
HLA-A*02 and HLA-A*29. Lymphocyto-
toxicity tests were performed with viable
nontransduced or shNS- or shf32m-
expressing MKs. Cells were incubated
with complement-binding donor-
specific anti-HLA-A*02 and anti-HLA-A*29
antibodies (OneLambda). Nonspecific
anti-HLA-A*23 /24 antibody (OneLambda)
was used as negative control. After 1 h of in-
cubation at RT, 30 uL of rabbit complement
(Bio-Rad) was added, and after further in-
cubation of 1 h, 25 uL of FluoroQuench dye
(OneLambda) was added to stain and fix
the cells for 20 min. The frequency of lysed
cells was analyzed using flow cytometry.

Antibody-dependent cellular cytotox-
icity assay. An Antibody-Dependent
Cellular Cytotoxicity (ADCC) Reporter
Bioassay Kit [ADCC Reporter Bioassay,
Complete (WIL2-S); Promega] was used
following the manufacturer’s instruc-
tions. The test was done in a 96-well plate
with 12.5 x 10° cells per well expressing
either shNS or shpf2m or nontransduced
(target cells). The specific anti-HLA-A*02
antibody (OneLambda) or the anti-
HLA-ABC antibody (w6/32, Serotec)
were applied (1 ug/mL), and the non-
specific antibody targeting HLA-A*23/24
(OneLambda) served as a negative control.
WIL2-S cells (effector cells) were added to
each well and incubated for 6 h. Then, Bio-
Glo Luciferase Assay Reagent was added to
the wells and luminescence was quantified.

PLT transfusion refractoriness mouse
model and biodistribution assays. To
show the feasibility of in vitro iPSC-
derived MKs to release PLTs in vivo, a
mouse model was used. Three million
MKs were transfused by intravenous
injection into 8- to 10-wk-old NOD/
SCID/IL-2RBc”™ mice previously treated
or not with 30 uL of an anti-HLA-A*02
antibody (One Lambda) and allowed to
distribute within the mice’s circulation.
Peripheral blood (PB) was drawn before
and 1 and 4 h after injection and analyzed
for the presence of human PLTs by flow
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cytometric analysis. Human PLTs were
identified upon staining with antihuman
CD42a-PE and CD61-APC, respectively.
For biodistribution assays, mice that re-
ceived human cells were killed 1 or 14 d
after MK transfusion to collect heart,
lung, spleen and bone marrow (BM) har-
vested from the femurs (n = 3). All mice
were maintained under specific patho-
gen-free conditions in the animal facility
of the Helmholtz Centre for Infection
Research. All animal experiments in this
study have been performed in agreement
with the local government of Lower
Saxony (Germany, Az: 33.42505-084/06).

Statistical Analysis

Statistical analyses were performed
using two-tailed ¢ tests run on GraphPad
Prism 5 software (GraphPad Software).
Levels of significance were expressed
as p values (*p <0.05, **p < 0.01 and
***p < 0.001).

RESULTS

Generation of a HLA-Universal
iPSC Line

The high variability of HLA represents
a significant hurdle to the application of
cell-based products derived from allo-
geneic iPSCs. In this study, cell cultures
showing transduction efficiencies of at
least 80% were used for MK and PLT
differentiation. The iPSC transduction
using lentiviral vectors encoding for the
sequence for shB2m resulted in a decrease
of HLA class I expression by up to 87%
at transcript level in comparison with
the iPSCs expressing shNS (Figure 1A).
Furthermore, the downregulation of f2m
transcript levels caused a significant re-
duction of HLA class I protein expression
on the cells surface by up to 82%, re-
maining stable for more than 10 passages
(Figure 1B). Of note, HLA class I silenced
iPSCs showed comparable levels of the
pluripotency markers SSEA-4 and TRA-
1-60 when compared with nontransduced
iPSCs or iPSCs expressing a shNS (Sup-
plementary Figure S1). These data indicate
the feasibility to stably silence the expres-
sion of HLA class I expression on iPSCs.
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Figure 1. Generation of a HLA-universal iPSC line. iPSCs cultured in monolayer on
Laminin-521-coated plates were transduced with a lentiviral vector (pLVTHM) encod-

ing the sequences for a nonspecific ShRNA (shNS) or a shRNA targeting B2m transcripts
(shp2m). (A) Levels of f2m franscripts measured by real time PCR before and 5 d after
cell transduction (Td). GAPDH was used as housekeeping gene to normalize cDNA levels.
(B) Expression levels of HLA class | measured by flow cytometric analysis prior transduction
and at passages (P) 2, 5, 10 and 15. Graphs show mean + standard deviation (SD) (n = 4,
***p <0.001).
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Figure 2. Schematic representation of the iPSC differentiation protocol toward
meyakaryocytes (MKs) and platelets (PLTs). iPSCs maintained in StemMACS medium were
seeded at a density of 50,000 cells/cm? on Laminin-521-coated plates 1 d before starting
the differentiation. From d 0 to 2, cells were cultured in 2 StemMACS medium and Y2
APEL medium containing vascular endothelial growth factor (VEGF, 50 ng/mL) and bone
morphogenetic protein 4 (BMP4, 50 ng/mL). On d 2, the medium was changed to APEL
medium containing VEGF and BMP4 (60 ng/mL). Cytokines were changed from d 4 on to
thrombopoietin (TPO, 50 ng/mL), stem cell factor (SCF, 50 ng/mL) and interleukin-3

(IL-3, 25 ng/mL). On d 12, the medium was changed to APEL medium containing TPO
and SCF (60 ng/mL). Half of the medium was replaced twice a week. Dotted arrows
indicate complete media chanyges due to modification in cytokine composition.

Differentiation of MKs From
HLA-Universal iPSCs Under Defined
and Xeno-Free Conditions

In this study, we focused on the
generation of HLA-universal PLTs dif-
ferentiated from iPSCs. A protocol was

established for the differentiation of MKs
and PLTs from HLA-universal iPSCs
under xeno-free and defined conditions
(Figure 2) to facilitate their future trans-
lation into clinical application. On d 19, a
mean of 58.0% = 10.9% of CD41*CD42a*
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MKs derived from HLA-silenced iPSCs
using pLVTHm-encoding shp2m were
detected in the differentiation cultures
(Figures 3A, B). Similar differentiation
rates of 51.3% = 10.5% or 44.4% + 14.7%
were detected when MKs were dif-
ferentiated from shNS-expressing or
nontransduced iPSCs, respectively.
Furthermore, microscopic analysis
showed an increase in ploidy, which
was further confirmed by flow cyto-
metric analysis (Figures 3C, D). DNA
contents higher than 8n were detectable
in MKs-derived from nontransduced,
shNS- or shp2m-expressing iPSCs.
Moreover, HLA-universal iPSC-derived
MKs showed the capacity to form
proPLTs (Figure 3D). In addition, MKs
differentiated from iPSCs expressing
shB2m showed a significant decrease
on B2m levels by up to 97.0% in com-
parison to shNS-expressing MKs and
up to 82.3% when compared with
nonmanipulated MKs (Figure 4A).
Furthermore, a mean of reduction of
HLA class I expression of 65% was
measured on shp2m-expressing MKs at
d 19 in comparison to nonmanipulated
or shNS-expressing MKs (Figure 4B).
These data indicate the feasibility to
generate MKs from HLA-universal iPSCs
with the RNAi-mediated knockdown of
HLA class I antigens remaining effective
during differentiation.

Generation of HLA-Universal PLTs
Previously, we have reported the
feasibility to generate functional
HLA-universal PLTs from CD34" progen-
itor cells isolated from granulocyte-
colony stimulating factor mobilized
healthy donors (19). In this study, we
show the feasibility to produce in vitro
PLTs derived from HLA-silenced
iPSC-derived MKs. To identify and
characterize the PLT population, the typ-
ical PLT markers CD41 (GPIIb), CD42a
(GPIX) and CD61 (GPIIla) were used
(Supplementary Figure S2). The CD41"
population was selected and analyzed
for the percentage of CD42a*CD61"
co-expression. At d 26, frequencies of
80.7% + 11.5% of CD42a"CD61" PLTs
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differentiated from shp2m-expressing
MKs were detectable on the superna-
tants of the differentiated cultures. PLT
frequencies of 77.0% + 11.0% and 69.6%
+ 20.6 were measured in the differen-
tiation cultures of MKs derived from

shNS-expressing iPSCs or nontransduced
iPSCs, respectively (Figure 5). These data

indicate that shRNA expression or

silencing HLA expression does not impair

the differentiation rates of PLTs in vitro.

HLA-Universal PLTs Are Functional

To evaluate the capacity of HLA-
universal PLTs to respond to extracel-
lular stimuli, we have stimulated them
with the classical PLT agonists ADP
and thrombin (20). In vitro generated
HLA-universal PLTs derived from
shB2m-expressing iPSCs significantly
upregulate the expression of CD62P
(43.5% = 7.8%; p < 0.01) after activation
in comparison to the frequency of CD62P
expression detected prior exposure to
ADP and thrombin (15.3% + 0.35%).
Comparable CD62P frequencies were
detected when nonmanipulated and
shNS-expressing PLTs were stimulated
(30.5% = 4.6 and 30.5% = 5.6%; Figure 6).
Furthermore, HLA-universal PLTs
were able to form aggregates after stim-
ulation similarly to shNS-expressing or
nonmanipulated PLTs (Supplementary
Figure S3). These data show that PLTs
generated from HLA-universal cell
sources are functional.

HLA-Universal MKs Are Able to
Escape Antibody-Mediated
Complement-Dependent
Cytotoxicity

Severe HLA-alloimmunized patients
often develop PLT transfusion refrac-
toriness due to a large panel of reactive
antibodies (21). Previously, we have
shown that HLA-silenced MKs derived
from CD34" progenitor cells are able to
survive under refractoriness conditions
(10). Here, we have evaluated the capac-
ity of MKs derived from HLA-silenced
iPSCs to escape antibody-mediated
complement-dependent cytotoxicity
(CDC) and ADCC. The iPSCs used for
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Figure 3. Characterization of iPSC-derived HLA class I-silenced megakaryocytes (MKs). Non-
fransduced iPSCs and iPSCs expressing either a control nonspecific shNS or a shRNA targeting
B2m transcripts (shp2m) were cultured for 33 d and analyzed weekly from d 12 for MK differ-
entiation (four time points). iPSCs were transduced with shRNA encoded in a pLVTHmM back-
bone. (A) MKs were identified based on the expression of CD41 (GPlIb) and CD42a (GPIX).
Representative flow cytometry dot plots are shown for each condition and time point.

(B) Mean and SD of CD41"CD42a*CDé61* cell frequencies were detected by at least four
independent experiments, (C) Polyploidy analysis of shNS or sh2m-expressing CD41* cells on
d 26 and d 33. Representative flow cytometry histograms are shown. (D) Representative fluo-
rescence microscopy images of MKs exhibiting polyploid nuclei (lower row) and morpholoy-
ical analyses of proPLT-forming MKs (upper row). Representative pictures of nontransduced,

shNS or shp2m-expressing MKs on d 20 of differentiation are shown (bright field).
Continued on the next page
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MK differentiation were genotyped for
HLA-A*02 and HLA-A*29. Therefore,
iPSC-derived MKs were incubated with
anti-HLA-specific antibodies targeting
these antigens. An antibody specific for
HLA-A*23/24 was used as control. In
comparison to the mean of cell lysis rates
of 4.2% observed when the nonspecific
antibody was used (anti-HLA-A*23/24),
the incubation of HLA-expressing
nonmanipulated MKs resulted in an
increase of cell lysis by up to 13.3% in
presence of anti-HLA-A*02 and up to
16.2% in presence of anti-HLA-A*29.
Similarly, shNS-expressing cell lysis
rates up to 17.4% or 13.4% were detect-
able after exposure to anti-HLA-A*02 or
anti-HLA-A*29, respectively. Conversely,
in presence of specific anti-HLA anti-
bodies, cell lysis rates of HLA-universal
MKSs were comparable to those observed
in presence of a nonspecific antibody
(Figure 7A). These results indicate that
HLA-universal MKs are less targeted by
antibody-mediated CDC.

HLA-Universal MKs Are Able
to Escape ADCC

In ADCC assays, MK cell lysis rates
were determined as relative lumines-
cence units (RLU). In comparison to the
cell lysis rates detectable in presence of a
nonspecific anti-HLA-A*23/24, MK lysis
rates derived from nontransduced or
shNS-expressing iPSCs exposed to spe-
cific anti-HLA-A*02 or anti-HLA-ABC
antibodies were significantly increased
(p < 0.001). In contrast, no significant
changes in cell lysis rates were observed
among B2m-silenced MKs incubated
with the nonspecific antibody and the
specific anti-HLA-A*02 or anti-HLA-ABC
antibodies. Remarkably, HLA-silenced
MKSs showed significantly lower RLU
in comparison to fully HLA-expressing
MKs in presence of anti-HLA-A*02 (non-
transduced p < 0.05; shNS p < 0.01) or
anti-HLA-ABC antibodies (nontrans-
duced p < 0.001; shNS p < 0.01; Figure 7B).
These data demonstrate that HLA-
universal MKs also circumvent cellular
cytotoxicity induced by anti-HLA-
specific antibodies.
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Figure 4. Megakaryocytes (MKs) differentiated from HLA-universal iPSCs remain silenced
for HLA class . (A) Relative levels of p2m transcripts in shNS- or shB2m- expressing and
nontransduced MKs assessed by real time PCR. (B) Surface expression of HLA class | mol-
ecules in nontransduced, nonsilenced and silenced MKs analyzed by flow cytometry.
Cells were harvested and stained with HLA-specific antibody wé/32. Both graphs depict
means and SD of three independent experiments. ***p < 0.001, **p < 0.01, *p < 0.05.

HLA-Universal MKs Generate PLTs
in a Refractoriness Mouse Model
Transfusion of MKs has been proposed
as an alternative to PLT transfusion.
However, in prior studies, the numbers
of BM MKs collected were insufficient
for a therapeutically effective transfusion
(22,23). Transfusion of NOD/SCID/IL-
2Ryc”/~ mice with either HLA-expressing
or HLA-silenced iPSC-derived MKs
resulted in the production of PLTs,
which were detectable in the murine
circulation. However, in presence of
an anti-HLA-A*02 antibody, the fre-
quencies of fully HLA-expressing PLTs
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(0.15% =+ 0.03%) detectable 1 h

after transfusion were already lower
than in the absence of the antibody
(0.24% =+ 0.03%). Notably, 4 h after
transfusion, a significant reduction in
shNS-PLT frequencies (0.07% =+ 0.02%,
p < 0.01) in comparison to those detected
in mice without anti-HLA-A*02 treat-
ment (0.20% =+ 0.05%) were observed.
In contrast, no significant differences in
PLTs derived from HLA-silenced iPSCs
were detected 1 h after transfusion in
anti-HLA-A*02- treated mice (0.25% =+
0.07%) in comparison to nontreated
mice (0.20% =+ 0.06%). Also, 4 h after
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transfusion of HLA-silenced PLTs, no
significant differences of HLA-silenced
PLT frequencies among nontreated
(0.16% = 0.08%) and anti-HLA-A*02-
antibody-treated mice (0.12% + 0.09%)
were observed (Figure 8). In biodistribu-
tion assays, we have analyzed different
mice organs (heart, lung, spleen, BM)
for the presence of human MKs after 1
or 14 d post injection. No human MKs
were detectable in the organs indicating
that the transfused MKs remained and
produced PLTs only in the mouse blood
circulation (data not shown). These data
indicate the capacity of HLA-universal
MKs to produce PLTs in vivo.

DISCUSSION

In this study, we describe the generation
of a HLA-universal iPSC line, which may
serve as an alternative cell source for the
differentiation of low immunogenic cell
products. Our previous studies demon-
strated that silencing the expression of
HLA prevents allogeneic immune re-
sponses in vitro and in vivo even in the
absence of immunosuppression. Due to
technical and economical constraints, the
use of iPSC-derived products will likely
occur in an allogeneic setting. Never-
theless, the application of such products
is associated with the risk of immune
rejection due to nonpermissive HLA and
mHA mismatches. Currently, attempts
in establishing large iPSC haplobanks
are running. Such iPSC haplobanks may
cover the most frequent HLA haplo-
types, but will not be able to fully match
mHA between iPSC-derived products
and recipients (3,13,14). Hence, the
generation of HLA-universal iPSC lines
may overcome the need for large iPSC
haplobanks as they can be used for the
generation of HLA-silenced cell products
which are not recognized by the recipi-
ent’s immune system. In this report, we
have shown the feasibility to generate
permanently HLA class I-silenced iPSCs
using RNAI. In our previous studies, we
have demonstrated in different models
and for different cell types that silencing
HLA class I expression by more than
90% trigger NK cell cytotoxicity (15,16).
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Figure 5. Characterization of HLA class I-slenced iPSC-derived platelets (PLTs).
Nontransduced iPSCs and iPSCs expressing either a control nonspecific short-hairpin RNA
(ShNS) or a shRNA targeting p2-microglobulin transcripts (shp2m) were cultured for 33 d
and analyzed weekly from d 12 for PLT differentiation (four tfime points). (A) PLTs were

identified by selection of a CD41* (GPllb) population. Shown is the percentage of CD42a

+

(GPIX) CD61* (GPllla) co-expression of CD41* cells. Representative flow cytometry dot
plots are shown for each condition and time point. (B) Mean and SD of CD42a*CDé1*

cells of four independent experiments.

These observations suggest that power-
ful gene editing technologies such as zinc
finger nucleases (ZFN), transcription ac-
tivator-like effector nucleases (TALENSs)
or Clustered Regularly Interspaced Short

Palindromic Repeats (CRISPR), which
cause a complete gene knockout, may
not be suitable to reduce cell immunoge-
nicity as a complete lack of HLA class I
expression is expected to trigger NK cell
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cytotoxicity. In this study, RNAi-mediated
HLA class I silencing allowed the gener-
ation of a HLA-universal iPSC line with
the capacity to serve as a cell source for

low immunogenic cell products.

PLT transfusion is a widespread thera-
peutic strategy to treat life-threatening
conditions caused by severe and persistent
thrombocytopenia due to prolonged
BM aplasia or insufficient PLT function
secondary to genetic disorders or ma-
lignancy (24). Despite the key role of
PLTs in the maintenance of hemostasis,
they were shown to regulate multiple
processes such as angiogenesis, cell
differentiation, cell migration, immune
responses and tissue remodeling (25-27).
More recently, those PLT unique features
have been exploited in the development
of novel therapies such as in support-
ing wound healing, tissue regeneration
or as drug carriers (28-31). Due to the
population aging, a significant increase
on PLT demand for all those therapeutic
approaches is expected. It will be dif-
ficult to fulfil this necessity only with
human volunteer donors (32), therefore,
it is desirable to establish alternative
PLT sources. To solve the problem of
PLT availability, we and others have
established different protocols to gener-
ate functional PLTs in vitro (9,19,33-35).
Nevertheless, PLT transfusion is associ-
ated with risks and adverse effects. PLT
transfusion refractoriness is a serious
clinical condition because it leads to
hemorrhagic events that might be fatal
for the patient. The most important
immune cause for refractoriness is al-
loimmunization against PLT antigens.
About 7% to 55% of the patients receiv-
ing PLT transfusions develop antibodies
specific for HLA class I epitopes. In
contrast, only 2% of the transfused pa-
tients develop antibodies against other
human PLT antigens (3,36,37). Several
strategies including intravenous admin-
istration of immunoglobulin (IVIG) or
plasmapheresis have been used for the
management of PLT transfusion refrac-
toriness. However, those strategies have
rendered controversial results. Another
attempt to overcome refractoriness to
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Figure 6. Functional characterization of HLA-universal platelets (PLTs). PLTs derived

from nonfransduced iPSCs or iPSCs expressing a nonspecific sShRNA (shNS) or a p2-
microylobulin-specific ShRNA (shp2m) were stimulated with ADP and thrombin. The up-
regulation of CD62P (P-selectin) was analyzed. (A) Representative histogram of CD62P
expression. (B) Graph displays mean and SD of the frequencies of CD62P as detected in
three independent experiments. ***p < 0.001, **p <0.01.
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Figure 7. HLA-universal meyakaryocytes (MKs) are protected from anti-HLA antibody-
mediated cytotoxicity. (A) Complement-dependent cytotoxicity (CDC) assays were per-
formed with nontransduced and shNS- or sh2m-expressing MKs, using complement-fixing
anti-HLA antibodies. Specific anti-HLA-A*02 or anti-HLA-A*29 antibodies were used. An
antibody recoynizing HLA-A*23/24 (not expressed on the MKs) was used as neyative con-
trol. Cell lysis rates were measured by flow cytometry. (B) Antibody-dependent cellular
cytotoxicity (ADCC) assays were performed with antibodies specific for HLA-A*02 and
HLA-ABC. Nonspecific HLA-A*23/24 antfibody served as a neyative control. Luciferase
activity was determined and is shown in relative luminescence units (RLU). The graphs dis-
play means and SD in three independent experiments. ***p < 0.001, **p <0.01, *p < 0.05.
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PLT transfusion is based on the selection
of HLA-matched PLTs. Nevertheless,
this approach is limited by the avail-
ability and is costly and time consuming,.
In addition, recent studies have shown
that 20%-50% of severe alloimmunized
patients remain refractory even after
transfusion of HLA-matched PLTs (21).
Previously, we have reported the gen-
eration of HLA-universal PLTs derived
from CD34" progenitor cells, which
demonstrated the capacity to escape
refractoriness conditions in vivo (10).
Here, we have established a proto-

col for the generation of PLTs from a
HLA-universal and virtually unlimited
cell source (iPSCs) under xeno-free
and defined conditions to facilitate
their future translation into clinical
application. In addition, first attempts
to use a good manufacturing practice
conform vector (pRRL.PPT.EFS.dLNGEFR.
pre) for silencing HLA expression were
performed (Supplementary Figures S4
and S5). The efficient differentiation

of HLA-universal MKs and PLTs was
achieved. Silencing HLA class I expres-
sion did not affect the differentiation
capacity of the iPSC line into MKs and
PLTs. Notably, a significant reduction

of HLA class I antigens was still de-
tectable in MKs and PLTs. Similarly

to our previous results obtained using
HLA-universal MKs and PLTs derived
from CD34" progenitor cells (10), also
HLA-universal iPSC-derived MKs were
protected from antibody-mediated CDC
and ADCC, which indicate their capac-
ity to survive under PLT transfusion
refractoriness conditions. Our results are
further supported by the recent study of
Meinke et al., reporting that the reduction
of HLA complexes from the PLT surface
with acid treatment confers protection
against CDC and monocyte-mediated
phagocytosis (38). Hence, this study
demonstrates the feasibility to generate
low immunogenic MKs and PLTs from
iPSCs. Importantly, HLA-universal
PLTs proved to be functional in stimu-
lation assays using ADP and thrombin
as agonists. After exposure to ADP and
thrombin, HLA-universal PLTs were able
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Figure 8. HLA-universal meyakaryocytes (MKs) produce platelets (PLTs) after transfusion
into a mouse model. Mice were fransfused with 3 x 10° HLA-universal iPSC-derived MKs by
tail vein injection. Twenty minutes before transfusion of MKs, the mice get immunized by
injection of anti-HLA-A*02 antibody. Nonimmunized mice served as a confrol. Frequen-
cies of human PLTs were detected before transfusion as well as 1 and 4 h after MK infu-
sion by flow cytometric analysis of the PB. (A) Representative dot plots displaying human
PLTs detected in the mouse circulation. The yate indicates the frequency of human PLTs.
(B) The yraph shows mean and SD of the PLT frequencies detected after HLA-universal
MK transfusion in three independent experiments. **p < 0.01.

to upregulate CD62P and to aggregate.
These results are in concordance with
previous studies, which have shown that
iPSC-derived HLA-expressing PLTs are
functional (9,39). However, in contrast

to HLA-expressing PLTs, HLA-universal
PLTs have the capacity to survive in
presence of alloantibodies. Feng et al.
have used TALEN technology to knock-
out f2M, thus generating completely

HLA-deficient iPSCs. However, the same
group has later recognized that B2M /"
cells are susceptible targets for NK cell
activity and discuss the co-engineering of
iPSCs with the HLA-E molecule, which
is known to inhibit NK cell activity (40).
Based on our studies, we believe that
RNAIi might be a superior tool to reduce
the immunogenicity of iPSC-derived

cell products because silencing HLA
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expression confers protection against
HLA-specific alloimmune responses, but
the residual HLA class I expression alone
is sufficient to prevent NK cell cytotoxic
activity without further requirement for
iPSC genetic engineering (15,16).

As an alternative to PLT transfusion to
treat thrombocytopenia, the transfusion
of their precursors (MKs) has been pro-
posed (22). Poncz et al. have previously
demonstrated the feasibility to increase
PLT counts in the blood circulation upon
MK transfusion. PLTs derived from
MK transfusion have shown a typical
size and phenotype and were capable
to incorporate in thombi. However, the
technical difficulties to collect and ex-
pand BM MKs ex vivo have limited the
feasibility to apply this strategy in the
clinics (41). Nevertheless, those hurdles
are now overcome by the possibility
to generate many HLA-silenced MKs
in vitro. In a mouse model, we have
demonstrated that transfused HLA class
I-silenced iPSC-derived MKs are able to
produce PLTs in vivo. PLTs were already
detectable 1 h after MK transfusion. MK
transfusion showed to be well tolerated
by the mice and no adverse effect was
observed. Previously, it has been sug-
gested that transfused MKs may produce
PLTs from the pulmonary vasculature
(41). In this study, infused iPSC-derived
MKSs were not found in the lung. In
further biodistribution assays, the MKs
were also not detected in organs such as
heart, spleen or BM (data not shown).
These results suggest that the transfused
MKSs may produce PLTs in the periph-
eral circulation, however further studies
will be required to comprehensively
investigate this issue. Altogether, these
results indicate that MK transfusion may
constitute an alternative strategy to PLT
transfusion.

CONCLUSION

In summary, the use of HLA-universal
iPSCs may constitute a reliable source
for the generation of donor-independent
low immunogenic cell products for re-
generative purposes. Our study shows
the efficient generation of HLA-universal
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MKs and PLTs with the capacity to sur-
vive under refractoriness conditions.
HLA-universal MKs showed the
capability to form PLTs in vitro and in
vivo and have the potential to become
an important component in the manage-
ment of non, weak or severe alloimmu-
nized thrombocytopenic patients.
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