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BACKGROUND: Exposure to allogeneic blood products
often leads to the development of human leukocyte
antigen (HLA) antibodies. Refractoriness to platelet
(PLT) transfusion caused by alloimmunization against
HLA Class | antigens constitutes a significant clinical
problem.

STUDY DESIGN AND METHODS: We developed an
RNA interference (RNAi)-based approach to silence the
expression of HLA Class | molecules on PLTs derived
from CD34+ progenitor cells. A lentiviral-based system
was used to express short-hairpin RNA (shRNA) target-
ing B2-microglobulin (32m) transcripts in CD34+ pro-
genitor cells. Differentiation to PLTs was performed by
incubating progenitor cells in the presence of throm-
bopoietin and interleukin-3.

RESULTS: The transduction of RNAi cassettes contain-
ing the sequences for shRNAs targeting f2m caused
up to 85% reduction of progenitor cells HLA Class |
antigen expression, which was maintained in the
culture-derived PLTs. The HLA-deficient PLTs derived
from HLA-silenced CD34+ cells proved to be fully func-
tional in in vitro tests when compared to peripheral
blood—derived PLTs.

CONCLUSIONS: Our data show that in vitro generating
HLA Class |-deficient PLTs from hematopoietic progeni-
tor cells prove to be feasible. As malignancy risks asso-
ciated with insertional mutagenesis are not to be
expected in anucleated PLTs, provision of HLA-deficient
PLTs from large-scale production units may become
reality in the management of patients suffering from
PLT transfusion refractoriness.
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latelet (PLT) transfusions are widely used for

prevention and treatment of PLT dysfunction

syndromes and thrombocytopenic bleeding in

patients with hematologic diseases, solid
tumors, or major surgical bleeding.!* Today, more than
1.5 million PLT products are transfused in the United
States and 2.9 million in Europe each year. Lack of
adequate posttransfusion PLT count increments—PLT
refractoriness—is a major complication of long-term PLT
supportive care experienced by 5% to 10% of chronic
PLT recipients.” PLT refractoriness may lead to fatal
bleeding complications in thrombocytopenic patients. In
most cases, the causes of refractoriness are clinical and
pharmacologic. In those cases in which refractoriness is
due to immune factors, human leukocyte antigen (HLA)
antibodies are most frequently implicated.® Frequent
exposure to allogeneic blood products often leads to the
development of anti-HLA by PLT recipients. It was shown
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that those antibodies target few epitopes of HLA Class I
molecules.” Two validated strategies to select effective
PLTs for alloimmunized refractory patients are the selec-
tion of HLA-matched PLT donors from HLA-typed donor
registries and the use of manual or automated PLT cross-
matching. Both strategies, which require significant
organizational and financial resources,® can provide suc-
cessful PLT support in approximately two-thirds of trans-
fusions. However, they may not work in cases with highly
alloimmunized patients presenting with HLA Class I
antibodies of broad specificity. In these situations, it
would be desirable to have PLT units in which the anti-
genicity of HLA Class I has been eliminated from the PLT
surface.

Hematopoietic stem cells and progenitor cells have
emerged as an essential cell type in regenerative medicine.
PLTs have been successfully generated from human cord
blood and marrow CD34+ cells.®® CD34+ cell-derived PLTs
exhibited features quite similar to peripheral blood-
derived PLTs in terms of morphology and function. The
culture systems used to expand and differentiate hemato-
poietic progenitor cells (HPCs) appear to be applicable for
large-scale generation of PLTs for future clinical use. In
addition, recent reports about in vitro production of func-
tional PLTs by differentiated mouse embryonic stem cells
suggest the potential utility of embryonic stem cell-
derived PLTs as a substitute for PLT transfusion.'’'? Com-
bined with the genetic manipulability of stem cells and
HPCs, these approaches offer the opportunity to generate
genetically engineered PLTs for clinical transfusion.

RNA interference (RNAi) has become a powerful tool
in molecular medicine. RNAi is an evolutionarily con-
served mechanism for silencing gene expression by tar-
geted degradation of mRNA. Short double-stranded RNAs,
known as small interfering RNAs, are incorporated into an
RNA-induced silencing complex that promotes the degra-
dation of RNA containing a homologous sequence.
Lentiviral-based vectors have proved to be effective
vehicles for the delivery of RNAI cassettes into mamma-
lian cells, which allow a stable silencing of the target gene
expression.'*1° Previously, we have shown the feasibility to
regulate cell surface expression of HLA Class I molecules
using a RNAi-based method.'® In this study, we used an
RNAi-based approach to permanently silence the expres-
sion of HLA Class I molecules on PLTs derived from CD34+
progenitor cells and demonstrated in vitro that these HLA
Class I-deficient PLTs are functionally equivalent to
blood-derived PLTs.

MATERIALS AND METHODS

CD34+ cell isolation and enrichment

Peripheral blood CD34+ progenitor cells were isolated
from leukapheresis samples of eight healthy individuals
selected as donors for allogeneic stem cell transplanta-
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tion. Informed consent as approved by the local ethics
committee of Hannover Medical School was obtained
from all donors. The donors received 10 pg/kg body
weight recombinant granulocyte-colony-stimulating
factor (G-CSF; Lenogastrim, Chugai Pharma, London, UK)
to mobilize HPCs into the peripheral blood. Leukapher-
esis was performed after 4 days of G-CSF treatment.

CD34+ cells were isolated from the apheresis unit
using a human CD34 microbead kit (Miltenyi Biotec, Ber-
gisch Gladbach, Germany), according to the manufactur-
er’s instructions. Briefly, 2 x 10® to 4 x 10® mononuclear
cells were resuspended in phosphate-buffered saline
(PBS) supplemented with 0.5% bovine serum albumin
and incubated with human immunoglobulin (Ig)G (block-
ing reagent) and human CD34 antibody-coated MACS
microbeads. The cells were then washed and loaded onto
a magnetic separation column (LS* column) followed by
two washing steps with 3 mL of PBS to remove unlabeled
cells. CD34+ cells were eluted from the column using 5 mL
of elution buffer and washed in PBS before culturing. The
CD34+-enriched cell population was cultured for 24 hours
in Iscove’s modified Dulbecco’s medium (IMDM) supple-
mented with 5% human AB serum (vol/vol), stem cell
factor (SCF; 100 ng/mL), Fms-like tyrosine kinase 3-ligand
(F1t3-L; 100 ng/mL), thrombopoietin (TPO; 50 ng/mL),
and interleukin (IL)-6 (50 ng/mL).

Lentiviral constructs and vector production

A lentiviral vector was used for stable short-hairpin RNA
(shRNA) expression. shRNA expression cassettes (Table 1)
were cloned into the lentiviral expression vector
pLVTHm/si containing enhanced green fluorescent
protein (eGFP) as the reporter gene. Lentiviral particles for
B2-microglobulin (B2m) silencing were produced by
transfecting 5 x 105 HEK293T cells with 10 ug of plasmid
encoding for f2m-specific shRNA, 9 g of plasmid psPAX2
containing gag and pol proteins, and 3 ug of pMD2G
encoding for VSV-G protein. pLVIHm/si, psPAX2, and
PMD2G were provided by D. Trono (Lausanne, Switzer-
land). A vector encoding a nonsense shRNA (shNS) was
used as control. After 16 hours, the cells were washed and
incubated with complete Dulbecco’s modified Eagle’s
medium supplemented with 1% sodium pyruvate (C.C.
Pro, Neustadt, Germany). After 24 hours, the lentiviral
vector containing supernatant was collected, filtered
(0.45 um), and concentrated overnight by centrifugation

TABLE 1. Schematic representation of the shRNA
sequence targeting f2m transcripts (shpf2m)

shRNA sequence

Ca

T
5'-  GAATGGAGAGAGAATTGAAT 2

3'-TTCTTACCTCTCTCTTAACTTA
G

shp2m

A
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at 22,000 x g. The virus pellet was resuspended in com-
plete medium.

Lentiviral vector transduction

Relative infectious titers of the lentiviral vectors were cal-
culated by quantifying the percentage of eGFP-positive
cells in HeLa cells transduced with diluted volumes of the
concentrated viral supernatants. CD34+ cells (4 x 10°/
well) were seeded in fibronectin (RetroNectin, TAKARA
Bio Inc., Shiga, Japan)-coated 24-well plate and infected
with a multiplicity of infection of 10 in the presence of
8 ug/mL protamine sulfate (Sigma-Aldrich, Steinheim,
Germany), SCF (100 ng/mL), FIt3-L (100 ng/mL), IL-6
(50 ng/mlL), and TPO (100 ng/mL). After 8 hours, the
CD34+ cells were washed using fresh complete medium.
Transduction efficiency was calculated by considering the
percentage of GFP-expressing cells.

Suspension cultures for the
generation of PLTs

After transduction, 5x 10* nontrans-
duced, shNS-expressing progenitor cells
or HLA Class I silenced progenitor cells,
respectively, were cultured in IMDM
supplemented with 5% AB serum,
20 ng/mL FIt3-L, 50 ng/mL TPO, and
50 ng/mL IL-3 for 5 days. CD34+ pro-
genitor cells expressing eGFP+ as a
marker for successful transduction were
isolated by a flow cytometry-based cell
sorting system (FACSAria, BD Bio-
science, San Jose, CA). The GFP-positive
cells were then maintained in culture in
the presence of 50 ng/mL TPO and
50 ng/mL IL-3 for 16 days to allow the
differentiation into megakaryocytes and
the release of PLTs.’

Morphologic analyses of
megakaryocytes

Megakaryocytes expanded in culture
were identified with a fluorescence
microscope (Keyence, Tokyo, Japan)
3, 6, 12, 17, and 21 days after transduc-
tion, based on shape and adherence
properties.

Characterization of megakaryocytic
lineage using anti-CD41

Five days after transduction, cells were
collected and centrifuged at 450 x g for 5
minutes and resuspended in PBS.
Megakaryocytic lineage cells were iden-  (20x).
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tified and quantified by flow cytometry analysis (FACS-
Canto, BD Bioscience Immunocytometry Systems) after
staining with phycoerythrin (PE)-conjugated anti-CD41
(glycoprotein [GP]IIb-IIIa; Serotec, Dusseldorf, Germany;
and BD PharMingen, Heidelberg, Germany). A PE-
conjugated IgG was used as isotype control (BD PharMin-
gen). The data were processed using software (FACSDiva,
BD Bioscience Immunocytometry Systems). Two vari-
ables, the percentage of antigen-expressing cells and the
mean fluorescence intensity as a relative measure for the
amount of antigen expression on the cell surface, were
used to describe the expression results.

Quantification of PLTs derived from CD34+
progenitor cells

Twenty-one days after transduction, PLT-containing
supernatant was collected and centrifuged at 201 x g to

B.

Fig. 1. Microscopic analysis of cell morphology and GFP expression. Representative
microscopic images of (A) megakaryocytes, 6 days after transduction (40x); (B) a
GFP-expressing, pro-PLT-bearing megakaryocyte, 6 days after transduction (100x);
and (C) GFP-expressing progenitor cells expressing shf2m 3 days after transduction



remove large cells. The supernatant was further centri-
fuged at 1800 x g for 5 minutes to obtain a PLT pellet.
The PLTs were resuspended in PBS, labeled with
PE-conjugated anti-CD61 (GPIIla) (Serotec) or anti-
CD42a (GPIX; BD PharMingen), and measured by flow
cytometry. The PLT gate was fixed in the forward scatter
(FSC) and side scatter (SSC) profiles of blood-derived PLTs
from healthy volunteers.

Analysis of HLA Class | expression

An allophycocyanin-labeled W6/32 antibody (Serotec)
that recognizes an antigenic determinant shared among
all HLA-A, -B, and -C proteins was used to detect the
expression of HLA on the cell surface by flow cytometric
analysis. A gate was fixed in the FSC and SSC dot plot with
the use of peripheral blood PLTs from healthy donors.
Total RNA was isolated from cells derived from the
CD34+ progenitor cells (RNeasy mini kit, Qiagen, Hilden,
Germany) 1 and 2 weeks after transduction. The isolated
RNA was then reverse transcribed to
cDNA using the high-capacity cDNA

GENERATION OF HLA-DEFICIENT PLTs

In the latter case, a PE-conjugated anti-mouse IgG (BD
PharMingen) was used as the detection antibody.

PLT aggregation assay after ADP and thrombin
stimulation

Amean of 1.8 x 10° PLTs generated from CD34+ progenitor
cells or blood-derived PLTs suspended in 100 uL of PBS
were incubated with 40 umol/L ADP plus 1 U thrombin
for 10 minutes. Aggregation was then analyzed by flow
cytometry analysis. In the stimulated PLTs, particles with
higher FSC and SSC are observed, indicating aggregate
formation.

PLT aggregation assay after collagen stimulation

A mean of 2 x 107 PLTs generated from CD34+ progenitor
cells or blood-derived PLTs resuspended in 200 uL of
plasma were stimulated with 10 ug collagen (Nycomed,
Linz, Austria). Aggregation was measured using an

reverse transcription kit (Applied Biosys-

Isotype control

tems, Darmstadt, Germany). Real-time
polymerase chain reaction (PCR) for
B2m was performed using the oligo-
nucleotide pairs and MGB-TagMan
probes as described elsewhere.'® The
thermal cycling conditions used on a
real-time PCR system (ONEStep Plus,
Applied Biosystems) were 50°C for 15
minutes and 95°C for 10 minutes fol-
lowed by 40 cycles at 95°C for 15 seconds
and 60°C for 1 minute. The constitutively

expressed B-actin gene was amplified as

SSC

thereference standard for normalization
of mRNA levels. All real-time PCR analy-
ses were performed in triplicate.

PLT activation assay with
adenosine 5’-diphosphate and
thrombin

PLTs generated from CD34+ progenitor
cells or blood-derived PLTs as con-

trols were stimulated with 25 umol/L

adenosine 5’-diphosphate (ADP) plus
1U of thrombin for 10 minutes and
immediately fixed with fixation solution
(Cytofix, BD PharMingen). To assess PLT
activation by flow cytometry, PLTs were
stained with PE-conjugated anti-CD62P
(P-selectin, BD PharMingen) or puri-
fied anti-activated GPIIb-IIla antibody
(PAC-1, BD PharMingen) for 30 minutes.

A 4

CD41

Fig. 2. CD41 expression on CD34+ progenitor-derived megakaryocytes. CD34+ pro-
genitor cells were cultured in the presence of TPO and IL-3. CD41 expression on
nontransduced cells (negative control [NC]), megakaryocytes derived from progeni-
tor cells transduced with the vector encoding for shNS, and megakaryocytes derived
from progenitor cells transduced with the vector encoding for shf2m was measured
by flow cytometry after 5 days of culture.
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aggregometer (PAP4, Bio/Data Corp., Horsham, PA) 30
seconds and 5 minutes after collagen addition.

RESULTS

Generation of genetically modified
megakaryocytes and PLTs from CD34+
progenitor cells

Megakaryocytes were identified based on their morphol-
ogy and CD41 (GPIIb-IIIa) expression. There was no dif-
ference in the phenotype of the progenitor cell-derived
megakaryocytes between the cultures in which trans-
duced and those in which nontransduced CD34+ cells
were used for expansion and megakaryocyte lineage dif-
ferentiation (Fig. 1A). The megakaryocytes exhibited long
beaded projections, so-called pro-PLTs, from which PLTs
were produced (Fig. 1B).!” There were no differences in
the proportions of generated megakaryocytes between
the cultures based on transduced and those based on
nontransduced CD34+ cells. Five days after transduction,
the proportions of CD41+ cells ranged from 25% to 53%
(mean, 40%-42%; Fig. 2). Megakaryoctes yields tended to
be higher for CD34+ progenitor cells transduced with
shRNA-encoding vectors than for the nontransduced
progenitor cells, although the differences were not sig-
nificant. Interestingly, the highest number of megakaryo-
cytes were obtained from the progenitor cells that had
been treated with vectors encoding for B2m-specific
shRNAs: after 1 week of culture in the presence of TPO
and IL-3 for PLT differentiation, 5 x 10* CD34+ progenitor
cells produced a mean of 25.7 x 10° = 11.2 x 10° CD41+
cells (Fig. 3A).

PLTs were identified based on the scatter properties of
peripheral blood PLTs from healthy donors and the PLT-
specific antigens CD61 (GPIIla) and CD42a (GPIX). The
first PLTs were observed around Day 8 of cell culture. Flow
cytometry analysis verified that culture-derived PLTs
exhibited a similar but broader size distribution than
freshly isolated blood PLTs (data not shown).!® After 21
days, the mean percentages of CD34+ progenitor cell-
derived PLTs were similar under different treatment con-
ditions, ranging from 55 to 65% when CD61 was used as
the marker for PLT identification and from 25 to 30% when
CD42a was used (Fig. 4). The imbalance in CD61 and
CD42a expression on progenitor cell-derived PLTs com-
pared to the expression profile of peripheral blood-
derived PLTs suggests that the culture protocol used in this
study may not completely mimic the natural conditions in
the marrow.’”® According to the megakaryocyte yield
results, cultures with CD34+ cells treated to express f2m-
specific shRNAs tended to produce larger numbers of PLTs
than the cultures with nontransduced progenitor cells or
progenitor cells expressing nonspecific shRNAs (Fig. 3B).
On Day 21 of cultivation the concentration of CD61+ PLTs
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Fig. 3. Quantification of CD34+ progenitor cell-derived mega-
karyocytes and PLTs. Megakaryocytes (A) and PLTs (B) stained
with anti-CD41 and anti-CD61, respectively, were counted by
flow cytometry after 21 days of cell culture. The CD34+ pro-
genitor cell-derived megakaryocytes and PLTs were harvested
for analysis of nontransduced cell cultures (negative control
[NC]), cell cultures treated with the vector encoding for shNS,
and cell cultures transduced with the vector encoding for
shp2m.

released by CD34+-derived megakaryocytes reached up to
475 x 10* + 320 x 10°/mL of culture.

Silencing of HLA Class | expression

We constructed a VSV-G pseudotyped lentivirus vectors
for the stable delivery of a B2m-specific shRNA or a
nonspecific shRNA as control. These vectors also encoded
for eGFP as reporter gene. A mean of 35 = 20% GFP-
expressing cells was obtained after transduction of the
CD34+ progenitor cells (Fig. 1C). Five days after transduc-
tion, real-time PCR showed up to 95% reduction of f2m
mRNA levels in progenitor cells treated for shRNAs spe-
cific for B2m (shf2m) expression compared to levels in
nontransduced cells or those expressing the nonspecific
shRNA (Fig. 5A). Accordingly, a reduction in HLA Class I
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Fig. 4. Expression of CD61 and CD42a PLT-specific antigens on CD34+ progenitor cell-derived PLTs. After 21 days of culture, PLTs
derived from the CD34+ progenitor cells were harvested and the expression of CD61 (A) and CD42a (B) was measured by flow

cytometry on PLTs derived from nontransduced progenitor cells (negative control [NC]), PLTs derived from progenitor cells trans-

duced with the vector encoding for shNS, or PLTs derived from progenitor cells transduced with the vector encoding for shf2m.

protein expression by up to 85% was observed in the
CD34+ cells expressing the B2m-specific shRNAs com-
pared to those cells that had been transduced with the
control construct (Fig. 5B). Up to 85% HLA Class I antigen
reduction was observed in PLTs that derived from B2m-
specific shRNAs expressing progenitor cells, suggesting
that RNAi-mediated HLA deficiency was maintained
during PLT maturation (Fig. 4). The degree of HLA Class I
silencing on PLTs remained stable during the entire
culture period (data not shown).

Functional assessment of HLA Class

I-silenced PLTs

To explore the functionality of CD34+ progenitor cell-
derived HLA Class I-deficient PLTs derived from, we used
flow cytometry to perform PLT aggregation analyses and
to examine GPIIb-IIIa activation and CD62P (P-selectin)

antigen up regulation on PLTs after stimulation with the
major PLT agonists thrombin and ADP. The expression of
activated GPIIb-I1Ia and CD62P on the CD34+ progenitor
cell-derived PLTs was clearly evoked by this treatment in a
fashion similar to those from healthy volunteers (Fig. 6).
In particular, there was no difference in ADP- and
thrombin-induced activation between the HLA Class
I-silenced and the nonsilenced PLTs. A mean of 75% of
HLA Class I-silenced PLTs up regulated CD62P expression
and the expression of activated GPIIb-IIIa was increased
by up to 35% on these PLTs. Activation with ADP and
thrombin produced similar values in PLTs derived from
both nontransduced CD34+ progenitor cells and PLTs
generated from progenitor cells expressing nonspecific
shRNAs (CD62P up regulation of 70 = 27% and PAC-1
binding of 30 * 17%). Blood-derived PLTs exhibited
CD62P expression levels of 82 = 17% and PAC-1 binding
of 26 = 7% after stimulation.
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Our aggregation analysis also suggested that HLA aggregation was detectable in 36 = 25% of the HLA-
Class I-silenced PLTs derived from HPCs were as func- silenced PLTs. After stimulation, 35 = 26% of nontrans-
tional as nonsilenced PLTs and PLTs from peripheral duced progenitor cell-derived PLTs and 30 = 22% of
blood. There was no difference in thrombin-induced shNS-expressing progenitor cell-derived PLTs formed

aggregation in these different types of PLTs (Fig. 7A). PLT aggregates. Similarly, stimulation of blood-derived PLTs
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Fig. 5. Silencing of HLA Class I expression in CD34+ progenitor cells. A lentiviral-based vector was used for the delivery of shRNAs
specific for f2m or nonspecific sShRNAs. (A) HLA Class I surface expression and (B) f2m transcript levels were measured by flow
cytometry and real-time PCR, respectively, in nontransduced progenitor cells (negative control [NC]), progenitor cells transduced
with the vector encoding for shNS, and progenitor cells transduced with the vector encoding for shf2m 5 days after transduction

and GFP-positive cell sorting.

>

Fig. 6. Assessment of activated GPIIb-IIIa and CD62P (P-selectin) expression on CD34+ progenitor cell-derived PLTs after stimula-
tion. Activated GPIIb-IIIa (A) and CD62P (B) were measured in the absence and presence of thrombin (25 pmol/L) and ADP (1 U)
on PLTs derived from blood, progenitor cells transduced with the vector encoding for shNS, and progenitor cells transduced with
the vector encoding for shf2m. For assessment of activated GPIIb-IIIa the cells were stained with PAC-1, an antibody that mimics
the specific fibrinogen binding to human GPIIb-IIIa in the activated state.
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Fig. 7. PLT aggregation assay. (A) PLTs isolated from peripheral blood, PLTs derived
from CD34+ progenitor cells expressing shNS, or HLA Class I-silenced PLTs derived
from progenitor cells expressing shf2m were incubated in the absence or presence
of ADP (40 pmol/L) and thrombin (1 U) for 10 minutes. PLT aggregation was identi-
fied based on a shift in the FSC and SSC properties. The percentage of PLT aggrega-
tion upon stimulation is indicated in each dot plot. (B) PLTs derived from blood or
differentiated from CD34+ cells expressing shNS or shf2m were stimulated with

10 ug of collagen, and PLT aggregation was measured with a PAP4 aggregometer. The
graph represents a mean of five independent experiments.
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resulted in aggregation of 42 = 21% of
the PLT population. In response to col-
lagen, PLTs isolated from peripheral
blood showed a mean of aggregation of
35 * 8% and 80 * 10% 30 seconds and 5
minutes, respectively, upon stimulation
(Fig. 7B). Thirty seconds and 5 minutes
after collagen stimulation, 24 + 29 and
39 = 24.9% of the PLTs derived from
CD34+ progenitor cells expressing shNS
were able to aggregate. PLT aggregation
was detectable in 33 £11% and
46 * 9% of the HLA Class I-silenced
PLTs 30 seconds and 5 minutes, respec-
tively, after collagen stimulation. For
interpretation of the PLT aggregation
results obtained by the PAP4 aggregom-
eter it must be taken into account that
due to their limited availability the cell
culture-derived PLTs could not be used
in the concentrations this assay has
originally been validated for.

DISCUSSION

In recent years, an increasing number of
studies reported culture methods for
generation of human blood cells from
progenitor cells. Functional red blood
cells (RBCs) and PLTs were obtained
from hematopoietic stem cells of
diverse origins: peripheral blood,
marrow, and cord blood.®*!¥% In addi-
tion, embryonic stem cells with their
unlimited proliferative potential as well
as induced pluripotent stem cells have
been considered as a new source for in
vitro hematopoiesis; culture systems
have been developed that enable
embryonic stem cells to efficiently
develop into hematopoietic progenitors
capable of releasing functional blood
cells.-122425 The degree of large-scale
expansion and maturation achieved
appears very promising for the ex vivo
generation of PLT and RBC units for
clinical applications. Such methods of
generating blood cells from embryonic
stem cells or pluripotent stem cells
could make it possible to produce a con-
stant and safe supply of blood cells, thus
eliminating the need to obtain blood
cells from blood donation. This per-
spective has motivated research groups
around the world as well as the US mili-



tary to launch “blood pharming” programs aimed at cre-
ating systems to produce RBCs derived from progenitor
cells for use in blood transfusions.

The concept of using progenitor cells for mass pro-
duction of blood cells holds the potential to genetically
manipulate the starting material to produce designer
blood cells for multiply transfused patients for whom it is
difficult to resource compatible blood. Analogously to
what has recently been shown for cell culture-derived
RBCs,*® we were able to generate in vitro human PLTs with
a target phenotype different from the original donor phe-
notype. We used a combination of lentiviral gene transfer
and RNAI technology to silence HLA Class I expression in
PLTs derived from CD34+ cells. The dimeric structure of
the HLA Class I molecule, comprising the polymorphic
HLA heavy chain and the conserved f2m molecule, was
used to develop the strategy for Class I-specific HLA
silencing. Target sequences within the coding region of
B2m were selected to design shRNAs to silence all HLA
Class I molecules on the cell surface. Stable reduction of
HLA Class I antigen expression by up to 85% on progenitor
cells and PLTs suggests that the expression of shRNA in
hematopoietic stem cells was efficient and maintained
during megakaryocyte differentiation, thus resulting in
inhibition of targeted protein in PLIs. Moreover, the
silencing strategy seemed to be satisfactorily efficient to
inhibit de novo synthesis of HLA Class I molecules from
residual mRNA in mature PLTs during storage in the
culture medium. These data indicate that lentiviral-
mediated RNAi is a powerful tool for continuous produc-
tion of genetically engineered PLTs.

The idea of providing HLA-reduced PLTs for heavily
HLA Class I-alloimmunized patients is not new. Elution
techniques with chloroquine or citric acid have been used
to remove HLA antigens from PLTs. The first successful
transfusion of HLA-eluted PLTs in an HLA-alloimmunized
patient was reported by Shanwell and colleagues in 1991.%
They demonstrated that the degree of HLA reduction
varies, which raised doubt about the application of HLA-
eluted PLTs for transfusion purposes.?® Further progress
was made toward the standardization of HLA reduction by
acid elution and although acid-treated PLT transfusions
were successfully used on a small scale, %! PLT quality
could become critically affected by the PLT preparation
procedure. However, even if the clinical and in vivo sur-
vival data obtained with acid-treated PLTs are only based
on case studies, they suggest that HLA-deficient PLTs may
survive almost normally in the circulation and be func-
tionally intact. This is to be expected in particular because
HLA reduction on silenced PLTs (up to 85%) was similar to
what was described for acid-treated PLTs and silenced
PLTs are not subjected to any harsh preparation proce-
dures. In previous studies, we could demonstrate in
microcytotoxicity tests that RNAi-mediated silencing of
the HLA Class I expression prevented antibody-mediated
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cytotoxicity.'®*? In addition, T-cell cytotoxicity and prolif-
eration showed to be significantly reduced when alloge-
neic T cells were exposed to HLA-deficient target cells.
Our observation that HLA Class I antigen expression on
HLA-silenced PLTs was not up regulated after in vitro
stimulation suggests that the posttransfusion increment
in HLA-alloimmunized patients may not be impaired by
de novo synthesis of HLA on activated PLTs. Nevertheless,
studies in animals and humans are needed to determine
the success rate and tolerability of HLA-silenced, culture-
derived PLTs.

The functional role of HLA Class I on PLTs is
not entirely clear. In blocking studies, Cosgrove and
coworkers® showed that both heavy and light chains of
HLA Class I antigens might be involved in PLT aggregation
and release reactions. HLA alloantibodies could induce
the aggregation of human PLTs and selectively block the
binding of some PLT agonists (e.g., collagen and adrena-
lin) but not of others (e.g., thrombin). Rubinstein and col-
leagues® suggested that HLA Class I might synergize with
the Fcy RII receptor to activate PLTs. Although a specific
function of PLT membrane HLA antigens cannot be
excluded, our in vitro data suggest that expression of PLT-
specific membrane GPs and PLT function are not affected
in HLA-silenced PLTs. The silencing strategy presented
herein might be an attractive tool to be used in an autolo-
gous animal model to further determine the functional
relevance of HLA Class I on PLTs.

Important safety concerns exist whenever gene trans-
fer is used to manipulate progenitor cells for clinical
purposes.®-3” The main difference to be considered in risk
assessments between clinical trials using genetically engi-
neered progenitor cells for transplant purposes itself or
PLTs derived thereof in cultures for transfusion purposes
is the complete absence of any proliferation potential of
fully maturated PLTs. This virtually eliminates any risk
of malignant transformation of transfused PLTs making
the development of leukemia in the recipient improbable.
Moreover, standard blood preparation techniques are
available to ensure that transfusion units contain only
maturated PLTs by eliminating or inactivating contami-
nating nucleated cells: leukoreduction filters could be
used to effectively eliminate any contaminating undiffer-
entiated progenitor cells and PLTs, as anucleate fragments
of cytoplasm, can easily be irradiated before transfusion.

In conclusion, this study shows for the first time the
feasibility of generating functional HLA Class I-deficient
PLTs from CD34+ progenitor cells. Blood products con-
taining HLA-deficient PLTs may become a potent tool to
overcome clinical refractoriness in multiply transfused
patients. At present, transfusion units from large-scale
production of cultured blood cells appear to be a techno-
logical luxury, considering the costs to establish industrial
production conditions compatible with transfusion
requirements and the rules of good manufacturing
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practice. For example, current strategies to produce PLTs
from HPCs include expensive cytokines continuously to
be added to the culture media. However, the new technol-
ogy presented here makes it possible to produce designer
blood products that can be live-saving in certain clinical
situations. The provision of specially designed blood units
such as HLA-silenced PLT concentrates may help to
improve the cost-benefit ratio of in vitro generated blood
cells. Currently, the amount of PLTs generated in any
experimental setting fails to satisfy the clinically required
quantity for transfusion.®® The key challenge is the effi-
cient and continuous expansion of progenitor cells that
can differentiate into mature PLTs. Human embryonic or
induced pluripotent stem cells, which have an unlimited
proliferative potential, could become in the next years an
attractive resource for blood cell engineering. However,
the technical conditions for industrial development must
still be created. In addition, a better understanding of the
megakaryocytosis and the mechanism of PLT production
is needed to optimize cell culture conditions.
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