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Retroviral engineering of hematopoietic stem cell-derived
precursor T-cells (preTs) opens the possibility of targeted
T-cell transfer across human leukocyte antigen (HLA)-
barriers. Alpharetroviral vectors exhibit a more neutral
integration pattern thereby reducing the risk of insertional
mutagenesis. Cord blood-derived CD34+ cells were trans-
duced and differentiated into preTs in vitro. Two promoters,
elongation-factor-1-short-form, and a myeloproliferative
sarcoma virus variant in combination with two commonly
used envelopes were comparatively assessed choosing
enhanced green fluorescent protein or a third-generation
chimeric antigen receptor (CAR) against CD123 as gene
of interest. Furthermore, the inducible suicide gene iCas-
pase 9 has been validated. Combining the sarcoma virus-
derived promoter with a modified feline endogenous
retrovirus envelope glycoprotein yielded in superior trans-
gene expression and transduction rates. Fresh and previ-
ously frozen CD34+ cells showed similar transduction and
expansion rates. Transgene-positive cells did neither show
proliferative impairment nor alteration in their lymphoid
differentiation profile. The sarcoma virus-derived promoter
only could express sufficient levels of iCaspase 9 to medi-
ate dimerizer-induced apoptosis. Finally, the CD123 CAR
was efficiently expressed in CD34+ cells and proved to be
functional when expressed on differentiated T-cells. There-
fore, the transduction of CD34+ cells with alpharetroviral
vectors represents a feasible and potentially safer approach
for stem cell-based immunotherapies for cancer.
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INTRODUCTION
Cord blood (CB) is now a widely used source of hematopoi-
etic stem cells (HSCs) for allogeneic hematopoietic stem cell

transplantation (allo-HSCT).!* The nature of its source excludes
the possibility of returning to the donor to retransplant HSCs
or T-cells to treat engraftment failure or relapse of malignancy.
Thus, alternative T-cell sources to enhance immune reconstitu-
tion are needed. Over the last decade, coculture systems based on
Notch ligand expressing bone marrow stroma cell lines have been
developed allowing the differentiation and generation of T-cell-
committed precursors (preTs).** These systems can be controlled
to limit the differentiation of the precursors to early thymic preTs
which upon cotransplantation into allogeneic recipients undergo
further development in vivo including T-cell receptor (TCR) rear-
rangement, TCRB-selection and both, positive and negative selec-
tion of developing thymocytes.®” As a result, cotransplantation of
preTs allows T-cell reconstitution of an immunosuppressed host
across major histocompatibility complex (MHC)-barriers without
the risk for graft-versus-host-disease while maintaining predomi-
nantly host-derived antigen presenting cell chimerism.’

The antitumor effects of preTs can be enhanced through
genetic engineering with either chimeric antigen receptors
(CARs) or TCRs against tumor-associated antigens.*® However,
whereas genetic engineering of mature T-cells using gammaret-
roviral vectors has remained demonstrably safe without serious
adverse effects due to insertional mutagenesis, this remains a
major safety concern when engineering HSCs and incompletely
differentiated T-cells.'®"! In contrast to gammaretroviral vectors,
alpharetroviral vectors have a neutral integration pattern and can
be readily designed to lack strong splice signals that might inter-
fere with cellular mRNA processing.'>"?

Here, we used an alpharetroviral vector system to genetically
engineer human CB-derived CD34+ HSCs that were subsequently
differentiated in vitro into preTs. We comparatively assessed the
myeloproliferative sarcoma virus (MPSV) and the short form of the
constitutively acting elongation factor 1ol (EFS) promoter system in
combination with either the vesicular stomatitis virus glycoprotein
(VSVG) or a modified feline endogenous retrovirus glycoprotein
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(RD114/TR) envelope. We show that superior transduction and
expression rates of the gene of interest (GOI) are physiologically
highly relevant, especially if inducible caspase 9 (iCasp9) is used as
a suicide gene. We observed that transducing CB-derived CD34+
cells with the alpharetroviral construct carrying a third-generation
CAR against CD123 does slightly delay the in vitro differentiation
process of preTs when using the OP9-DL1 coculturing system. The
transduction efficiency and expansion patterns of preTs from fresh
or previously frozen CB were comparable. We further demonstrate
for the first time that T-cells expressing a CAR against CD123, that
had been cloned into an alpharetroviral backbone, are functional
and effective against CD123-expressing target cells. Altogether,
we present a novel alpharetroviral system for potential clinical
use when CB-derived CD34+ cells for the generation of preTs and
T-cells are to be genetically engineered.

RESULTS

Human CB-derived CD34+ cells are differentiated into
preTs in vitro

For generation of human preTs, CB was used as a source of CD34+
HSCs. CB samples were obtained from consenting mothers and
CD34+ cells were isolated via two rounds of magnetic-activated
cell sorting. The CD34+ purity was consistently higher (93 +3%)
when two purification steps were performed (Figure 1a). Freshly
isolated or thawed CD34+ cells were cocultured with the Notch
ligand-expressing OP9-DL1 stromal cells having previously been
shown to support in vitro generation of human preTs." The kinet-
ics of preT growth, which were comparable for both, fresh and
frozen CD34+ cells, revealed slower cell proliferation up to day 12,
and a more rapid cell growth until day 28 which was followed by
a plateau phase. We observed an expansion rate of up to 750-fold
until day 28 (Figure 1b).

To assess in vitro development, preTs were phenotyped by
flow cytometry. As shown in Figure Ic, the expression of CD34
decreased over time and disappeared by day 24. The T-cell
development markers CD45RA, CD7, and CD5 increased dur-
ing the culture period. A small population of cells only started
to express CD3 by day 40. We did not observe the appearance of
CD4- and CD8-positive cells over the whole culturing course. Of
note, CD34+ CD7+ progenitor T-cells that represent the thymus-
engrafting population were most prominent on day 8 and had dis-
appeared by day 24.”

Alpharetroviral vectors containing an MPSV promoter
and an RD114/TR envelope deliver enhanced gene
transfer into CB-derived CD34+ HSCs

To decrease the risk of insertional mutagenesis after transduction
of CD34+ cells, we used self-inactivating (SIN) alpharetroviral
vectors.'>"* To improve gene transfer into CD34+ cells, we com-
pared alpharetroviral vectors containing two different promoters,
either using the EFS or the MPSV promoter. Respective retroviral
particles were pseudotyped with either the VSVG or RD114/TR
envelope. Enhanced green fluorescent protein (EGFP) was used
as a reporter gene (Figure 2a). Using similar viral multiplicity
of infection (MOI), transduction efficiency of CD34+ cells with
RD114/TR- versus VSVG-pseudotyped vectors was up to twofold
higher (percentage of EGFP+ cells: 55.8 2.3 versus 31.1+1.3 for
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the MPSV vectors and 37 + 0.3 versus 16.9 + 0.2 for the EFS vectors,
respectively) (Figure 2b,c). As compared to EFS, MPSV-driven
vectors resulted in up to fourfold increased transgene expres-
sion (EGFP mean fluorescence intensity: 45,484+ 1,428 versus
13,720 +345 for the RD114/TR-pseudotyped and 55,035+ 943
versus 13,274+431 for the VSVG-pseudotyped vectors, respec-
tively) (Figure 2d).

As the number of viral vectors integrating into the genome
can increase the risk of insertional mutagenesis, we assessed
the impact of vector MOI on transduction efficiency and mean
vector copy number (VCN). As shown in Figure 2e, increasing
MOIs do enhance transduction efficiency of transduced human
CD34+ cells. This increase is more prominent at lower MOIs and
reaches a plateau level at MOIs of more than 100. There was a
linear correlation between transduction efficiencies of less than
25% and VCN." For higher transduction efficiencies, this correla-
tion becomes exponential. Collectively, these data suggest that at
lower MOIs, an increase in transduction efficiency is associated
with a proportional enhancement of VCN. Nevertheless, whereas
higher MOIs are associated with modest increase in transduction
efficiencies only, they result in a steep increase in VCN.

Transduction procedure and transgene positivity of
human CB-derived CD34+ cells do neither impact the
proliferation nor the differentiation pattern toward
preTs in vitro when using EGFP as an insert only

Since frozen CB CD34+ cells could be stored and used on
demand, we compared transduction efficiency and proliferation
rate of freshly isolated versus thawed CD34+ cells. As GOI, a cas-
sette containing EGFP only was used. Figure 3a illustrates that
transduction efficiency of CD34+ cells, transduced with either
RD114/TR pseudotyped MPSV- or EFS-driven vectors, was com-
parable for both, fresh and thawed CD34+ cells. Curves showing
proliferation kinetics of fresh and thawed CD34+ cells were nearly
superimposable (Figure 3b).

We sorted EGFP+ cells on day 12. As shown in Figure 3c,
sorted cells expanded and remained 90% transgene positive for at
least 24 days. By sorting, we enriched for transduced cells, since
their content in culture slightly reduced over time (Figure 3d).

It has been shown that a subset of in vitro-generated preTs
coexpressing both, CD34 and CD?7, has high engraftment poten-
tial after adoptive transfer” As the percentage of CD34+ cells
decreases with ongoing differentiation and the content of CD7+
is increasing, we asked whether transduction of CD34+ cells
could possibly alter their differentiation pattern. In contrast to
the construct additionally carrying a CAR against CD123 (see
Figure 6), phenotype comparison of EGFP+ and EGFP- popula-
tions showed comparable differentiation phenotypes on day 8, 16
(Figure 3e,f), and 24 (data not shown) if MOIs of 10 were used.

Transgene expression strength mediated by the
MPSV promoter determines efficacy of iCasp9-
induced apoptosis and allows efficient CD123 CAR
expression in preTs

To provide an effective safety switch for adoptive transfer of preTs,
we used the iCasp9 suicide gene technology. The iCasp9 cassette,
which is comprised of a modified human caspase 9 gene fused to

1217



Alpharetrovirally Engineered Precursor T-Cells

a ) ) C
Pre-selection First run Second run
250K 250K 250K 250
200K 200K 200K 200
<
150K 150K 150K 150 8
100K 100K 100K 100 ©
50K 50K 50K
(6] 50
010% 10° 10* 10° 010% 10° 10* 10° 010% 10° 10* 10°
CD34 =
5]
<
100 4 8
—~ 80 4
2
£ 60 -
=]
g 8
3 404 o
@
a
© 20 4 I'—I
0 T T
» & S N
& X Q Q
& 3¢ \\"} & S
& < § I3
Q‘Q] (90
b 100 4
-®- Fresh ©
—~ 104 & Frozen 8
‘©
5
£ 13
>
f=
°
© 01 P
o
0.01 0

12 16 20 24 28 32 36 40
Day

0o 4 8

© The American Society of Gene & Cell Therapy

)
7.4 mﬂl 4.5 4.5/1 7.6

0.05/0.015 0.042]0.05 0.5/0.49 173
r
m J! ‘ I
2.1 8.1]10, 9.54.7 B g6 5

L.

0.012

010 10° 10* 10° 0 102 10° 10" 10° 0 10* 10° 10* 10° 0 10® 10° 10* 10° 0 10® 10° 10* 10°
cD7

Figure 1 Human cord blood (CB)-derived CD34+ cells are differentiated into precursor T cells (preTs) in vitro. (@) Human CB samples were
obtained from consenting mothers and CD34+ cells consecutively isolated via positive selection by magnetic-activated cell sorting (MACS). Purity was
determined by flow cytometry after one or two rounds of MACS (n = 2). (b) Fresh or thawed CD34+ cells were cocultured on OP9-DL1 stromal cells
in a cytokine cocktail for preT differentiation. The proliferation rate of the cells was assessed every 4 days (n = 3). (c) The lymphoid phenotype of the
cells was determined by flow cytometry every 8 days for a period of 40 days. Results of a representative experiment are shown.

a human FK506-binding protein was additionally linked to a trun-
cated human CD19 reporter gene via a 2A sequence and cloned
into alpharetroviral vectors under the control of the EFS or MPSV
promoter (Figure 4a). To assess the functionality of the constructs,
Jurkat cells were transduced and enriched for CD19 transgene-
positive cells by cell sorting. The dimerizing agent AP20187 was
added at various concentrations to induce apoptosis and the per-
centage of surviving transgene positive cells (CD19+ Annexin V-)
was assessed by flow cytometry 72 hours later. Whereas the major-
ity (90%) survived up to 500 nmol/l of the dimerizing agent after
transduction with the EFS-driven vector, less than 10% survived
at dimerizer concentrations of 0.05 nmol/l after transduction with
the MPSV-containing vector (Figure 4a). These data emphasize the
physiological relevance of promoter selection for sufficient expres-
sion of the iCasp9 suicide gene.

Due to this observation, we decided to use the MPSV promoter
for subsequent transduction experiments. We designed a third-
generation CAR as a potentially relevant GOL It consisted of a
CD123-specific single chain variable fragment (scFV) being fused
to CD28 and 4-1BB costimulatory molecules and a CD3( signal-
ing domain as well as an EGFP reporter gene for first functionality
assays. Umbilical cord blood (UCB) CD34+ cells were transduced
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with this construct and EGFP expression readily detected. Upon
subsequent coculture with OP9-DL1 cells, we stained for CAR
expression of preTs and observed that around 40% of EGFP+ cells
can be stained for the CD123 CAR (Figure 4b).

Owing to the fact that CD123 is expressed on multipotent pro-
genitor cells, we investigated whether forced CD123 CAR expres-
sion on CD34+ cells and preTs would impact CD123 expression,
viability, and transgene expression of transduced preTs. In the CAR.
GFP-transduced group, CD123 expression during OP9-DLI cocul-
ture was significantly reduced. This effect was predominantly seen
between day 4 and 8 of differentiation culture suggesting some
degree of fratricide (Figure 4c). Of note, CD123 expression in CAR.
GFP+ preTs was more markedly decreased than in CAR.GFP- preTs
(Supplementary Figure S1). No increased Annexin V binding of
CD123+ as compared to CD123- preTs in the CAR.GFP-transduced
preT population could be demonstrated after day 8, which makes
fratricide by CD123 CAR-expressing preTs unlikely from day 8
onwards (Figure 4c). In line with this finding, the slow decline of
transgene expression over time in the CAR.GFP-transduced group
did not differ in its kinetics from the GFP only-transduced group
allowing for comparable cell yields at the end. CAR expression of
EGFP+ preTs declined as well from around 38% on day 4 to 28% on
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Figure 2 Alpharetroviral vectors containing a myeloproliferative sarcoma virus (MPSV) promoter and the modified feline endogenous
retrovirus envelope glycoprotein RD114/TR deliver enhanced gene transfer into cord blood (CB)-derived CD34+ hematopoietic stem cells.
(a) Self-inactivating (SIN) alpharetroviral vectors containing either an MPSV or an elongation-factor-1-short-form (EFS) promoter combined with
an enhanced green fluorescent protein (EGFP) reporter gene were generated. Indicated are unique 5 (U5), repeat (R), and SIN unique 3 (AU3)
regions, long terminal repeat (LTR), packaging signal (), woodchuck posttranscriptional regulatory element (PRE) and direct repeat element (DR).
(b) MPSV- and EFS-driven alpharetroviral vectors were pseudotyped with either vesicular stomatitis virus glycoprotein (VSVG) or RD114/TR and used
to transduce CD34+ cells using an equal multiplicity of infection (MOI) of 100. (c,d) Transduction efficiency and mean fluorescence intensity (MFI) of
EGFP were determined 6 days after transduction. Representative results of two independent experiments are shown (n = 3). (e) CB CD34+ cells were
transduced with an increasing MOI using alpharetroviral MPSV- or EFS-driven vectors with the EGFP gene. After 6 days, transduction efficiency was
determined by flow cytometry. Mean vector copy number (VCN) was assessed using quantitative real-time PCR for detection of PRE within the vector.

day 16. This is most likely caused by a proliferation disadvantage of
the respective cell population after insertion of a relatively large gene
cassette and not as a result of fratricide as shown above (Figure 4c).

Mature human T-cells expressing a third-generation
CAR against CD123, or CD123 CAR and iCasp9 in
combination are functional in vitro

For proof of principle experiments using a potentially relevant
GOI, we evaluated the function of the new CD123 CAR and trans-
duced human peripheral blood mononuclear cells (PBMCs) with
the MPSV promoter-driven SIN alpharetroviral vector, into which
our proof of principle GOI was cloned. Functionality was assessed
by enzyme-linked immunosorbent assay and a fluorescence-based
in vitro cytotoxicity assay. For targets, 293T cells were transduced
with retroviral vectors using the human CD123 sequence which
had been linked to tdTomato via an internal ribosomal entry site
(IRES) cassette. Two sorting rounds ensured over 98% CD123
expression. Nontransduced 293T cells were used as controls.
CD123 CAR T-cells strongly produced IFNy upon stimulation
on CD123+ target cells (Figure 5c). More importantly, these cells
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effectively lysed target cells expressing the CD123 antigen, as evi-
dent by a nearly complete loss of the tdTomato signal (Figure 5b).
Antigen-negative target cells were spared demonstrating specific
recognition of CD123 (Figure 5¢). Nontransduced PBMCs medi-
ated a weak background response only, being comparable for both,
antigen-negative and antigen-positive target cells (Figure 5c).
After evaluating iCasp9 and the CD123 CAR in separate vector
constructs, we designed a clinically more relevant combined gene
cassette encoding both transgenes under the control of the MPSV
promoter and used it for transduction of PBMCs. After transduc-
tion, the CD123 CAR could be specifically stained by flow cytom-
etry using a CD123 peptide. To assess functionality of this combined
construct, apoptosis was induced with the dimerizer. We did not
observe any effects of the dimerizer on CAR.GFP-transduced
PBMCs that were used as controls demonstrating the selectivity of
dimerizer-mediated induction of apoptosis. A concentration as low
as 0.05 nmol/l was sufficient to induce the maximal apoptosis rates
in CAR iCasp9-transduced PBMCs (Figure 5d). These functionality
data encourage the further use of alpharetroviral vector platforms
for adoptive T-cell transfer studies in preclinical models of leukemia.
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Figure 3 Transduction procedure and transgene positivity of human cord blood (CB)-derived CD34+ cells do neither impact the prolifera-
tion nor the differentiation pattern towards precursor T cells (preTs) in vitro when using enhanced green fluorescent protein (EGFP) as an
insert only. (@) Fresh or thawed CB CD34+ cells were transduced with alpharetroviral vectors containing an EGFP gene serving as both, reporter
and gene of interest. A multiplicity of infection of 10 was used. Transduction efficiency was determined by flow cytometry after 6 days (n = 3).
Indicated are myeloproliferative sarcoma virus (MPSV) and elongation-factor-1-short-form (EFS) promoter. (b) Transduced or control untransduced
(untd) preTs were cocultured with OP9-DL1 cells for 28 days. The proliferation rate of the cells was assessed every 4 days using trypanblue for
determination of viability (n = 3). (c) Transduced preTs were sorted for EGFP expression (GFP+) on day 8 and consecutively continued to be cul-
tured on OP9-DL1 cells under comparable conditions for up to 28 days. EGFP expression was determined on day 32 (24 days after sorting) (n = 3).
(d) EGFP transgene expression of transduced but nonsorted preTs was determined over a period of 40 days (n = 3). (e) The percentage of nontrans-
duced and transduced CD34+ CD7+ preTs was determined by flow cytometry on day 8, 16, and 24. (f) The phenotype of GFP- and GFP+ preTs was
determined on day 8 and 16. Gray-colored bars depict subpopulations of preTs.

Equipping the alpharetroviral construct with the culture were used as controls. CD34 on the early developing CD7+
sequence of a third-generation CD123 CAR delays CD5+ population has been demonstrated to be a sensitive differ-
preT differentiation in vitro and allows for thymic entiation marker and its coexpression facilitated robust thymic
engraftment and further differentiation in vivo engraftment.” Using the CD123 CAR containing construct, coex-

Since the phenotype of the preT-product has been shown to pro-  pression of CD34 by day 11 was significantly higher than on the
foundly impact its thymic repopulating capacities (a prerequisite  nontransduced control population. This suggests a differentiation
for further release of matured T-cell progeny into the periph-  delay induced by transduction. No differences were seen between
ery), we assessed the potential influence of the complete CAR-  the lower and the higher MOI (Figure 6a). PreTs harvested by
containing construct on in vitro differentiation of CD34+ cells in  day 11 of culture were sorted by fluorescence-activated cell sort-
the OP9-DLI coculture system by comparing our standard MOI ~ ing and consecutively injected intrahepatically into irradiated
of 10 to an MOI of 100. Nontransduced cells within the same (1 Gy) 4 day old baby NSG (NOD.cg-Prkdc<“IL2rg"™"1/Sz) mice.
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Figure 4 Transgene expression strength mediated by the myeloproliferative sarcoma virus (MPSV) promoter determines efficacy of inducible
caspase 9 (iCasp9)-induced apoptosis and allows efficient CD123 chimeric antigen receptor (CAR) expression in precursor T cells (preTs).
(a) iCasp9 containing the human FK506-binding protein (FKBP12) with an F36V mutation and a truncated ACD19 reporter gene was cloned into an
alpharetroviral backbone under the elongation-factor-1-short-form (EFS) or MPSV promoter. Human Jurkat cells were transduced with fresh retrovirus
and expanded in vitro. Transgene positive cells were sorted based on ACD19 expression and cultured with increasing concentrations of a dimerizing
agent. Three days later, cell viability was assessed based on Annexin V staining. The percentage of transgene positive cells that did not undergo apopto-
sis upon dimerizer administration (CD19+ Annexin V-) was used for comparison (n = 3). (b,c) The CD123 CAR gene using an enhanced green fluores-
cent protein (EGFP) marker was cloned into an MPSV alpharetroviral backbone. Thawed CD34+ cells were transduced with modified feline endogenous
retrovirus envelope glycoprotein (RD114/TR)-pseudotyped retroviral particles from the CAR.GFP, the GFP only construct or left untransduced (untd).
At indicated time points during the OP9-DL1 coculture, preTs were assessed by flow cytometry for CD123, Annexin V, EGFP, and the CAR (n = 3). CAR.
GFP groups are shown as dotted lines. Indicated are unique 5 (U5), repeat (R), and self-inactivating unique 3 (AU3) regions, long terminal repeat (LTR),
packaging signal (), internal ribosomal entry site (IRES), woodchuck posttranscriptional regulatory element (PRE) and direct repeat element (DR).

transfer that was severely hampering its efficacy.'”? Nevertheless,
important obstacles for a wider application are still remaining such
as the necessity to produce a T-cell product on an individualized
basis making this promising treatment approach hardly economi-
cally feasible. Although recent studies have successfully reported
the use of autologous T-cells, it can be difficult to obtain suitable
numbers of autologous cells in heavily pretreated patients.?"*
Human preTs might serve as the basis of a prefabricated cellular
product that can be given even in a third party transplant setting

Six weeks after injection, thymi were harvested and analyzed for
transgene-positive CD3 expressing thymocytes of human origin
(Figure 6b). Whereas control mice, that had received CB-derived
HSCs only, did not show any evidence of thymic engraftment at
this time point, transgene positive CD3+ thymocytes could be
readily detected in both treatment groups (CD123 CAR.GFP
preTs or GFP only preTs) (Figure 6b). This demonstrates the
engraftment capacity of alpharetrovirally-engineered preTs.

DISCUSSION

Redirecting the specificity of T-cells against tumor-associated
antigens by genetically enforced expression of TCRs or CARs has
recently boosted the field of adoptive T-cell transfer.'®'® The use of
second- and third-generation CARs has helped to resolve the long
standing problem of insufficient in vivo T-cell persistence after
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across complete human leukocyte antigen (HLA) barriers without
evoking graft-versus-host-disease. Their need to undergo thymic
selection processes after cotransfer represents a potent filter pre-
venting the release of graft-versus-host-disease-inducing alloreac-
tive mature T-cells.” Alternative developments might even allow the
use of post-thymic mature T-cells for multiple recipients. Elegant
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Figure 5 Mature human T-cells expressing a third-generation chimeric antigen receptor (CAR) against CD123, or CD123 CAR and induc-
ible caspase 9 (iCasp9) in combination are functional in vitro. (@) Schematic figure of the MPSV.CD123 CAR construct. Self-inactivating (SIN)
alpharetroviral vectors encoding for a third-generation CAR against the human surface molecule CD123 were generated. (b) Human peripheral blood
mononuclear cells (PBMCs) were activated with anti-CD3 and anti-CD28 antibodies for 2 days, transduced on 2 consecutive days, and expanded
for 4 more days before being used in a cytotoxicity assay. TdTomato.CD123-transduced 293T cells were used as target cells. Decreasing numbers of
untransduced or CAR-transduced PBMCs were cultured with target cells in triplicates for 2 days. TdTomato expression was used as a marker for surviv-
ing target cells in immunofluorescence microscopy studies. (¢) Cytotoxicity of the transduced effectors was determined by means of flow cytometry.
Cell suspensions containing CAR-transduced effector cells and targets (either 293T cells only or 293T cells expressing CD123) at indicated ratios were
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(untd) T-cells were used as control. (d) Schematic figure of the MPSV.CD123 CAR.iCasp9 vector. Human PBMCs were transduced with this bicistronic
construct. Transgene positive cells with a functional CAR were identified by specific cell binding of a His Tag-labeled CD123 peptide. Transduced cells
were incubated with the dimerizer for 48 hours. CAR.GFP-transduced PBMCs were used as control (n = 3). Apoptosis was quantified by staining viable
transgene positive (CAR+ or GFP+) Annexin V-PBMCs. Indicated are unique 5 (U5), repeat (R), and SIN unique 3 (AU3) regions, long terminal repeat
(LTR), packaging signal (y), myeloproliferative sarcoma virus promoter (MPSV), single chain variable fragment (scFV), internal ribosomal entry site
(IRES), woodchuck posttranscriptional regulatory element (PRE) and direct repeat element (DR).

concepts are pursued wherein CAR-modified T-cells are subject to  progenitors,** and G-CSF-mobilized peripheral blood stem cells.”’
genetic editing and by doing so eliminating the expression of the ~ Work done by Patel et al*® comparing T-cell differentiation from
endogenous o TCR.>* Whereas we and others have shown that  various sources of CD34+ cells showed important differences in the
genetically engineered preTs can give rise to a long persisting tumor-  kinetics and extent of proliferation prior to B-selection with a ten
specific T-cell population in vivo—a prerequisite for efficient antitu-  fold greater expansion of CB cells as compared to bone marrow cells.
mor efficacy’—this is, to our knowledge, still to be demonstrated for ~ Therefore, different sources of CD34+ cells are not expected to yield
TCR-edited T-cells. a product of numerical comparability. Given the availability of CB, its
In vitro generation of human preTs from UCB has proven tocom-  biological proximity to fetal tissue, and the low degree of ethical con-
pare favorably to their generation from bone marrow and peripheral ~ cern as compared to other fetal stem cell sources, we decided to focus
blood stem cells.***** T-cell potential of hematopoietic progenitorsis  our studies on CB. In a next step, we were interested whether the use
known to decline with age as demonstrated in experiments conducted  of frozen CB-derived preTs would result in comparable expansion
in fetal thymic organ cultures.” Since the demonstration of thymus-  and differentiation in an OP9-DL1 coculturing system. The fact that
independent T-cell development in vitro using delta-like-1 by TM  we could demonstrate superimposable expansion curves, both of
Schmitt and JC Zuaniga-Pfliicker different human stem cell sources  fresh and thawed CB-derived CD34+ cells, supports the concept that
have been used on this system. Apart from studies with human  frozen CB cells can serve for this technology.
UCB cells,”™ in vitro T-cell differentiation has been performed using Decreasing thymic function in elderly bone marrow trans-
embryonic stem cells,” adult bone marrow-derived hematopoietic ~ plant (BMT) recipients has raised concerns whether the cotransfer
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Figure 6 Equipping the alpharetroviral construct with the sequence of a third-generation CD123 chimeric antigen receptor (CAR) delays
precursor T cell (preT) differentiation in vitro and allows for thymic engraftment and further differentiation in vivo. (a) Cord blood (CB)-
derived CD34+ cells were transduced with the CD123 CAR-containing alpharetroviral construct either using a multiplicity of infection (MOI) of 10 or
100. Enhanced green fluorescent protein (GFP) was used as reporter gene. After transduction, cells were brought into the OP9-DL1 coculture system
and phenotypically analyzed on day 11. Within the GFP+ population (transduced cells) CD5+ CD7+ were gated on and assessed for CD34 coexpres-
sion. The GFP- fraction (nontransduced) served as control. CD34 coexpression was lower on nontransduced as compared to transduced CD5+ CD7+
cells (P < 0.05). No significant difference was found between MOI 10 and 100. Two independent experiments were performed. (b) 2x 10° transgene
positive preTs (either transduced with GFP only or CAR.GFP) together with 0.2 x10° CB-derived CD34* hematopoietic stem cells (HSCs) were intra-
hepatically injected into 4 day old irradiated NSG mice. Controls were injected with HSCs only. Mice were boosted with the IL-7/M25 mixture every
5 days. Thymi were harvested 6 weeks after injection, single cell suspensions were generated and analyzed by flow cytometry. The upper row shows
the fraction of human-derived cells, which were obtained from the different treatment groups. After gating on this human-derived cell population,

transgene-positive cells expressing CD3 can be found in the thymi of treated mice (lower row).

of preTs would sufficiently give rise to a respective post-thymic
mature T-cell progeny. An increasing amount of evidence suggests
that the potential for extrathymic T-cell development is strongly
enhanced after BMT. It has been nicely shown that the extrathy-
mic microenvironment, importantly the mesenterial lymphatic
lymph node system of the intestine, can provide the required
cues to harbor and further differentiate preTs into a functional
extrathymically-derived T-cell pool. These data have underlined
the potential of extrathymic T-cell development for T-cell recon-
stitution in patients with limited thymic function.?”

Especially for lentiviral constructs, although being very effi-
cient for transducing end-differentiated T-cells, the application of
stable packaging cells for economical large scale vector production
has proven to be extraordinarily difficult.”**' Therefore, for the
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production of genetically engineered preTs, gammaretroviral sys-
tems remain attractive since stable packaging cell lines can deliver
consistency required for market authorization.”> Furthermore,
transducing a relatively small number of CD34+ cells for later
differentiation into much larger numbers of preTs minimizes the
amount of viral supernatant needed for transduction.

For the transduction of CB-derived hematopoietic precur-
sors, we use a new generation of alpharetroviral SIN vectors since
genotoxicity will be a major concern if genetically engineered preTs
will be considered for clinical use. As comparatively shown by us
in a serial murine transplantation model, the use of alpharetroviral
vectors can result in sustained multilineage transgene expression
being comparable to lentiviral and gammaretroviral SIN vectors."
In contrast to the latter two, alpharetroviral integration showed to
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be less frequently occurring close to transcription start sites, CpG
islands, and potential oncogenes. Of note, the propensity of the
“extragenetic” genomic integration pattern of alpharetroviruses
still suggested long-term transgene expression as demonstrated in
serial transplant experiments. This extremely elegant comparative
analysis of Suerth and co-workers was performed using the SFFV
internal promoter for all three tested vector systems thereby model-
ing a “worst case scenario” for both, insertional gene activation and
epigenetic silencing.’>**** However, despite reported interlineage
variability a trend versus lowest transgene expression rates was seen
when using alpharetroviral vectors. Therefore, for the generation
of genetically engineered preTs, we targeted previously enriched
CB-derived CD34+ cells and comparatively assessed the use of two
promoters (EFS versus MPSV), combining each with improved
envelope glycoproteins, either VSVG or RD114/TR. The compara-
tive study by Suerth and co-workers observed a reduced incidence of
immortalization and a tendency for decreased fitness in immortal-
ized cells when using alpharetroviral vectors with the GOI put under
the SFFV promoter. Exchanging this internal “high risk” promoter
with the EFS promoter abolished any evidence of genotoxic poten-
tial within the detection limits of their in vitro immortalization assay.

Engineering CB-derived CD34+ cells, we observe a signifi-
cantly enhanced gene expression strength and transduction effi-
ciency when using the MPSV promoter in combination with the
RD114/TR envelope glycoprotein for pseudotyping the particles.
Importantly, these differences were physiologically relevant when
iCasp9 as a suicide gene was put under the respective promoter
control. Adding the clinically applicable apoptosis-inducing
dimerizer AP20187 in vitro, target cells containing the GOI under
the control of the MPSV promoter only underwent rapid apop-
tosis at concentrations of the dimerizer being relevant for clini-
cal studies.® Therefore, for further experiments (Figure 4b,5,6)
alpharetroviral constructs containing the MPSV promoter were
used only. In these studies, we could demonstrate that transduc-
tion had no impact on preT expansion rates regardless of whether
CD34+ cells were used either freshly isolated or after storage in
liquid nitrogen. This has important implications when evaluating
a cell product with a potential for “off the shelf” use. Last, trans-
duction of CB-derived CD34+ cells did not seem to influence the
differentiation pattern along the different stages of preT develop-
ment in vitro. However, this was the case only when EGFP alone
was used as GOL Adding a third-generation CD123 CAR to the
construct caused maturation delay in vitro as demonstrated by
a longer persistence of CD34 expression on CD5+ CD7+ early
preTs. This is relevant since the human CD34+ CD7+ cellular
equivalent to murine DN2 cells has the highest potential of thymic
seeding after cotransfer and will consecutively give rise to a fully
functional host MHC-restricted T-cell population.>**

With CD123 being expressed on hematopoietic precursor
cells, one might hypothesize that forced CD123 CAR expression
on CD34+ cells and their further differentiated progeny might
cause fratricide among CD123-expressing cells during in vitro
culture. Indeed, this seems to be the case early in the differen-
tiation process. However, this fratricide showed to be incomplete
and decreases over time, most likely caused by decreasing levels of
CD123 expression upon differentiation and an incomplete killing
machinery of preTs. In this context, one needs to state, that some
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functions of an introduced construct can be functionally assessed
only after preTs have undergone final maturation in the recipi-
ent. This holds specifically true for genes interfering with T-cell
effector mechanism such as TCRs and CARs. It was therefore
important to demonstrate in a humanized mouse model that the
engineered preTs had indeed thymus engrafting potential with
consecutive further T-cell developmental capacities in vivo.

Altogether, we apply a novel and improved alpharetroviral
vector system for the generation of genetically engineered preTs.
As proof of principle, we cloned three different genes of interest,
either EGFP, the suicide gene iCasp9 or a CAR against CD123
into this construct. If once considered for clinical use, this system
might have the potential to make engineering of preTs safer and
economically feasible.

MATERIALS AND METHODS

Primary samples and cell lines. Human UCB samples (approximately
50ml/sample), not eligible for banking, were obtained after written,
informed consent by the child’s mother. Procedures for the use of UCB for
this study were reviewed and approved by the medical ethics committee of
Hannover Medical School. CB mononuclear cells were isolated using Ficoll
density centrifugation and CD34 selection was performed using a CD34
microbead kit (Miltenyi Biotec, Bergisch Gladbach, Germany) accord-
ing to the manufacturer’s instructions. Purity of CD34+ cells was higher
than 95% as determined by postenrichment flow cytometric analysis.
CD34+ cells were cryopreserved in 50% fetal calf serum, 40% oMinimum
Essential Medium, and 10% dimethylsulfoxide.

OP9-DL1 cells were cultured in oMinimum Essential Medium
containing 20% heat-inactivated fetal calf serum. UCB CD34+ cells were
stimulated for 36 hours in X-VIVO 10 medium containing the following
human cytokines: stem cell factor (SCE, 100 ng/ml), thrombopoietin (TPO,
100 ng/ml), and FMS-like tyrosine kinase 3 ligand (FIt3L, 100 ng/ml) (all
PeproTech, Rocky Hill, NJ). Stimulated CD34+ cells were transduced on
Retronectin-coated 24-well plates. Cells were then transferred on 90%
confluent OP9-DL1 cell monolayers containing 20% fetal calf serum, SCF
(20ng/ml), TPO (20 ng/ml; until day 24), FIt3L (10 ng/ml), and interleukin
7 (10ng/ml). Every 4 days, preTs were harvested, passed through a 70 pm
filter, and transferred to new OP9-DL1 cell monolayers.

Human embryonic kidney 293T cells and the fibrosarcoma cell
line HT1080 were cultured in Dulbeccos modified Eagle’s medium
supplemented with 10% fetal calf serum. TdTomato.CD123-expressing
293T cells were generated by transduction with a gammaretroviral vector
encoding tdTomato and CD123 linked by an IRES sequence.

Mice. Animals in the experiments were used under protocols approved
by the State Government of Lower Saxony, Germany. NOD.cg-Prkdcs¢
IL2rg™"1/Sz (NSG) mice were purchased from Charles River, housed, and
bred in a pathogen free facility.

Hematopoietic cell transplantation. PreTs in combination with UCB-
derived CD34* HSCs were intrahepatically injected in 4 day old irradi-
ated NSG mice as previously described.” In brief, transgene-positive preTs
were sorted on day 11 of OP9-DLI coculture. 2x 10° preTs together with
0.2x10° HSCs were resuspended in 30 pl PBS containing recombinant
human interleukin 7 (rhIL-7) (2.5 pg) and the IL-7 antibody M25 (0.5 pg)
and consecutively injected intrahepatically into irradiated (1 Gy) newborn
mice. Controls were injected with HSCs alone. Mice were boosted with the
IL-7/M25 mixture every 5 days. Thymi were harvested 6 weeks after injec-
tion for flow cytometric analysis.

Vector construction and cloning. We utilized SIN alpharetroviral
vectors containing an MPSV or EFS promoter and a woodchuck post-
transcriptional regulatory element (PRE).*® EGFP was cloned into the
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constructs and expressed via an IRES sequence. Cloning details are
available on request.

Inducible caspase 9 was kindly provided by Prof. Malcolm K. Brenner,
Baylor College of Medicine, Houston, TX, USA. It is comprised of a mutated
human FK506-binding protein fused via an SGGGS linker to human caspase
9, and was linked by a 2A sequence to truncated human CD19 (ACD19).
The dimerizer agent (Clontech, Palo Alto, CA) is a synthetic nontoxic FK506
analog that upon administration leads to aggregation and activation of
inducible caspase 9 monomers and eventually induction of apoptosis.

A third-generation CD123-specific CAR containing the codon-
optimized sequences for a CD123-specific scFV, the transmembrane
region of the human CD28 molecule, the costimulatory signaling
endodomains of CD28 and 4-1BB, and the CD3( signaling domain, was
cloned into a SIN alpharetroviral backbone. EGFP or iCasp9 linked by an
IRES sequence was cloned downstream of the CAR cassette.

Cell transduction. For transient viral vector production, 293T cells were
transfected using a calcium phosphate transfection kit (Sigma Aldrich,
Steinheim, Germany) with MPSV or EFS constructs. They were combined
with plasmids encoding gag/pol and either the RD114/TR (described
previously, provided by Prof. Els Verhoeyen, Lyon, France) or the VSVG
envelope.” Retroviral supernatant was either freshly used or concentrated
by ultra-centrifugation, immediately frozen in dry ice, and stored at —80 °C
for further usage. The fibrosarcoma cell line HT1080 was used for deter-
mining the viral titer.

Before transduction, CD34+ cells were prestimulated for 36 hours in
X-VIVO 10 serum free medium (Lonza, Basel, Switzerland) at a maximal
density of 0.6 x 10¢/mlin the presence of SCF, TPO, and FIt3L (all 100 ng/ml;
PeproTech).

For the transduction of Jurkat cells, PBMCs and CB-derived CD34+
cells, 24-well plates were coated with Retronectin (Takara, Otsu, Japan)
overnight at 4 °C. Retroviral supernatant was added and plates were
spin-oculated (490xg, 1 hour, 4 °C) to facilitate retrovirus binding to
Retronectin. Subsequently, retroviral supernatant was removed and up to
15x 10* cells were added per well.

Flow cytometry. The following fluorochrome-conjugated antibodies were
purchased from BioLegend (San Diego, CA): CD3 (PerCPCy5.5), CD4
(Brilliant Violet 570), CD5 (Brilliant Violet421), CD8 (PE), CD34 (PECy?7),
CD45RA (APCCy7), CD123 (APC), Annexin V (PE) or BD Biosciences
(San Jose, CA): CD7 (APC), CD19 (PE), and Annexin V (APC). For
CD123 CAR staining, human IL3 receptor 0/CD123 protein with a His
Tag (Sino Biological, Beijing, China) and an anti-His Tag antibody (APC)
(R&D Systems, Minneapolis, MN) were used. Data were acquired using a
FACSCanto or LSRII (BD Biosciences) and analyzed using FlowJo software
(TreeStar, Ashland, OR). Untransduced cells were used as control.

g-RT-PCR for determination of vector copy numbers. Genomic DNA
was isolated from transduced CD34+ cells and vector copy numbers
determined by using the TagMan system (Qiagen, Hilden, Germany).
Quantitative PCR was performed on an Applied Biosystems (Darmstadt,
Germany) Step One Plus real-time PCR."” The primers are specific for the
vector PRE and the PTBP2 intron.* Vector copy numbers of CD34+ cell
samples were analyzed as previously described.*

Induction of apoptosis. Cells transduced with vectors containing the
iCasp9 and the ACD19 gene were sorted for CD19 using a FACSAria
cell sorter (BD Biosciences). AP20187 (Clontech) was added at increas-
ing concentrations. After 48-72 hours, cells were stained with Annexin V
(APC or PE) and analyzed within 1 hour by flow cytometry for apop-
totic cells. Alternatively, a construct encoding CD123 CAR and iCasp9
was used.

Generation of CAR T-cells and cytotoxicity assay. For the assessment of
the CAR functionality in vitro, human PBMCs were isolated from blood
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samples of healthy volunteers using Ficoll-Paque PLUS reagent (GE
Healthcare, Uppsala, Sweden) and were activated for 2 days with anti-CD3
antibody (50 ng/ml), anti-CD28 antibody (500 ng/ml) and IL-2 (25 U/ml).
Cells were transduced on 2 consecutive days with alpharetroviral super-
natant containing the CD123 CAR vector. After further expansion for 4
days, effector and target cells (293T cells expressing CD123 and tdTomato
linked via an IRES sequence) were cocultured at indicated ratios for 2 days.
Cytotoxicity was assessed by fluorescence microscopy or flow cytometry.

Enzyme-linked immunosorbent assay (ELISA). T-cells (2x 10°) and target
cells (2x10*) were incubated (effector:target ratio of 10:1) in V-bottom
96-well plates in the presence of IL-2 (25U/ml) and IL-7 (5ng/ml). After
24 hours, the culture supernatant was harvested and used in duplicates for
an IFNY ELISA (BioLegend).

Statistical analysis. Unless specified in the text, data were presented as
mean * standard error of the mean. The Student’s t-test was used to deter-
mine the statistical significance of differences between samples. P values
<0.05 were considered to be statistically significant.

SUPPLEMENTARY MATERIAL
Figure $1. CD123 expression is most prominently reduced in CAR.
GFP+ preTs.
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