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ABSTRACT

Background

Cytokine-induced killer cells are ex vivo-expanded cells with potent antitumor activity. The
infusion of cytokine-induced killer cells in patients with acute myeloid leukemia relapsing after
allogeneic hematopoietic stem cell transplant is well tolerated, but limited clinical responses
have been observed. To improve their effector functions against acute myeloid leukemia, we
genetically modified cytokine-induced killer cells with chimeric receptors specific for the CD33
myeloid antigen.

Design and Methods

SFG-retroviral vectors coding for anti-CD33-C and anti-CD33-CD28-OX40-C chimeric recep-
tors were used to transduce cytokine-induced killer cells. Transduced cells were characterized
in vitro for their ability to lyse leukemic targets (4-hour *'chromium-release and 6-day co-cul-
tures assays on human stromal mesenchymal cells), to proliferate (*H-thymidine-incorporation
assay) and to secrete cytokines (flow cytomix assay) after contact with acute myeloid leukemia
cells. Their activity against normal CD34" hematopoietic progenitor cells was evaluated by ana-
lyzing the colony-forming unit capacity after co-incubation.

Results

Cytokine-induced killer cells were efficiently transduced with the anti-CD33 chimeric recep-
tors, maintaining their native phenotype and functions and acquiring potent cytotoxicity (up to
80% lysis after 4-hour incubation) against different acute myeloid leukemia targets, as also con-
firmed in long-term killing experiments. Moreover, introduction of the anti-CD33 chimeric
receptors was accompanied by prominent CD33-specific proliferative activity, with the release
of high levels of immunostimulatory cytokines. The presence of CD28-OX40 in chimeric
receptor endodomain was associated with a significant amelioration of the anti-leukemic activ-
ity of cytokine-induced killer cells. Importantly, even though the cytokine-induced killer cells
transduced with anti-CD33 chimeric receptors showed toxicity against normal hematopoietic
CD34* progenitor cells, residual clonogenic activity was preserved.

Conclusions

Our results indicate that anti-CD33 chimeric receptors strongly enhance anti-leukemic
cytokine-induced killer cell functions, suggesting that cytokine-induced killer cells transduced
with these molecules might represent a promising optimized tool for acute myeloid leukemia
immunotherapy.
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Introduction

Acute myeloid leukemia (AML) is the most common
form of acute leukemia in adults and it accounts for 30%
of leukemia-related deaths in children.! Current
chemotherapy regimens ensure long-term remission only
in 30 to 50% of patients and the prognosis of relapsed
cases is very poor, with a low survival probability.” Novel
alternative approaches for refractory patients are, there-
fore, needed. T-cell-mediated immunotherapy using
unmanipulated donor lymphocyte infusion for the treat-
ment of leukemia recurrence in hematopoietic stem cell
transplant recipients has had some success in AML, but
the use of donor lymphocyte infusion carries a significant
risk of inducing graft-versus-host disease.* Cytokine-
induced killer (CIK) cells are T lymphocytes enriched in
CD3'CD56" cells, which can be easily and rapidly
expanded in vitro from human peripheral blood, bone mar-
row or cord blood mononuclear cells®® with the sequential
addition of interferon (IFN)-y, OKT-3 and high doses of
interleukin (IL)-2.7® It has been demonstrated that CIK
cells can lyse a broad array of tumor targets in a non-
MHC-restricted manner,’ have the capacity to migrate
toward tumor sites” and display anti-tumor activity in
vivo.”” In contrast, they show negligible alloreactivity and
a minimal tendency to induce graft-versus-host disease as
compared to allogeneic splenocytes.'""” The clinical appli-
cability of CIK cells has been proven by various phase I
studies performed so far,*** including our published
experience, during which we investigated the safety and
toxicity profile of donor-derived CIK cells in patients
relapsing after allogeneic hematopoietic stem cell trans-
plantation. Our study clearly indicated that the generation
of good manufacturing practice (GMP)-grade allogeneic
CIK cells and their subsequent infusion are feasible and
well tolerated. However, we registered only limited clini-
cal responses.”” There are several possible reasons for this,
but one of the most relevant might be related to the limit-
ed basal anti-leukemic activity of CIK cells, which
showed, in in vitro testing, only a mean lytic activity of
40% against patients’ leukemic cells with a wide donor-
dependent variability."” Moreover, since CIK cells are ter-
minally differentiated T-effector memory CD45RA*
(EMRA) lymphocytes,” they might have restricted sur-
vival in vivo.

Novel strategies do, therefore, need to be conceived to
increase the efficacy and persistence of CIK cells after injec-
tion. Chimeric receptors (CAR) represent an innovative
technology to redirect T-cell activity against tumors. We
previously demonstrated the potency of the CAR approach
in redirecting CIK cells against B-lineage acute lymphoblas-
tic leukemia and we highlighted, as demonstrated by oth-
ers,”"® the crucial role exerted by co-stimulatory molecules
in the CAR signaling domain, which significantly improve
the anti-tumor effector functions of CAR-expressing CIK
cells. Furthermore, a recent study indicated that the inclu-
sion of a tripartite CD28-OX40-C cytoplasmic domain into
a CAR leads to considerably higher proliferation and
cytokine release of in vitro-activated T cells” than what is
observed with the CAR containing only one co-stimulato-
ry domain. The so-called ‘third-generation” CAR might
conceivably represent optimal constructs, as also recently
shown in i1 vivo tumor models.”

With this study we aimed at improving CIK cell activity
against AML through the genetic modification of the cells
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with two different CAR specific for the CD33 myeloid
antigen, containing the T or the CD28-OX40-C signaling
domain.

Design and Methods
Cells

Bone marrow and peripheral blood cells were collected from
children with AML at diagnosis. Flow cytometry analysis showed
that between 80% and 98% of the blasts expressed the CD33
antigen. All leukemia samples were cryopreserved and subse-
quently thawed for each experiment. The Institutional Review
Board approved this study and informed consent was obtained
from patients or their guardians. The human B-lineage acute lym-
phocytic leukemia cell line (SUP-B15) was kindly provided by Dr.
Claudia Rossig (University Children’s Hospital, Muenster,
Germany), while the human acute myeloid cell lines HL-60 and
KG-1 and the human chronic myelogenous leukemia cell line
K562 were purchased from the American Type Culture Collection
(ATCC). These cell lines were maintained in RPMI-1640 supple-
mented with 10% fetal calf serum, L-glutamine and antibiotics
(complete RPMI medium) (Lonza, Bergamo, Italy). The human
telomerase reverse transcriptase (WTERT)" bone marrow-derived
mesenchymal cell line was kindly provided by Prof. Dario
Campana (St. Jude Children’s Research Hospital, Memphis, USA)
and was maintained in complete RPMI medium with the addition
of 10° M hydrocortisone (Sigma Aldrich, Milan, Italy). The human
renal epithelial cell line 293T was kindly provided by Dr. Martin
Pule (University College of London, London, UK) and was main-
tained in high-glucose Dulbecco’s modified Eagle’s medium
(Lonza), supplemented with 10% fetal calf serum, L-glutamine
and antibiotics.

Generation of cytokine-induced killer cells
CIK cells were prepared as previously described.' The method
is detailed in the Online Supplementary Appendix.

Flow cytometric analysis

Aliquots of cells were analyzed for the expression of various
surface markers using fluorescein isothiocyanate (FITC)-anti-CD8
(Exalpha Biologicals, Shirley, USA), phycoerythrin (PE)-anti-CD4,
(Exalpha Biologicals), peridinin-chlorophyll-protein complex
(PerCP)-anti-CD3 (Becton Dickinson, BD, San Jose, USA), PE-anti-
CD56 (IQ product, Groningen, The Netherlands), FITC-anti-
CD45RA (BD), PE-streptavidin-anti-mouse biotin-anti-CCR7 (BD)
and anti-CXCR4 (BD), PE-anti-CD33 (BD), allophycocyanin-anti-
CD34 (BD) with isotype-matched antibodies (BD), as controls.
CAR expression was detected with a cyanine 5 (Cyd) anti-Fc-
specific antibody (Jackson ImmunoResearch, Suffolk, UK), as pre-
viously described.” A FACScan (BD) flow cytometer device was
used to analyze the samples.

Chemotaxis and trans-Matrigel migration assays

Chemotactic migration assays were performed as previously
described” with a 96-well Transwell insert (5-um pore size;
Corning Costar, Corning, Amsterdam, The Netherlands), adding
300 ng/mL of the chemokine CXCL12 (PeproTech, Rocky Hill,
USA). The method is described in the Online Supplementary
Appendix.

Plasmids, retrovirus production and retroviral
transduction of cytokine-induced killer cells

The high-affinity, humanized rat anti-human CD33, 113, in sin-
gle chain fragment variable -Fv-(L-(gly4ser)4-H generated using
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UCB’s Selected Lymphocyte Antibody Method (kindly provided
by Dr. Helene Finney, UCB Celltech, Slough, UK), was cloned in
frame with CH2CH3-CD28transmembrane-C or CH2CH3-
CD28transmembrane-CD28-OX40-C in the SFG-retroviral con-
struct (kindly provided by Dr. Martin Pule). The retroviral super-
natant was produced by FuGENE 6 (Roche Diagnostic S.p.A.,
Monza, Italy)-mediated co-transfection of 293T cells with the
MoMLV gag-pol expression plasmid pEQ-PAMS3(-E) (kindly pro-
vided by Dr. Martin Pule), the RD114 env expression plasmid
pRDF (kindly provided by Dr. Yasu Takeuchi, Cancer Research
Technology, London, UK) and the SFG-anti-CD33.CAR vectors.
Supernatants containing retroviral particles were harvested 48 h
and 72 h after transfection, immediately frozen in dry ice, and
stored at -80 °C until further use. 293T cells were used to titrate
virus concentration. For transduction, 0.5x10° CIK cells at day 5 of
culture were resuspended in 2.5 mL of thawed viral supernatant
and seeded onto RetroNectin (TaKaRa BioEurope, Gennevilliers,
France)-coated 24-well non-tissue culture plates (BD). CIK cells
were then spin infected in the presence of IL-2 (600 U/mL) at 1600
rpm for 40 min and incubated for 72 h in a humidified incubator
at 37 °C, 5% COa.

Short-term and long-term cytotoxicity assays

The cytotoxicity of unmanipulated and anti-CD33.CAR-
modified CIK cells against leukemic cells was evaluated as previ-
ously described."” The methods are detailed in the Ounline
Supplementary Appendix.

Cell proliferation assay

CD33-specific proliferation was evaluated by °H-thymidine
(Amersham Pharmacia Biotech, Piscataway, USA) incorporation
as described in the Online Supplementary Appendix.

Cytokine production detection

For assessment of cytokine production, 2x10° unmanipulated
and anti-CD33.CAR-expressing CIK cells were stimulated with y-
irradiated HL-60 cells and primary AML cells at an effector cell:tar-
get cell (E:T) ratio of 1:5 ratio for 24 h. Levels of INF-y, tumor
necrosis factor (TNF)-o, TNF-B and IL-2 cytokines in culture super-
natants were determined with a Flow Cytomix assay (Multiplex
Bender MedSystem, Wien, Austria).

Colony-forming unit assay

CD34' cells were purified from cord blood by immunomagnetic
selection with anti-CD34 beads (Miltenyi Biotech, Bergisch
Gladbach, Germany), incubated for 4, 16, 24 and 48 h with unma-
nipulated or anti-CD33.CAR-transduced CIK cells at an E:T ratio
of 10:1. Residual CD34'CD33" progenitor cells were enumerated
by flow cytometry. CD34" cells were then plated at 5x10°
cells/well in a methylcellulose-based medium (MethoCult H4434;
StemCell Technologies Inc., Vancouver, Canada). After 14-21
days, colonies were counted as previously described.”

Statistical analysis

The results were compared by using the paired Student’s t
test. A P value of 0.05 or less was considered to be statistically
significant.

Results

Generation and characterization of anti-CD33.CAR-
transduced cytokine-induced killer cells

Healthy donor-derived CIK cells were efficiently gener-
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ated and transduced with the SFG-anti-CD33-C and SFG-
anti-CD33-CD28-OX40-T retroviral vectors, with a mean
CAR expression after 21 days of culture of 64% and 65%
(n=20), respectively (Figure 1A and 1B). The transduction
process did not alter the CIK cells’ native phenotype and
functions, determined at the same time point. In fact, the
phenotype of transduced CIK and unmanipulated CIK
cells was comparable (Figure 1B), with typical enrichment
in the CD3*CD56" population. Similar expansion rates
were registered in anti-CD33.CAR-transduced and unma-
nipulated CIK cells, with mean fold increases of 31, 25 and
24 (n=20) for anti-CD33-C, anti-CD33-CD28-0OX40-C and
unmanipulated cells, respectively (Figure 1C). Moreover,
anti-CD33.CAR-transduced CIK cells showed similar or
higher killing of the K562 cell line compared to unmanip-
ulated cells (Figure 2A) with a mean lysis, at an E:T ratio
of 5:1, of 53% (n=5) for anti-CD33-C-expressing CIK cells
and of 58% (n=5) for anti-CD33-CD28-OX40-C-
expressing CIK cells, compared to a mean lysis of 31%
(n=5; P=<0.05) of unmanipulated cells, which is likely relat-
ed to the expression of the CD33 antigen on these cells.”
Finally, analogous chemotactic activity and trans-Matrigel
migration in response to the CXCL12 chemokine were
observed, with a mean migration index (ratio of migrated
cells in the presence of CXCL12/migrated cells in the pres-
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Figure 1. Transduction with the anti-CD33.CAR does not alter the
native phenotype and in vitro expansion capability of CIK cells. (A)
The expression of anti-CD33.CAR on the surface of CIK cells was
evaluated by flow cytometry with a Cy5-conjugated-anti-human-Fc
antibody after 21 days of culture. The results of a representative
experiment are shown. (B) The expression of anti-CD33.CAR (Fc*)
and of CD3 along with CD56, CD8, CD4 and CXCR4 on the surface
of CIK cells and their memory phenotype (evaluated with
CCR7/CD45RA staining) was evaluated, by flow cytometry, after 21
days of culture. Data shown are mean + SD of 20 separate experi-
ments. (C) Expansion of CIK cells was calculated and expressed as
the fold increase in cell number at 14 days after transduction versus
the day of transduction. Data shown are mean * SD of 20 separate
experiments.
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ence of medium alone) of 4.3, 4.4 and 4.4 for anti-CD33-
¢, anti-CD33-CD28-0X40-C and unmanipulated CIK cells,
respectively (Figure 2B, upper panel), and a mean migra-
tion index through Matrigel of 3.9, 3.8 and 3.7 for anti-
CD33-C, anti-CD33-CD28-0X40-C and unmanipulated
CIK cells, respectively (Figure 2B, lower panel).

Anti-CD33.CAR-redirected cytokine-induced killer cells
acquire potent Iytic activity against different acute
myeloid leukemia targets

Anti-CD33.CAR-redirected CIK cells showed a strong
cytotoxic activity in classical 4-h “'chromium-release
assays (short-term cytotoxicity) against different CD33*
targets, including the HL-60 cell line (mean lysis, at an E:T
ratio of 5:1, 79%; n=7, for anti-CD33-C and mean lysis,
75%; n=7, for anti-CD33-CD28-OX40-¢ CIK cells), the
KG-1 cell line (mean lysis, at an E:T ratio of 5:1, 53%; n=4
for anti-CD33-C and mean lysis, 50 %; n=4, for anti-CD33-
CD28-OX40-C CIK cells), and primary AML samples
(mean lysis, at an E:T ratio of 5:1, 61%; n=8 for anti-
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Figure 2. Transduction with the anti-CD33.CAR does not alter native
CIK cell functions. (A) Reactivity of CIK cells against cells of the con-
trol K562 cell line was determined after 21 days of culture by a stan-
dard 4-h s*chromium-release assay. Data shown are mean = SD of
five separate experiments. Anti-CD33.CAR-transduced CIK cells dis-
played similar or higher killing of the K562 cell line compared to
unmanipulated cells, consistently with the reported expression of
CD33 on this cell line (**P<0.005 and *P<0.05 versus unmanipulat-
ed CIK cells). (B) The migratory activity of CIK cells in response to the
CXCL12 chemokine was determined by an in vitro chemotactic
assay in the absence (upper panel) and in the presence of reconsti-
tuted basement membrane (Matrigel) (lower panel) (n=4). The hori-
zontal line at the migration index 1.0 indicates lack of chemotaxis.
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CD33-C and mean lysis, 65%; n=8, for anti-CD33-CD28-
OX40-t CIK cells) (Figure 3A). Cytotoxicity of anti-
CD33.CAR-transduced CIK cells against AML cells was
not dependent on CD33 expression levels or on the sub-
type of AML, with up to 100% lysis even in the case of
CD33-low expressing AML cells (Figure 3B). In contrast,
unmanipulated cells were minimally cytotoxic against the
same targets (mean lysis, at an E:T ratio of 5:1, of HL-60
cells, 28%; n=7; P<0.005; mean lysis, at an E:T ratio of 5:1,
of the KG-1 cell line, 5%; n=4; P<0.005 and mean lysis, at
an E:T ratio of 5:1, of primary AML, 11%; n=8; P<0.005)
(Figure 3A). The killing activity of transduced cells was
specific for CD33-positive targets, as demonstrated by the
negligible levels of cytotoxicity of anti-CD33.CAR-
transduced CIK cells against the CD19* CD33" cell line
SUP-B15 (Figure 3A).

The capacity of anti-CD33.CAR-transduced CIK cells to
kill leukemic cells over time was then evaluated, in co-cul-
ture experiments on human stromal mesenchymal cells, at
low E:T ratios (1:200), in the absence of exogenous IL-2.
The presence of the CD28-OX40 co-stimulatory moiety in
the anti-CD33.CAR potently boosted the cytotoxicity of
CIK cells, to significantly higher levels than those
observed with anti-CD33-C CIK cells, which anyway dis-
played strong lytic activity in these assays (Figure 3C). In
fact, almost all leukemic blasts were eliminated from anti-
CD33-CD28-0X40-C-transduced CIK cells, with a mean
leukemic cell recovery of 4% (n=3) in the case of co-cul-
ture with HL-60 cells and of 16% (n=7) in the case of co-
culture with primary AML blasts, toward respectively, a
mean survival of 87% (n=3; P<0.005) and 91% (n=7;
P<0.005) in the presence of unmanipulated CIK cells and
of 25% (n=3; P<0.005) and 31% (n=7; P<0.05) in the pres-
ence of anti-CD33-C-transduced CIK cells.

Anti-CD33.CAR-redirected cytokine-induced killer cells
proliferate and release immunostimulatory cytokines
after specific CD33-stimulation, with a more pronounced
effect in the presence of the CD28-0X40 domain

The ability of anti-CD33.CAR-transduced CIK cells to
expand in vitro after CD33 engagement was measured, by
a *H-thymidine incorporation-assay, after 4 days co-cul-
ture with either y-irradiated HL-60 or primary leukemic
cells, in the absence of exogenous IL-2. As outlined in
Figure 4, the anti-CD33.CAR containing just the CT-chain
conferred a significant CD33-specific proliferative activity
to transduced CIK cells, with a mean proliferation index -
calculated as the ratio of stimulated/unstimulated cell pro-
liferation - of 2.2 (n=13) after HL-60-mediated stimulation,
and 2.4 (n=11) after primary AML cell-mediated stimula-
tion, compared to 0.9 (n=13; P<0.005) and 1.4 (n=11;
P<0.05), respectively, for unmanipulated CIK cells. The
introduction of the CD28-OX40 domain in the CAR intra-
cellular signaling region resulted in an even higher expan-
sion rate, with a mean proliferation index of 4.4 (n=13;
P<0.005) after HL-60-mediated stimulation, and 3.7 (n=11;
P<0.005) after primary AML cell-mediated stimulation. No
proliferation was registered when cells were co-cultured
with the CD19* CD33" SUP-B15 cell line (data not shown).

Expression of anti-CD33.CAR on CIK cells resulted in a
consistent improvement in the release of a panel of
immunostimulatory cytokines, including IEN-y, TNEF-q,
TNEF-B and IL-2 after 24-h stimulation with y-irradiated
HL-60 and primary AML cells at a 1:5 E:T ratio. HL-60 and
primary AML cells alone did not produce TNEF-f, and



released only low levels of IFN-y, TNF-a and IL-2 (data not
shown), which were subtracted from those measured in
CIK-stimulated cultures. After HL-60-mediated stimula-
tion, anti-CD33-C and anti-CD33-CD28-0X40-L CAR-
transduced CIK cells secreted 11-fold and 10-fold more
[EN-y (n=6; P<0.005 for anti-CD33-¢ and n=6; P<0.005 for
anti-CD33-CD28-0X40-t), 120-fold and 180-fold more
TNF-o (n=6; P<0.005 for anti-CD33-C and n=6; P<0.005
for anti-CD33-CD28-0X40-7), 250-fold and 600-fold
more TNF-f (n=6; P<0.005 for anti-CD33-C and n=6;
P<0.005 for anti-CD33-CD28-0X40-t), 1400-fold and
3800-fold more IL-2 (n=6; P<0.05 for anti-CD33-C and
n=6; P<0.05 for anti-CD33-CD28-OX40-C), compared to
unmanipulated cells (Figure 5A). When primary AML cells
were used as stimulators, except for IEN-y, which was
released at high levels also by unmanipulated CIK cells
(Figure 5B), as previously described,” a significant
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improvement in the production of TNF-a (n=6; P<0.05 for
anti-CD33-C and n=6; P<0.05 for anti-CD33-CD28-0OX40-
Q), TNF-p (n=6; P<0.05 for CD33-C and n=6; P<0.05 for
anti-CD33-CD28-0X40-T), and IL-2 (n=4; P<0.05 for anti-
CD33-C and n=4; P<0.05 for anti-CD33-CD28-0X40-()
was detected in anti-CD33.CAR-expressing CIK cells,
compared to unmanipulated CIK cells, without major dif-
ferences between the two receptors (Figure 5B).

In vitro colony-forming capacity of normal hematopoietic
progenitors is preserved after co-culture with
anti-CD33.CAR-transduced cytokine-induced killer cells
To assess the toxicity of anti-CD33.CAR-redirected CIK
cells against normal CD34*CD33* progenitors, transduced
CIK cells were incubated with cord blood derived-CD34-
immunopurified precursors at an E:T ratio of 10:1 and, at
different time-points (4, 16, 24 and 48 h), residual
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Figure 3. CIK cells expressing the anti-CD33.CAR acquire potent cytotoxic activity against AML. (A) Short-term cytotoxicity of CIK cells was
evaluated by a standard 4-h **‘chromium-release assay after 21 days of culture at E:T ratios of 20:1, 10:1 and 5:1. Anti-CD33.CAR-transduced
CIK cells showed a consistent cytolytic activity against the CD33* targets HL-60, KG-1, and primary AML compared to unmanipulated cells
(*P<0.05;**P<0.005), while negligible killing, similar to that exerted by unmanipulated cells, was registered against the CD33- cell line SUP-
B15. Data shown are mean * SD of seven, four, eight and four separate experiments, respectively. (B) Correlation of CD33 expression levels
on primary AML cells (evaluated as mean fluorescent intensity -MFI-) and cytotoxicity of anti-CD33.CAR-transduced CIK cells at an E:T ratio
of 20:1 (upper panel) and lytic efficiency (expressed as % cell lysis at an E:T ratio of 20:1) of anti-CD33.CAR-redirected CIK cells against dif-
ferent AML subtypes (lower panel). (C) CIK cells were co-cultured with HL-60 or primary AML cells at E:T ratios of 1:100 and 1:200 for 6

days on a human stromal mesenchymal cell layer in the absence

of IL-2. Leukemic cell recovery was evaluated by flow cytometry

(*P<0.05;**P<0.005). Data shown are mean + SD of three and seven independent experiments, respectively.
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CD34°CD33* were enumerated and subsequently seeded
for colony-forming assays. Anti-CD33.CAR-expressing
CIK cells showed significant cytotoxic activity against nor-
mal CD34*CD33" cells, with a mean survival at 48 h of co-
culture of 17% (n=3; P<0.05) for anti-CD33-¢, and 14%
(n=3; P=<0.005) for anti-CD33-CD28-0X40-¢, compared to
67% (n=3) for unmanipulated cells (Figure 6A). In three
different experiments, numbers of colony-forming unit-
granulocyte, macrophage (CFU-GM), CFU-granulocyte,
erythrocyte, macrophage, megakaryocyte (CFU-GEMM),
CFU-erythroid (CFU-E) and burst-forming unit-erythroid
(BFU-E) colonies derived from CD34* cord blood cells
(previously incubated for 48 h with anti-CD33-C and anti-
CD33-CD28-0X40-¢ CAR-expressing CIK cells) were
reduced (mean number of CFU-GM + CFU-GEMM, 4;
n=3; P<0.05 for anti-CD33-C and 11; n=3; P<0.05 for anti-
CD33-CD28-0X40-C and mean number of CFU-E + BFU-
E, 10; n=3; P<0.05 for anti-CD33-C and 16; n=3; P<0.05 for
anti-CD33-CD28-0OX40-C), compared to co-cultures with
unmanipulated CIK cells (mean number of CFU-GM +
CFU-GEMM, 21; n=3 and mean number of CFU-E + BFU-
E, 52; n=3) (Figure 6B). Total numbers of colonies were,
however, in the range of normality according to the assay
utilized.”

Discussion

In this study we demonstrated that the introduction of
anti-CD33-specific CAR into CIK cells is able to signifi-
cantly improve these cells’ effector functions against AML
cells in vitro. In particular, CIK cells acquired a considerably
greater lytic activity toward different AML cell lines and
primary leukemic samples, including those with a more
aggressive subtype. It is noteworthy that the killing effi-
ciency was not dependent on CD33 expression level on
target cells, as expected with the high-affinity 113-anti-
CD33 scFv,* thus suggesting that this approach might be
very effective also in cases of low antigenic expression.
We observed, as well, that anti-CD33.CAR-transduced
CIK cells were able to maintain the anti-leukemic cytotox-
icity over time in the absence of exogenous cytokines, and
this phenomenon might be explained by their acquired
CD383-specific proliferative potential. Moreover, the
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expression of the anti-CD33.CAR on CIK cells resulted in
an important release of IFN-y, TNF-a, TNF-p and IL-2,
which have been extensively demonstrated to have a cru-
cial role in tumor eradication.” The observed potency of
the anti-CD33.CAR containing the T-chain only, com-
pared to that reported in other studies,”"*® might be relat-
ed to various combined factors, including the high-affinity
of the scFv, the choice of the spacer region — human Fc,
reported to improve the activity of CAR by limiting the
formation of heterodimeric complexes with endogenous
T-cell molecules, compared to CD8a spacer — and the acti-
vation state induced in CIK cells by the high-doses of IL-
2. No direct comparison was performed in our experimen-
tal setting between the C-chain alone and ‘second-genera-
tion’ CAR containing the CD28-C and OX40-C domains
separately, since many data have already been published
in the literature on these molecules.’® Instead, we focused
on a CAR containing a tripartite endodomain, based on
the consideration that inclusion of a primary domain (),
an early signaling Ig superfamily member (CD28), with a
later signaling TNF superfamily (OX40) member, could be
considered an optimal construct to activate T cells fully.”®
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Figure 4. Anti-CD33.CAR expression on CIK cells confers them a
CD33-specific proliferation activity. CIK cells were stimulated with y-
irradiated HL-60 or primary AML cells at an E:T ratio of 1:1 for 72 h
and proliferation was estimated by *H-thymidine incorporation. Data
shown are mean = SD of 13 and 11 independent experiments,
respectively (*P<0.05;**P<0.005).

Figure 5. Anti-CD33.CAR
expression on CIK cells
results in a consistent
release of inflammatory
cytokines after specific
CD33-stimulation. CIK
cells were stimulated with
y-irradiated HL-60 (A) and
primary AML cells (B) at
an E:T ratio of 1.5 for 24
h. Release of IFN-y, TNF-q,
TNF-# and IL-2 was
detected in the culture
supernatants by flow
cytometry. Data shown
are mean + SD of six
+ independent experiments
(*P<0.05; **P<0.005).
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Figure 6. Cytotoxicity of anti-CD33.CAR-transduced CIK cells against normal myeloid progenitors. (A) CIK cells were incubated with cord
blood-purified CD34" progenitors at an E:T ratio of 10:1 and at different time-points residual CD34'CD33" cells were enumerated by flow
cytometry. Data shown are mean + SD of three independent experiments (*P<0.05; **P<0.005). (B) After co-incubation with CIK cells,
CD34" progenitors were seeded in methylcellulose-based medium and after 14-21 days CFU-GM- CFU-GEMM, CFU-E, and BFU-E colonies were
counted. Data shown are mean + SD of three independent experiments (*P<0.05; **P<0.005).

In line with these considerations, it is interesting to note
that the addition of the CD28-OX40 co-stimulatory
endodomain to the anti-CD33-T.CAR significantly
improved CIK cell effector functions, which might be rel-
evant to sustaining the activity of anti-CD33.CAR-
transduced CIK cells i1 vivo upon adoptive transfer, includ-
ing CD33-specific proliferation and cytokine secretion.
Besides, the benefit deriving from the CD28-OX40
endodomain was particularly evident in the long-term
cytotoxicity assay, which most likely reflects the potential
clinical situation, in which leukemic cells should be in
numeric advantage over effector cells and no exogenous
IL-2 is administered to the patient. The in vivo efficacy of a
CAR-based approach could be limited by its immuno-
genicity: CAR are artificial proteins that might be abnor-
mally processed and presented, thus generating new epi-
topes to which the immune system is not tolerant.
However, the major cause of immunogenicity is likely to
be represented by murine sequences present in the sckv
domain of the CAR molecules. Indeed, anti-CAR antibody
responses have been seen with some CAR, but this prob-
lem could be circumvented by using humanized scFv or
scFv derived from human monoclonal antibodies,®* as
we did in our study.

The functional improvements in the activity of CIK cells
against AML, obtained through anti-CD33.CAR expres-
sion, are not trivial. In the phase I trial previously pub-
lished by our group,” in which patients with different
hematologic disorders received infusions of CIK cells after
allogeneic hematopoietic stem cell transplantation, no evi-
dence of anti-tumor activity of CIK cells i vivo could be
found, even in those subjects who received the higher cell
doses. Despite these limited results in terms of clinical effi-
cacy, CIK cells still remain an interesting tool to be used
for leukemia cell therapy, because they can be generated
simply and expanded to high numbers under GMP condi-
tions, and because of their low propensity to cause graft-
versus-host disease. Our proposed strategy was, therefore,
specifically designed to implement their ability to kill
leukemic cells, but more importantly to persist through
leukemia-specific proliferation and secretion of IL-2, and
to further amplify the anti-leukemic response through the

release of IFN-y, TNF-a and TNF-f. Our results are very
promising in this sense and might, at least partially,
address the issue related to the limited efficacy of unma-
nipulated CIK cells observed i vivo in our previously pub-
lished phase I study.”

The idea of targeting the CD33 molecule was first
exploited with the use of gemtuzumab-ozogamicin, an
anti-CD33 monoclonal antibody conjugated with
calicheamicin, which has shown a certain degree of activ-
ity in clinical use, but also a suboptimal safety profile.
Even though gemtuzumab-ozogamicin is highly effective
as a single treatment for patients with molecular relapse of
acute promyelocytic leukemia,” the complete response
rate in AML is around 30%.” In addition, it has been
reported that treatment with gemtuzumab-ozogamicin is
associated with myelosuppression, neutropenia and
thrombocytopenia in almost all treated patients and
severe hepatotoxicity in approximately 20% of patients.”
CAR-mediated cell therapy might have several potential
advantages over gemtuzumab-ozogamicin. Anti-
CD33.CAR-expressing CIK cells should be able, once
infused, to infiltrate the tumor better and to exert a more
physiological anti-leukemic response compared to gem-
tuzumab-ozogamicin, activating and intensifying a tumor-
specific immune response, mediated only by the interac-
tion with the CD33 antigen and subsequent T-cell-
mediated lysis, without addition of a chemotherapeutic
agent that is toxic per se. Moreover, CIK cells genetically
modified with a CD33-specific CAR should avoid the
drug-resistance mechanisms that gemtuzumab-ozogam-
icin are typically subject to, such as dependence on CD33
expression levels” and capacity of the cells to internalize
the drug or to mediate the efflux from the cells through P-
glycoprotein.” In this study, in fact, we demonstrated that
anti-CD33.CAR-redirected CIK cells have a strong capaci-
ty to kill cells of the KG-1 cell line, known to be resistant
to gemtuzumab-ozogamicin activity.

The use of CD33 as a target antigen is not devoid of
problems. This antigen is, in fact, expressed on the surface
of normal hematopoietic precursor cells (myeloid, ery-
throid and megakaryocytic), and on Kippfer cells. This
pattern of expression might partially explain the toxicity
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profile of gemtuzumab-ozogamicin. The CAR-CIK-based
immunization strategy might have interesting advantages
also with regards to safety. As we demonstrated in our
study, even though anti-CD33.CAR-transduced CIK cells
killed some normal human hematopoietic progenitor cells,
a reduced, but consistent, number of clonogenic progeni-
tors were recovered in in vitro CFU assays. This could be
explained by the fact that not all normal CD34* CD38"
human hematopoietic progenitor cells express CD33 at
their surface, as reported by Taussig et al.® It should also
be noted that CIK cells could be further manipulated to
introduce safety systems that might prevent undesired
toxic effects or that might render cells rapidly eliminable
from the organisms, in the case of the occurrence of
unwanted events. For example, CIK cells might be manip-
ulated to prevent expression of an adhesion molecule or
chemokine receptors mediating migration/extravasation
to the liver* or through the introduction of a suicide gene.
Many suicide gene systems are available,” and we are cur-
rently comparing their efficacy (unpublished data). Our pre-
liminary data clearly show a potent and rapid clearance
capacity of the inducible caspase-9 system, which is at
least equally effective as the herpes simplex virus - thymi-
dine kinase approach, is clinically applicable,” and has the
important advantage of not being immunogenic.
Generally speaking, the addition of a suicide gene could be
considered an ideal strategy to optimize the safety of our
proposed approach. Other kinds of transduction
approaches are also under evaluation, such as self-inacti-
vating vectors and non-viral methods (e.g. transposons).
Major technical developments are under constant investi-
gation for a safer clinical translation.”

Finally, in this approach the CD33-independent toxicity
caused by free calicheamicin is completely abrogated,
while this is the main mechanism of gemtuzumab-
ozogamicin toxicity. Indeed, it has been described that this
toxin is accumulated in the hepatocytes inducing apopto-
sis and, therefore, contributes significantly to the hepatic
damage® that is among the limiting side effects observed
in patients treated with gemtuzumab-ozogamicin, partic-
ularly those receiving a hematopoietic stem cell transplant.

Anti-CD33 CAR-mediated efficacy in AML e

This aspect is of great relevance, taking into account that
anti-CD33.CAR-expressing cells would likely be used in a
post-transplant setting in the presence of molecular
relapse of AML.

Besides gemtuzumab-ozogamicin, other anti-CD33
unconjugated-antibody-based approaches are currently
under development, such as Micromet's anti-CD33-T-cell
receptor engager BiTE and Seattle Genetics' lintuzumab.
While no preclinical or clinical data on the former strategy
are yet available, the latter has already been tested in clini-
cal studies, in which it showed a moderate success,”* and
its mechanisms of action are currently under analysis.” We
believe, however, that a T-cell-based, CAR-mediated tar-
geting of AML might be a potentially better approach. T
cells, in fact, might have superior homing capabilities, can
amplify the anti-tumor immune responses through target-
specific cytokine release, and, last but not the least, can pro-
liferate after contact with tumor cells, thus ensuring a
boosted and persistent anti-tumor activity and, perhaps,
complete eradication of the disease. Obviously, this must
be counterbalanced by the possibly greater toxic effects on
the normal hematopoietic compartment: only i1 vivo stud-
ies will provide the necessary data on this issue.

Although we are aware that we need to have final proof
of the efficacy and safety of our anti-CD33.CAR-
transduced CIK cells in a murine xenogenic model, which
we are currently setting up, our results indicate that
CD33-redirection of CIK cells improves the cells’ effector
functions against AML and represents, compared to the
unmanipulated counterpart, a step forward in the
immunotherapy of resistant and relapsed AML.
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