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Abstract: CAR T cells have shown clinical efficacy for acute lymphoblastic leukemia, but this therapy has not been ef-
fective for acute myeloid leukemia (AML), and other treatment options are needed. Theoretically, CAR-NK cells have
a more favorable toxicity profile compared to CAR T cells, especially in avoiding adverse effects such as cytokine
release syndrome. However, the clinical evidence for this has not yet been reported. In the current study, we tested
the safety of CD33-CAR NK cells in patients with relapsed and refractory AML. At doses up to 5 x 10° (5 billion) cells
per patient, no significant adverse effects were observed. CAR NK-92 cells can be produced at much lower cost
compared to CAR T cells, and we believe after being optimized, they will be widely accessible for the treatment

of cancer.
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Introduction

Acute myeloid leukemia (AML) is a genetically
and clinically heterogeneous myeloid cell malig-
nancy. Although the rate of complete remission
can be as high as 80% following initial induc-
tion chemotherapy, the majority of AML patients
will eventually progress to relapsed or refracto-
ry (RR) disease [1]. RR-AML carries a poor prog-
nosis and introduces new challenges for treat-
ing these patients. Recently, several new drugs
and treatment strategies have been used for
RR-AML including hypomethylating agents, his-
tone deacetylase inhibitors, immunomodulato-
ry drugs, targeted tyrosine kinase inhibitors,
and cellular therapies. An ongoing cellular ther-
apy approach to treating cancer involves modi-
fied chimeric antigen receptor (CAR) T cells.
Given the clinical success of CD19-CAR T cell-

based therapies against B cell malignancies,
several studies have attempted to incorporate
a similar approach toward treating AML. Un-
fortunately, CAR T cells have not shown much
promise in treating AML. This is mainly because
the antigens present in AML (e.g., CD123) that
could be targeted by CAR T cells are also highly
expressed in normal myeloid cells and hemato-
poietic stem cells. Thus, targeting these anti-
gens by CAR T cells may cause severe myeloab-
lative toxicity [2], as well as other adverse
effects including off-target effects, cytokine
release syndrome, and neurotoxicity. There is a
growing interest in CAR NK cells for their thera-
peutic potential [3-12], specifically in using a
modified CAR-engineered form of the NK-92
cell line, which can provide an unlimited num-
ber of cells and thus a more cost-effective
approach to therapy.
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Figure 1. Preclinical characterization of CD33-CAR NK-92 cells. A. Diagram
of the third generation CD33-CAR vector. B. A representative flow cytometric
analysis showing NK-92 cells transduced with the CD33-CAR vector with ef-
ficiency greater than 90%. C. CD33-CAR NK-92 cells showed moderately en-
hanced killing capacity against the human promyelocytic leukemia cell line

10 a Good Manufacturing Pra-

ctice (GMP) facility. The in
vitro cytotoxicity of CD33-CAR
NK-92 cells was determined
by 4-hr standard 5'Cr release
assays, using the human HL-
60 promyelocytic leukemia
cell line as target cells. Three
refractory and relapsed AML
patients, treated with salvage
chemotherapy, were infused
with ®°Co-irradiated (10 Gy)
CD33-CAR NK-92 cells. The
doses of the infused CD33-
CAR NK-92 cells are detailed
in the Results section. The
Clinical Trials Identification
Number for our study was NC-
T02944162. All human work
was approved by the Soochow
University Institutional Review

HL60 when compared to parental NK-92 cells. The cytotoxicity of CD33-CAR Board.
NK-92 cells was determined by 4-hr standard 5'Cr release assays.

We herein report a first-in-man phase | trial of
CD33-CAR NK-92 cells in three patients with
RR-AML. To our knowledge, this is the first
report of a phase | clinical study using CAR
NK-92 cells in the treatment of RR-AML. The
objective of this study was to explore the safety
of escalating infusion doses of CAR NK-92 cells
in these RR-AML patients with high tumor
burden.

Materials and methods

We used a third generation CAR lentiviral con-
struct containing both CD28 and 4-1BB co-
stimulatory molecules, with an Fc fragment
inserted between the CD33 single chain vari-
able fragment (scFv) and CD28 to detect trans-
duced CAR cells. NK-92-MlI cells, which express
human IL-2 and were originally purchased from
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Results

The third generation CAR lentiviral construct is
shown in Figure 1A. The NK-92 cells were
transduced with the above-mentioned CD33-
CAR vector with an efficiency over 90% (Figure
1B). In vitro cytotoxicity assays demonstrated
a moderate enhancement of cytotoxicity of
CD33-CAR NK-92 cells against the human
HL-60 promyelocytic leukemia cell line com-
pared to parental NK-92 cells (Figure 1C). We
then treated three AML patients with salvage
chemotherapy, followed by infusion of %°Co-
irradiated (10 Gy) CD33-CAR NK-92 cells.

The first case was a 14-year-old girl diagnosed
with AML1-ETO(+), C-KIT(+), M4 AML (intermedi-
ate risk). She attained complete remission (CR)
after idarubicine (IDA) plus Ara-C (IDA 12 mg/
m?/d x 3 d and Ara-C 100 mg/m?/d x 7 d). After
2 cycles of consolidation chemotherapy with an
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Figure 2. Safety test of CD33-CAR NK-92 cells for the treatment of relapsed and refractory AML. A. Patients receiv-
ing chemotherapy from day -8 to -3 were infused with CD33-CAR NK-92 cells on days 1 (first day of cell infusion),
3, and 5. B. Body temperature of patients was measured daily after first CD33-CAR NK-92 cell infusion. C. Cytokine
levels in serum were detected by ELISA every other day after first CD33-CAR NK-92 cell infusion (as indicated). D.
The copy number of the minimal residual disease biomarkers AML1-ETO and WT1 was assessed by PCR in patients

prior to and post CD33-CAR NK-92 cell infusion.

intermediate dose of Ara-C combined with
fludarabine (FA: fludarabine 30 mg/m?/d x 5 d,
d1-d5 and Ara-C 2 g¢/m?/d x 5 d, d1-d5), she
received allo-HSCT from an unrelated 10/10
HLA-matched donor in July 2015. However, 15
months post-transplantation, the patient suf-
fered from pain and swelling in the right elbow
and right leg in October 2016. PET-CT scan
imaging showed that several hypermetabolic
lesions in the right elbow joint, left knee joint,
and right knee joint. Skin biopsy of the right
leg revealed extramedullary infiltration of AML
with 99.8% CD33+ expression. Upon skin biop-
sy, analysis of AML1/ETO fusion gene (by tran-
script copy humber) showed 20,588 copies per
10,000 ABL copies (all values normalized to
ABL). In addition, bone marrow examination
showed 4% blasts, AML1/ETO copy number of
1,574 per 10,000 ABL, WT1 mutation copy
number of 247 per 10,000 ABL, and 94.2%
donor chimerism determined by STR (short tan-
dem repeats) analysis. Flow cytometry showed
that minimal residual disease (MRD) was 1.4%
with 99% CD33+ expression. These results col-
lectively demonstrated molecular relapse in
conjunction with bone marrow and extramedul-
lary relapse. After chemotherapy with high dose
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cytarabine combined with mitoxantrone (MTZ)
(Ara-C 2 g/m?/q12 h x 4 d, d1-d4; MTZ 8 mg/
m?/d x 2 d, d5-d6), the patient received 3
doses of CD33-CAR NK-92 infusion in De-
cember 2017: 3 x 108, 6 x 108 and 1 x 10°
cells on days 1, 3, and 5, respectively (Figure
2A). The number of CAR NK-92 cells in the
peripheral blood were 4 x 10%/ml, 3.6 x 103/ml
and 2.9 x 103/ml on days 3, 5, and 8 post-infu-
sion. The patient suffered a moderate fever
(38.5°C) on the next day following the second
infusion that abated one day later (Figure 2B).
Analysis of cytokines showed that interleukin
(IL)-6 and IL-10 were drastically increased on
day 6 (i.e., following the third cell infusion on
day 5), but quickly changed back to normal in
48 hr. However, IL-17A, 1L-2, IL-4, TNF-a, and
IFN-y were not changed after cell infusion
(Figure 2C), and a grade | cytokine release syn-
drome (CRS) was observed. The patient experi-
enced relief of pain after the chemotherapy
treatment and CAR NK cell infusion. One month
following CAR NK cell treatment, BM evaluation
showed 0% blasts. MRD was 1.7 x 102 with
88.2% CD33+ expression. AML1/ETO and WT1
copy numbers decreased to 308 and 12 per
10,000 ABL, respectively (Figure 2D). The
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patient presented with right leg pain again at 3
weeks after the CAR NK-92 infusion. She then
received local radiotherapy (36 Gy total). Two
months later, the patient’s right leg lesions pro-
gressed. Four months after CAR NK-92 infu-
sion, the patient presented with hematological
relapse with 76% blasts in the BM, and further
treatment was not pursued.

The second case was a 24-year-old male who
presented in 2009 with fever and fatigue. He
was diagnosed with M4 AML containing chro-
mosomal abnormality t(3;16). He received two
courses of HAG chemotherapy (homoharringto-
nine +Ara-C+G-CSF) leading to complete re-
mission, followed by 10 cycles of consolidation
therapy with various regimens. In 2014, the
patient relapsed with extramedullary infiltra-
tion of leukemia cells in his eyes. After local
radiotherapy and high-dose cytarabine chemo-
therapy, the local lesion improved. In May
2015, his disease relapsed with 8% blasts
in the BM, and WT1 was 8,000 per 10,000
ABL. He received multiple chemotherapy treat-
ments, but complete remission was not ac-
hieved. In November 2016, the bone marrow
examination showed 27% blasts with 20.4%
CD33+ expression. After chemotherapy with
FLAG regimen (fludarabine 30 mg/m?/d x 5 d,
Ara-C 1 g/m?/d x 5 d and G-CSF 300 ug/d
d0-db), he received three doses of irradiated
CAR NK-92 cells: 3 x 108, 6 x 108, and 1 x 10°
cells on days 1, 3, and 5, respectively. CAR
NK-92 cells in the peripheral blood were dete-
cted at 7.4 x 103/ml, 7.6 x 103/ml, and 2.9 x
10%/ml at days 3, 5, and 8 post-first infusion.
Interleukin (IL)-17A and IL-10 were substantially
elevated on day 6 (following the third infusion),
whereas IL-6, IL-2, IL-4, TNF-a, and IFN-y were
not changed. A moderate fever (38.5°C) was
observed after infusion on day 1, but returned
to normal by day 2. The patient presented with
only grade | CRS. One month following CAR
NK-92 infusion, bone marrow examination
showed 75% blasts with 49% CD33+ and
45.8% CD123+ expression. In March 2017, two
months after CAR NK-92 infusion, the patient
received allo-HSCT from an unrelated donor
and achieved CR. He unfortunately relapsed 4
months after allo-HSCT and died of grade IV
severe GVHD after salvage chemotherapy com-
bined with donor lymphocyte infusion (DLI).

The third case was a 49-year-old woman who
presented with fever and fatigue. She was diag-
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nosed with CD33+ M4 AML with normal karyo-
type and multiple mutations including NRAS(+),
NPM1(+), DNMT3A(+), and TET2(+). The patient
achieved CR after induction chemotherapy of
decitabine combined with HAG (homoharringto-
nine +Ara-C+G-CSF). One month later, the
patient suffered extramedullary recurrence in
the skin. The skin lesions disappeared after an
intermediate dose of Ara-C+IDA chemotherapy
(Ara-C 1.5 g/m?/q12 h x 4 d, d1-d4; IDA 8 mg/
m?/d x 2 d, d5-d6). The patient then received
Ara-C+etoposide (Ara-C 1.5 g/m?/q12 h x 4 d,
d1-d4; etoposide 100 mg/m?/d x 2 d, d5-d6)
for consolidation therapy after which the muta-
tions in the above four genes were undetect-
able. In January 2017, 6 months after diagno-
sis, the patient relapsed with 37.5% blasts in
the BM. Flow cytometry showed 99.9% CD33+
expression. The copy number of WT1 increased
to 11,890 per 10,000 ABL. Further genetic
analysis revealed that the gene mutations
TET2, NPM1, and DNMT3A were present again.
The patient was given salvage chemotherapy
with Ara-C+MTZ (Ara-C 1.5 g/m?/q12 h x 4 d,
d1-d4; MTZ 10 mg/m?/d x 2 d, d5-d6), followed
by 3 doses of CAR NK-92 cell infusion: 1 x 10°,
3 x 10°% and 5 x 10° cells on days 1, 4, and 7,
respectively. IL-17A was elevated in the serum,
whereas the levels of IL-6, IL-2, IL-4, TNF-«,
IL-10, and IFN-y did not change after cell infu-
sion. The patient suffered from a high fever
(40°C) after cell infusion that returned to nor-
mal in two days. However, the patient had no
response to the treatment. Ten days after
CAR NK cell infusion, BM examination showed
79.5% blasts with 94.6% CD33+ expression.

Discussion

Here we demonstrated that CD33-CAR NK-92
cell infusions at doses up to 5 x 10° cells per
patient can be safely applied with no substan-
tial adverse effects. We performed infusions in
three RR-AML patients, in a series of three
increasing doses per patient. We were able to
detect CAR NK-92 cells in the blood of patients
following infusion. We plan to expand upon the
results of this study to design future clinical tri-
als. Our goal is to improve our study design so
as to identify patients who can best respond to
this type of therapy. One way to design a more
robust study involves identifying patients
whose tumor cells have high surface expres-
sion of a CAR-targeted gene. For example, the
CAR NK cells used in this study were specifi-
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cally engineered to target the CD33 antigen.
Patients with higher surface CD33 expression
may respond better to CD33-CAR-directed
therapy. We also have a concern regarding the
irradiation of CAR NK-92 cells. Irradiation of
CAR NK-92 cells prior to infusion was required
because the parental cell line was originally
derived from a lymphoma patient [13]. In our
study, we were able to detect the irradiated
cells up to one week after cell infusion. However,
the long-term survival of irradiated cells in a
patient is unlikely. There are other effects of
irradiating the CAR NK-92 cells, including
decreased cytotoxic potential (data not shown).
This presents a challenge when attempting to
treat a rapidly progressing cancer such as AML.
If irradiated CAR NK-92 cells have decreased
cytotoxicity, the applications of this therapy
may in fact be better optimized for a more slow-
ly developing disease, such as multiple myelo-
a (MM). Of note, our recently reported pre-
clinical studies showed that CS1-CAR NK-92
cells are effective against MM in vitro and in
vivo [4]. They also appear to have more robust
anti-tumor activity against MM compared to
that of the CD33-CAR NK-92 cells that were
used against AML [4]. In light of decreased
cytotoxicity, we also plan to address the above
concerns regarding irradiation, so as to main-
tain the potential use of CAR NK-92 cells for
AML treatment. The purpose of irradiation is to
prevent excessive expansion of the NK-92 cell
line in the patient. However, if we can avoid this
complication with an alternative method, irra-
diation of the cells will no longer be necessary.
In lieu of irradiating the cells, we propose incor-
porating suicide genes (two different ones are
preferred) into the NK-92 cell line, allowing con-
trol of the life span of the cells. This will allow us
to better maintain the viability and cytotoxicity
of the CAR NK cells, which will translate into
extended anti-tumor activity in the patient.

The mechanism of CAR-mediated therapies (of
both T and NK cells) depends on the binding
affinity and specificity of a CAR with its associ-
ated antigen. This binding interaction facilitates
the effector response designed to eliminate
malignant cells. Because of this, changes in
antigen binding can have a large impact on
the effectiveness of CAR-mediated therapy. In
our preclinical investigation, CD33-CAR NK-92
cells showed moderate efficacy in vitro. We
expect that enhancing CD33-CAR binding will
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improve the efficacy of the CAR NK cells. For
example, a modified CAR that is engineered
with higher affinity for CD33 may achieve an
improved clinical outcome. It has been report-
ed that variations of the CD33 transcript exist
in AML, and these differences may affect the
binding affinities to a CAR [14]. In addition,
there may be other AML-associated antigens
that can be targeted by CAR NK cells. One
example is FLT3, which is expressed on the
surface of AML blasts, and was the subject of
our recent report [15]. A combination CAR-
mediated therapy, in which multiple antigens
are simultaneously targeted in a patient by
their corresponding CARs, may provide a syner-
gistic effect and improved clinical response.
Additional research to optimize the targets of
CAR NK cells will certainly be valuable to
improving future clinical trials.

Another way to improve CAR NK cell clinical tri-
als will involve considering the ideal patient
population for this type of therapy. The three
patients in this study all had relapsed and
refractory AML. Due to the heterogeneous clini-
cal presentation of AML, it is unclear which sub-
sets of patients will best respond to CAR NK
cell therapy. For example, CAR NK cells may
contribute to a favorable clinical outcome when
used in conjunction with chemotherapy to pre-
vent relapse, as opposed to treating relapsed
and refractory AML patients. There may also be
certain patients who respond to CAR NK cells
as a first-line treatment (before chemotherapy).
More investigation is required to determine
which specific patient factors may influence the
response to CAR NK cell therapy.

In summary, here we report a phase | clinical
trial of CD33-CAR NK cells for relapsed and
refractory AML patients. Before the current
work, the safety of CAR NK cell therapy for AML
had not been demonstrated. We believe that
optimized off-the-shelf CAR NK-92 cells will
provide a novel treatment option that is clini-
cally advantageous and much more cost-effec-
tive compared to CAR T cells. Our phase | study
did not demonstrate obvious clinical efficacy,
yet this first-in-man clinical trial showed that
this therapy can be safely used in RR-AML
patients with high tumor burden. We believe
that with future modifications (e.g., optimizing
antigen affinity and preclinical efficacy, identify-
ing patients with less aggressive disease, and

Am J Cancer Res 2018;8(6):1083-1089
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avoiding the need for irradiation of the cell line),
CAR NK-92 therapy may provide a safe, eco-
nomic, off-the-shelf product for the treatment
of AML and/or other cancers.
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