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ABSTRACT

BACKGROUND

Anti-CD19 chimeric antigen receptor (CAR) T-cell therapy has shown remarkable
clinical efficacy in B-cell cancers. However, CAR T cells can induce substantial
toxic effects, and the manufacture of the cells is complex. Natural killer (NK) cells
that have been modified to express an anti-CD19 CAR have the potential to over-
come these limitations.

METHODS

In this phase 1 and 2 trial, we administered HLA-mismatched anti-CD19 CAR-NK
cells derived from cord blood to 11 patients with relapsed or refractory CD19-
positive cancers (non-Hodgkin’s lymphoma or chronic lymphocytic leukemia
[CLL]). NK cells were transduced with a retroviral vector expressing genes that
encode anti-CD19 CAR, interleukin-15, and inducible caspase 9 as a safety switch.
The cells were expanded ex vivo and administered in a single infusion at one of
three doses (1x10°, 1x10°, or 1x10” CAR-NK cells per kilogram of body weight)
after lymphodepleting chemotherapy.

RESULTS

The administration of CAR-NK cells was not associated with the development of
cytokine release syndrome, neurotoxicity, or graft-versus-host disease, and there
was no increase in the levels of inflammatory cytokines, including interleukin-6,
over baseline. The maximum tolerated dose was not reached. Of the 11 patients
who were treated, 8 (73%) had a response; of these patients, 7 (4 with lymphoma
and 3 with CLL) had a complete remission, and 1 had remission of the Richter’s
transformation component but had persistent CLL. Responses were rapid and seen
within 30 days after infusion at all dose levels. The infused CAR-NK cells ex-
panded and persisted at low levels for at least 12 months.

CONCLUSIONS
Among 11 patients with relapsed or refractory CD19-positive cancers, a majority
had a response to treatment with CAR-NK cells without the development of major
toxic effects. (Funded by the M.D. Anderson Cancer Center CLL and Lymphoma
Moonshot and the National Institutes of Health; ClinicalTrials.gov number,
NCT03056339.)
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HIMERIC ANTIGEN RECEPTORS (CARS)

have been used to redirect the specificity

of T cells against a number of hemato-
logic cancers with notable clinical responses.
For example, CAR T cells directed against CD19
induce remissions in 68 to 93% of patients with
acute B-lymphoblastic leukemia,? in 57 to 71%
of those with chronic lymphocytic leukemia
(CLL),>® and in 64 to 86% of those with non-
Hodgkin’s lymphoma.®® These remissions are
durable in a proportion of cases. Two anti-CD19
CAR T-cell products have been approved for
clinical use by the Food and Drug Administra-
tion (FDA).

Despite their antitumor activity, autologous
CAR-modified T cells have some logistic and
clinical limitations. CAR T cells are produced on
an individual-patient basis, which makes their
production complex and expensive. In a number
of patients, treatment with CAR T cells has been
associated with substantial toxic effects, including
cytokine release syndrome and neurotoxicity, which
involve treatment in specialized care units.*!! An
effective allogeneic product with a better safety
profile could overcome these limitations.

Natural killer (NK) cells that have been engi-
neered to express a CAR are candidate effectors
for cancer treatment. These cells of the innate
immune system play a pivotal role in immune
surveillance by targeting cancer or virally infected
cells that down-regulate HLA class I molecules
or express stress markers.’>3 NK cells from an
allogeneic source, such as cord blood, can be
safely administered without the need for full
HLA matching,”* which eliminates the need to
produce a unique CAR product for each patient.
Furthermore, allogeneic NK cells have a proven
track record of safety after infusion for adoptive
immunotherapy in patients with cancer.’>°

Thus, to harness the antitumor potential of
NK cells for clinical testing, we used a retroviral
vector that expresses genes that encode anti-
CD19 CAR, interleukin-15 to enhance the in vivo
expansion and persistence of the transduced NK
cells,” and inducible caspase 9 to trigger apopto-
sis of the CAR-NK cells in the event of unaccept-
able toxic effects.”® In a preclinical model of
lymphoma in mice, we found that NK cells that
had been derived from cord blood and trans-
duced with anti-CD19 CAR, interleukin-15, and
inducible caspase 9 had better antitumor activity
than nontransduced control NK cells.”® On the

strength of these findings, we undertook a
phase 1 and 2 trial to assess the safety and ef-
ficacy of escalating doses of CAR-NK cells for
the treatment of relapsed or refractory CD19-
positive cancers.

METHODS

STUDY DESIGN AND PATIENTS

Here, we report on the first 11 patients in this
ongoing study, with a data cutoff of April 2019.
(Details regarding enrollment are provided in the
Methods section in the Supplementary Appen-
dix, available with the full text of this article at
NEJM.org.) Briefly, patients underwent lympho-
depleting chemotherapy with fludarabine (at a
dose of 30 mg per square meter of body-surface
area) and cyclophosphamide (at a dose of 300 mg
per square meter) daily for 3 consecutive days,
followed by a single infusion of the trial CAR-NK
cells at escalating doses of 1x10° cells, 1x10° cells,
and 1x107 cells per kilogram of body weight.
Postremission therapy was permitted after the
day 30 assessment at the treating physician’s
discretion.

The first 9 patients received a CAR-NK product
that was partially matched with the HLA geno-
type of the recipient (4 of 6 matches at HLA loci
A, B, and DRB1) (Table 1 and Table S1 in the
Supplementary Appendix). The protocol was then
amended to permit treatment with no consider-
ation for HLA matching, which was the proce-
dure used in Patients 10 and 11. When possible,
we selected a cord-blood unit with killer immu-
noglobulin-like receptor (KIR) ligand mismatch®
for CAR-NK production. (KIR mismatch between
the donor and recipient may enhance the intrin-
sic [non-CAR-mediated] antitumor activity of NK
cells through a process known as missing-self
recognition.) Clinical responses to therapy were
based on the 2018 criteria of the International
Workshop on Chronic Lymphocytic Leukemia®
and on the 2014 Lugano classification for non-
Hodgkin’s lymphoma.?! (Details are provided in
the Supplementary Appendix.)

STUDY OVERSIGHT

The study was approved by the institutional re-
view board at the University of Texas M.D. Ander-
son Cancer Center and was conducted according
to the principles of the Declaration of Helsinki.
Written informed consent was obtained from all
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median of 4 lines of therapy (range, 3 to 11). Five
patients had CLL (including 2 who had Richter’s
transformation or accelerated CLL), and all had
a history of disease progression while receiving
ibrutinib plus a minimum of 3 other lines of
therapy; all 5 patients had high-risk genetic
characteristics. Six patients had lymphoma, in-
cluding 2 with diffuse large B-cell lymphoma
and 4 with the follicular form; 3 of these pa-
tients underwent transformation to high-grade
lymphoma. Of the 6 patients with lymphoma,
4 had undergone disease progression after autol-
ogous hematopoietic stem-cell transplantation
and 2 had refractory disease.

SAFETY

After the infusion of CAR-NK cells, none of the
patients had symptoms of cytokine release syn-
drome, neurotoxicity, or hemophagocytic lympho-
histiocytosis. Moreover, we did not observe any
cases of graft-versus-host-disease, despite the
HLA mismatch between the patients and their
CAR-NK products. As expected, all the patients
had transient and reversible hematologic toxic
events, which were mainly associated with the
lymphodepleting chemotherapy. We cannot deter-
mine whether the infusion of CAR-NK cells con-
tributed to the hematologic toxicity. There were
no cases of tumor lysis syndrome or grade 3 or 4
nonhematologic toxicity. The maximum tolerated
dose of CAR-NK cells was not reached. Table 2
lists all the adverse events that were observed in
the study. No patient was admitted to an inten-
sive care unit (ICU) for management of adverse
events associated with CAR-NK cells. However,
Patient 2 was admitted to the ICU for treatment
of progressive lymphoma and subsequently died.
Given the absence of serious toxicity in the study,
we did not activate the caspase 9 safety switch
(with rimiducid) to eliminate the CAR-NK cells.

TREATMENT RESPONSE

At a median follow-up of 13.8 months (range
2.8 to 20.0), 8 patients (73%) had an objective
response, including 7 patients (3 with CLL and
4 with lymphoma) who had a complete response
(Fig. 1). An additional patient who had CLL with
Richter’s transformation (Patient 5) had a com-
plete remission of high-grade lymphoma, according
to the absence of lesions with fluorodeoxyglu-
cose uptake on positron-emission tomography—
computed tomography (PET-CT) performed 30 days

after the CAR-NK infusion, but continued to
have cytopenia, with bone marrow infiltration
by CLL (Fig. S2). Although this patient eventu-
ally had a complete response while receiving
postremission therapy (see below), we did not
attribute this response to the CAR-NK therapy.
In all 8 patients, the response to treatment oc-
curred during the first month after infusion. Of
the 11 patients who were treated, 5 received a
KIR ligand—mismatched product. It was not pos-
sible to assess the effect of KIR ligand mismatch
on outcomes in such a small series.

POSTREMISSION THERAPY

Of the 8 patients who had a response to CAR-NK
therapy, 5 underwent postremission therapy
(Fig. 1). Patient 3 (Who had CLL) had subsequent
minimal residual disease, as detected on flow
cytometry of peripheral blood, 9 months after
infusion and received rituximab. Patient 7 (who
also had CLL) had a clinical complete response
but had persistent minimal residual disease and
received lenalidomide as an immunomodulatory
agent, beginning 6 weeks after infusion. Patient 8
(who had transformed follicular lymphoma) and
Patient 11 (who had follicular lymphoma) under-
went hematopoietic stem-cell transplantation af-
ter CAR-NK therapy while in complete response
without evidence of minimal residual disease.
Patient 5 (who had CLL with Richter’s transfor-
mation) had remission of high-grade lymphoma
but had persistent CLL and received venetoclax.
All these patients were alive and in complete
remission on the date of the last assessment,
although Patients 3, 5, and 7 continue to have
positive results for minimal residual disease.

B-CELL APLASIA

Since B-cell aplasia has been used as a surrogate
for anti-CD19 CAR T-cell activity, we measured
the frequencies of CD19-positive B cells in the
peripheral blood of patients after the infusion of
CAR-NK cells. All the patients except for Patients
1 and 5 had B-cell aplasia associated with previ-
ous B-cell-depleting therapies at the time of en-
rollment. In Patient 1, B-cell aplasia developed
after CAR-NK therapy and lymphodepleting che-
motherapy. Patient 5 had persistent CLL in pe-
ripheral blood, despite having had a complete
response with respect to the high-grade trans-
formation, until he received venetoclax. Patient 3
had evidence of B-cell recovery coincident with
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recurrent positivity for minimal residual disease.
None of the remaining patients had recovery of
a normal B-cell count during the follow-up
period.

CAR-NK EXPANSION, MIGRATION, AND PERSISTENCE
We used a quantitative real-time polymerase-
chain-reaction assay to measure in vivo expan-
sion of CAR-NK cells according to the number
of vector transgene copies per microgram of
genomic DNA. Expansion was seen as early as
3 days after infusion, with CAR-NK cells persist-
ing for at least 12 months (Fig. 2A and Table S3).
The peak CAR-NK copy number was measured
3 to 14 days after infusion and was dose-depen-
dent. Beyond day 14, no dose-related differences
were noted in the level of peripheral-blood tran-
scripts or in the persistence of CAR-NK cells. As
has been reported in patients treated with CAR-T
cells,>®?* patients in our study who had a re-
sponse to therapy had a significantly higher
early expansion of CAR-NK cells than those who
did not have a response (Fig. 2B). We did not ob-
serve a difference in the persistence of CAR-NK
cells according to the degree of HLA mismatch
with the recipient (Table 1 and Fig. S3). These
results were confirmed by means of flow cytom-
etry (Fig. S4).

In 2 patients with available lymph-node sam-
ples, more CAR-NK cells were found in the lymph
nodes than in the bone marrow or peripheral
blood (Figs. S5 and S6), a finding that supports
the notion that CAR-NK cells home in on dis-
ease sites. Similar levels of CAR-NK cells were
detected in the bone marrow and peripheral
blood in the 10 patients with available samples
(Fig. S7).

The minimal number of contaminating CAR-
expressing T cells in the product did not result
in detectable CAR T-cell expansion after infu-
sion, nor did the CD3+ T cells result in the de-
velopment of graft-versus-host disease (Fig. S8).
CAR-NK cells were still detectable at low levels
in patients who did not have a response or who
had a relapse, despite the expression of CD19 in
the tumor cells, which suggests the presence of
alternative immune escape mechanisms, such
as induction of CAR-NK exhaustion. Functional
studies of the residual CAR-NK cells in the pa-
tients with relapse have not been performed. The
persistent CAR-NK cells did not expand in vivo
at the time of relapse.
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Table 2. Adverse Events in the 11 Study Patients.*

Adverse Event

Cytokine release syndrome 0
Graft-versus-host disease 0
Neurologic event 0
Hematologic event
Neutropenia
Lymphopenia

Thrombocytopenia

N o0~

Anemia
Cardiovascular event

Chest pain

Hypertension

Atrial fibrillation

A~ O N

Tachycardia
Constitutional event

Fatigue 3

Insomnia 2
Infection

Bacterial 1

Viral 1
Miscellaneous

Blurred vision

Headache or dizziness

Pleural effusion

Skin discoloration

N = = N

Muscle or bone pain
Laboratory values
Elevated creatinine
Elevated alanine aminotransferase
Elevated C-reactive protein
Elevated ferritin
Hyperglycemia
Elevated lactate dehydrogenase

Hypoalbuminemia

N NN BN H W

Electrolyte abnormality

Grade 1l or2 Grade 3

no. of patients

0
0

N O O N

o O = O

o O O o o

—H O O O O O O o

Grade 4

o

10

o o O o o o

o

o O O o o

O O O O O O o o

s

« Listed are all adverse events that were reported in the 11 patients from the

time of infusion of CAR-NK cells until day 40, regardless of whether the inves-
tigators attributed the events to the treatment. Abnormalities caused by the

original disease are not listed.

ANALYSIS OF SERUM CYTOKINES
The supernatants from serial peripheral-blood
samples were measured for inflammatory cyto-
kines as well as for interleukin-15, which was
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Figure 1. Clinical Response to CAR-NK Therapy and Postremission Treatments.

Shown are the clinical outcomes and subsequent therapies for the 11 patients who were treated with anti-CD19 chi-
meric antigen receptor (CAR) natural killer (NK) cells in our study. Responses were confirmed and assessed accord-
ing to the 2018 criteria of the International Workshop on Chronic Lymphocytic Leukemia and the 2014 Lugano classifi-
cation for non-Hodgkin’s lymphoma. The indicated responses include partial response (PR) and complete response
(CR); MRD denotes minimal residual disease, as assessed on multiparameter flow cytometry, with or without bone

marrow (BM) infiltration. Patient 3 received four doses (x4) of rituximab; for Patients 5 and 7, the dashed white line
indicates the duration of postremission therapy. HSCT denotes hematopoietic stem-cell transplantation.

encoded by the retroviral vector that was used to
produce the CAR-NK cells. We observed no in-
crease in the levels of inflammatory cytokines
(e.g., interleukin-6 and tumor necrosis factor «)
as compared with the baseline levels, nor did we
find an increase in the systemic levels of inter-
leukin-15 over pretreatment values, which indi-
cated that interleukin-15 was not released to
substantial systemic levels by CAR-NK cells in the
peripheral blood after infusion (Fig. S9).

INDUCTION OF ALLOIMMUNE ANTIBODY RESPONSES
AGAINST THE DONOR

All the patients received HLA-mismatched CAR-
NK products. Patients 1 through 9 received a
product with partial matching at 4 of 6 HLA
molecules, whereas Patients 10 and 11 were re-
cipients of non—-HLA-matched CAR-NK cells.

Thus, we monitored for the induction of donor-
specific HLA antibodies. At all the time points
when testing was performed, no antibody induc-
tion against the mismatched HLA alleles of the
infused product was observed (Table S4). Host
cellular responses were not assessed.

DISCUSSION

We present the early results of a phase 1 and 2
study of NK cells that were derived from cord
blood and engineered to express anti-CD19 CAR,
interleukin-15, and an inducible caspase 9 safety
switch. This therapy was tested in heavily pre-
treated patients with multiply relapsed or refrac-
tory CLL or non-Hodgkin’s lymphoma (Table 1).
At a median follow-up of 13.8 months, 8 of the
11 treated patients (73%) had an objective re-
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Figure 2. Persistence of CAR-NK Cells after Infusion.

Panel A shows measurements of CAR-NK cells in peripheral-blood samples, as assessed on quantitative polymerase-chain-reaction
assay, according to the dose of CAR-NK cells received by the patient. The horizontal gray line at 3 copies per microgram of DNA represents
the lower limit of quantification for this assay. The solid horizontal bars indicate the median copy numbers at the various time points for
each dose level. After a single infusion of CAR-NK cells, CAR sequences could be detected in all 11 patients. The values increased and
remained detectable in peripheral blood for up to 1 year after infusion, regardless of the dose level. No relationship was observed be-
tween the administered cell dose and the CAR-NK copy number beyond day 14 after infusion, which suggests that the persistence of
CAR-NK cells was driven by in vivo proliferation of the infused cells. The length of follow-up varied among the patients. Panel B shows the
peak copy humbers of CAR-NK cells in the first 28 days after infusion for the 11 patients, according to their response to therapy. Patients
who had a response at day 30 had a significantly higher copy-number peak of CAR-NK cells after the infusion than those who did not
have a response (median value, 31,744 vs. 903 copies per microgram; P=0.02). The black horizontal bars indicate median values.

sponse (4 of 5 patients with CLL and 4 of 6 with low levels for at least 12 months, despite the
non-Hodgkin’s lymphoma); 7 of 11 patients substantial HLA mismatch between the infused
(64%) had a complete response. Responses were NK cells and the recipient. The inclusion of inter-
rapid and seen at all dose levels. Response dura-

tions cannot be assessed because of the admin-

leukin-15 in the construct may have played an
istration of other therapies, starting as early as

important role in the persistence and antitumor

activity of these CAR-NK cells. Although con-
30 days after the infusion of CAR-NK cells. The tinuous in vitro exposure to exogenous inter-

lymphodepleting chemotherapy regimen used in leukin-15 was reported to induce NK-cell ex-
our trial was similar to that used in most CAR haustion,” our preclinical data show that the
T-cell studies and could have partially contributed interleukin-15 in the construct did not lead to ex-
to the objective responses, although it is impor- haustion of CAR-NK cells but instead increased

tant to note that these patients were considered their antitumor activity.'®

to have chemotherapy-resistant disease at study

The absence of rejection of the CAR-NK cells
entry.

by the recipient may be due to multiple factors.

After adoptive immunotherapy, nonengineered In our study, the long-term persistence of HLA-
NK cells typically disappear by 2 weeks after mismatched CAR-NK cells would probably have
infusion,™® a property that has limited their been mediated by a permissive environment cre-
clinical utility. We found an expansion of the ated by the lymphodepleting regimen combined
infused CAR-NK cells and their persistence at with the ectopic expression of interleukin-15 by
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the CAR-NK cells, which led to enhanced expan-
sion and persistence of the transduced cells. Yet
these persistent cells were not sufficient to pre-
vent relapse, and relapse did not appear to lead
to the subsequent in vivo expansion of the cells.

A proportion of the patients who are treated
with anti-CD19 CAR T cells have a subsequent
relapse, with a 1-year progression-free survival
of approximately 30% among patients with CLL
and 45% among those with non-Hodgkin’s lym-
phoma.*®® In view of these outcomes, our study
allowed for remission consolidation therapy with
an immunomodulatory agent, anticancer drug,
or hematopoietic stem-cell transplantation at the
discretion of the treating physician. However, the
use of postremission therapy in this study limits
our assessment of the durability of response after
CAR-NK therapy.

We found that allogeneic CAR-NK cells can
be delivered in adoptive transfer without the se-
rious cytokine release syndrome and neurologic
toxic effects that have been associated with CAR
T-cell therapy. However, we observed high-grade
transient myelotoxicity, which we attributed to
the lymphodepleting chemotherapy. We are un-
able to assess whether the CAR-NK cells contrib-
uted to the myelotoxicity. Despite the substantial
HLA disparity between the CAR-NK cells and
the recipient, no graft-versus-host disease was
noted, a finding that was consistent with the
results of both preclinical and clinical studies of
allogeneic NK cells.”>**?” Although the prepara-
tions of CAR-NK cells contained some donor
T cells, the number of these cells was appar-
ently insufficient to initiate a graft-versus-host
disease pathway. It is thought that CAR T-cell
toxic effects such as cytokine release syndrome
are largely mediated by interleukin-6, which is
secreted by both CAR T cells and myeloid
cells.”»? NK cells secrete less interleukin-6 than
T cells. In addition, the cross-talk between NK

cells and the myeloid compartment differs from
that of T cells.” In our study, the levels of in-
flammatory cytokines such as interleukin-6, tu-
mor necrosis factor «, and interferon-y remained
stable at low levels throughout.

The existing FDA-approved products contain-
ing CAR T-cells are patient-specific (autologous),
which makes their manufacture complex and
costly.33! In our study, patients were enrolled
sequentially with a minimum enrollment inter-
val of 2 weeks to ensure safety. Thus, a fresh
product of CAR-NK cells was manufactured for
each patient. However, we have shown that it is
possible to produce more than 100 doses of
CAR-NK cells from a single cord-blood unit.*
This capability, together with the apparently
minimal HLA-matching requirements between
the donor of CAR-NK cells and the patient, may
pave the way for a truly off-the-shelf product that
could increase treatment accessibility for many
more patients. This possibility has yet to be
verified, since no patient has received cryopre-
served and thawed CAR-NK cells and been shown
to have antitumor responses. The fact that we
cannot ascertain the durability of the response is
another factor that limits conclusions about the
efficacy of these cells. However, our preliminary
results show that CAR-NK cells can induce re-
sponses in patients with high-risk CD19-positive
cancers with relatively few adverse events aside
from transient myelotoxicity.

A data sharing statement provided by the authors is available
with the full text of this article at NEJM.org.
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