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CELL BIOLOGY

Loss of metabolic fitness drives tumor resistance after
CAR-NK cell therapy and can be overcome by cytokine
engineering

Li Li't, Vakul Mohanty?t, Jinzhuang Dou?*, Yuefan Huang?t, Pinaki P. Banerjee', Qi Miao?,

Jens G. Lohr®*>, Tushara Vijaykumar?®, Julia Frede®*, Birgit Knoechel*>°, Luis Muniz-Feliciano’,
Tamara J. Laskowski', Shaoheng Liang®’, Judy S. Moyes’, Vandana Nandivada’, Rafet Basar’,
Mecit Kaplan', May Daher’, Enli Liu', Ye Li', Sunil Acharya', Paul Lin", Mayra Shanley’,

Hind Rafei', David Marin', Stephan Mielke®®, Richard E. Champlin’, Elizabeth J. Shpall’,
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Chimeric antigen receptor (CAR) engineering of natural killer (NK) cells is promising, with early-phase clinical
studies showing encouraging responses. However, the transcriptional signatures that control the fate of CAR-NK
cells after infusion and factors that influence tumor control remain poorly understood. We performed single-cell
RNA sequencing and mass cytometry to study the heterogeneity of CAR-NK cells and their in vivo evolution after
adoptive transfer, from the phase of tumor control to relapse. Using a preclinical model of noncurative lympho-
ma and samples from a responder and a nonresponder patient treated with CAR19/IL-15 NK cells, we observed
the emergence of NK cell clusters with distinct patterns of activation, function, and metabolic signature asso-
ciated with different phases of in vivo evolution and tumor control. Interaction with the highly metabolically
active tumor resulted in loss of metabolic fitness in NK cells that could be partly overcome by incorporation of IL-
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15 in the CAR construct.

INTRODUCTION

Chimeric antigen receptor (CAR) T cell therapy has emerged as a
promising approach in which T cells are engineered to recognize a
specific target on tumor cells. Several CAR T cell trials have shown
durable remissions in patients with relapsed or refractory hemato-
logic cancers (1-6), resulting in U.S. Food and Drug Administration
(FDA) approvals of multiple CAR T cell products (7). Although
these clinical responses are very encouraging, the potent systemic
immune activation responsible for the efficacy of CAR T cell treat-
ment may induce life-threatening toxicities (8).

NK cells are an attractive resource for immunotherapy. NK cells
are innate cytotoxic lymphocytes that have intrinsic antitumor
function and play an important role in surveillance and elimination
of cancer (9). While T cell receptors recognize peptide antigens pre-
sented on human leukocyte antigen (HLA) molecules, NK cells can
mediate cytotoxicity and induce death of target in an HLA-unre-
stricted manner. Also, unlike CAR T cells, which are most common-
ly derived from autologous donors, NK cells can be generated from
a wide range of allogeneic sources without inducing graft-versus-
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host disease, allowing for the development of well-characterized
cell products that can be made available off the shelf for clinical
use (10). Cytokine release syndrome and neurotoxicity are less
likely to occur with CAR-NK therapy (11), possibly due to CAR-
NK cells having a different cytokine profile from CAR T cells (12).

In the clinical setting, although CAR T cell therapy has led to
initial impressive results, between 30 and 50% of patients experi-
enced relapse after having achieved complete remission (2, 4). Sim-
ilarly, despite showing an excellent safety profile and encouraging
responses, a subset of patients treated with CAR-NK cells developed
progressive disease (11). Therefore, it is important to identify the
underlying mechanisms responsible for disease relapse. Extensive
studies of CAR T cell therapy describe resistance as often resulting
from antigen loss or T cell dysfunction (13, 14). For CAR-NK cell
therapy, however, the mechanisms driving resistance and disease
relapse have not been fully elucidated.

Here, we investigated mechanisms that may be associated with
resistance to CAR-NK cell therapy. To accomplish this, we designed
an in vivo study to recapitulate the kinetics of CAR-NK cell activity
in a noncurative CD19" lymphoma model. We used single-cell tran-
scriptomic and proteomic profiling to interrogate the heterogeneity
in CAR-NK cells and their functional, phenotypic, and transcrip-
tional evolution over time. Our results reveal a previously uniden-
tified mechanism of tumor resistance to CAR-NK cell therapy
characterized by transcriptional signatures indicating loss of meta-
bolic fitness associated with NK cell dysfunction. The antitumor
effect can be improved by armoring CAR19 NK cells with interleu-
kin-15 (IL-15) to increase their metabolic fitness and effector func-
tion. Moreover, we show that administering a second dose of
CARI19/IL-15 NK cells at the time of minimal measurable disease
can result in enhanced tumor control in vivo. Finally, by comparing
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the transcriptional profiles of CAR-NK cells from a responder and a
nonresponder patient after treatment with CAR19/IL-15 NK cells,
we reproduce our observations that the ability of CAR-NK cells to
clear the tumor is closely linked to their metabolic fitness.

RESULTS
Single-cell transcriptome profiling reveals distinct
phenotypic, functional, and metabolic profile of NK cells
after CAR engineering
We previously showed that CAR-engineered cord blood (CB) NK
cells displayed higher antitumor cytotoxicity in vitro and in vivo
when engineered to coexpress a CAR and IL-15 (15). To further in-
vestigate how IL-15 modulates and/or synergizes with CAR-medi-
ated signaling in NK cells, we genetically engineered NK cells to
express either CARI9 alone, IL-15 alone, or CAR19 + IL-15
(herein referred to as CAR19/IL-15) (Fig. 1A). Nontransduced
(NT) NK cells were used as control. After activation, transduction,
and in vitro expansion (day 14 of culture), NK cells were collected
for single-cell RNA sequencing (scRNA-seq). Upon completion of
quality filtering, a total of 1613 cells were retained from four prod-
ucts for subsequent analysis (see Materials and Methods and table
S1). Data visualization by uniform manifold approximation and
projection (UMAP) (16) and unsupervised clustering identified
four main clusters, each with a distinct cell population for the dif-
ferent engineered NK cell groups when compared to NT-NK cells
(Fig. 1B). While cluster 3 comprised a large portion (40%) of IL-15
and CAR19/IL-15 NK cells, cluster 1 (59%) and cluster 4 (57%) were
the most abundant clusters in CAR19 and NT-NK cells, respectively
(Fig. 1, B and C). To further evaluate the transcriptomic profiles of
the different engineered NK cells, we identified up-regulated differ-
entially expressed genes (DEGs) and the corresponding gene-en-
riched pathways at both cluster and product levels (Fig. 1, D to F).
We found that CAR19 NK cells were predominantly enriched in
pathways associated with immune cell activation (cluster 1), while
both IL-15 and CAR19/IL-15 NK cells showed a distinct increase in
expression of genes associated with DNA replication, cell division,
fatty acid metabolism, and glycolysis as well as mammalian target of
rapamycin (mTOR) and c-Myc signaling (cluster 3) (Fig. 1E),
thereby suggesting a role for IL-15 in NK cell proliferation as well
as aerobic glycolysis. In addition to enrichment for immune-asso-
ciated pathways, CAR19/IL-15 NK cells showed the strongest en-
richment for metabolic pathways among the four products
(Fig. 1F). We next studied the mitochondrial metabolism and gly-
colytic potential of engineered NK cells at baseline and following
short-term stimulation with Raji lymphoma cells to investigate
whether IL-15 signaling enhanced the metabolic potential of
CAR-NK cells. CAR19 NK cells armed with IL-15 showed higher
overall metabolic activity than CAR19 NK or IL-15 NK cells
alone as indicated by substantially elevated extracellular acidifica-
tion rate (ECAR) in a Seahorse extracellular flux assay (Fig. 1G).
Finally, we evaluated the antitumor function of the different NK
cell products in response to K562 tumor cells (sensitive to NK cy-
totoxicity) and Raji lymphoma cells (resistant to NK cytotoxicity)
using chromium (°'Cr)-release assay. All NK cell groups were
equally efficient at killing K562 targets (Fig. 1H, left panel);
however, CAR19/IL-15 NK cells exerted substantially greater cyto-
toxicity against Raji cells when compared to CAR19, IL-15, or NT-
NK cells, suggesting a synergistic effect between CAR-mediated
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activation and IL-15 signaling that contributed to potentiating
NK cell response (Fig. 1H).

IL-15 improves CAR-NK cell persistence and delays
dysfunction in vivo

To determine how IL-15 enhances CAR-mediated function in vivo,
we next compared the persistence and antitumor activity of CAR19,
CAR19/IL-15, and NT-NK cells in a noncurative Raji lymphoma
mouse model, as previously described (15). One cohort was kept
for survival monitoring, while a parallel cohort was designated for
collection of cells from bone marrow, spleen, liver, and blood every
7 days for a period of 35 days (Fig. 2A). As we have previously re-
ported (15), mice bearing Raji lymphoma and treated with one dose
of CAR19/IL-15 NK cells had notably lower tumor burden and im-
proved survival compared to animals receiving NT-NK or CAR19
NK cells (Fig. 2, B to E, and table S2). However, although the re-
sponse was superior in this group, mice treated with CAR19/IL-
15 NK cells eventually succumbed to disease (Fig. 2, C to E).

The results from our in vivo and in vitro studies led to the hy-
pothesis that, although IL-15 enhances the metabolic fitness and an-
titumor activity of CAR-NK cells, NK cells eventually become
dysfunctional, thus allowing the tumor to relapse. To test this hy-
pothesis, we applied high-parameter mass cytometry to analyze the
functional phenotype of adoptively infused human NK cells collect-
ed from mouse tissues at various time points during the study
(Fig. 2A; table S3 includes the list of antibodies). Using Monocle
v2 (17), we identified trajectories consisting of five distinct NK
cell clusters, which evolved dynamically over time in the three NK
cell treatment groups (NT, CAR19, and CAR19/IL-15 NK cells)
(Fig. 2, F to H, and fig. S1). Our findings revealed that the pheno-
typic profiles of the various NK products in the blood and tissue at
the early (days 7 to 14), mid (day 21), and late time points (days 28
to 35) progressively diverged from that of pre-infusion (day 0). In
the early time point, cluster 1, characterized by a mature phenotype
(expressing high levels of Eomes and T-bet) and an activated, cyto-
toxic profile as shown by activation of ZAP70 and Syk kinases, and
high expression of granzyme A (GrA) and perforin, was the domi-
nant cluster for all treatment groups. However, after day 7, adoptive-
ly infused NK cells derived from different products followed
different trajectories in vivo (Fig. 2, F and G). By day 14, NT-NK
cells were rapidly dominated by cluster 2 (92.7%), characterized
by reduced activation and function as shown by down-regulation
of activating receptors such as DNAM1, NKG2D, NKp30, and
NKp46, and low cytotoxic granule production (Fig. 2H), and were
no longer detected after day 14. Consistent with this observation,
NT-NK cells were unable to control tumor cells past day 7.
CARI19 NK cells could control tumor growth until day 14
(Fig. 2B) and predominantly consisted of clusters 4 (52.6%) and 2
(37%). Cluster 4 was characterized not only by higher expression of
inhibitory markers (NKG2A, Siglec7, and TIGIT) and lower expres-
sion of transcription factors (Eomes and T-bet) and cytolytic pro-
teins (GrA, perforin) but also by up-regulation of cytokine
receptors IL-2R (CD25), stem cell factor receptor (c-Kit), and coac-
tivating receptors (2B4, CD16, DNAMI, and NKG2C) (Fig. 2, H
and I), which is consistent with a previously activated phenotype
and eventual exhaustion. CAR19/IL-15 NK cells were detected for
much longer, with a sizable (12.5%) fraction of functional cluster 3,
characterized by high expression of activation and inhibition
markers along with modest expression of cytolytic proteins (GrA
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Fig. 1. CAR-NK cells have a distinct single-cell transcriptome and metabolic profile. (A) Schematic of vectors used to transduce CB-NK cells. (B) UMAP visualizing
transcriptional clusters of NK cells across products. (C) Pie charts showing the relative proportions of the NK cell clusters. (D) Top up-regulated genes in each of the four NK
cell clusters. Columns correspond to cells, and rows correspond to genes. Color represents Z-transformed expression. (E and F) Hallmark pathways enriched (Fisher's test
adjusted P value < 0.01) in genes up-regulated in NK cell clusters (E) or NK cell products (F). Color scale corresponds to —log;, transformed false discovery rate (FDR)—
adjusted P values. (G) ECAR measured by Seahorse assays for NK cell products alone (dashed lines) or after coculture with Raji cells for 2 hours and then purified (solid
lines). Bar graphs in the right panel summarize their glycolytic capacity. A representative graph of three independent experiments is shown. (H) *'Cr-release assay of NK
cell products against K562 (left) and Raji (right) targets (n = 3 donors). Purple asterisks: CAR19/IL-15 versus CAR19 NK cells. Green asterisks: CAR19/IL-15 versus IL-15 NK
cells. Blue asterisks: CAR19/IL-15 versus NT NK cells. The error bars represent mean values with SD. *P < 0.05; **P < 0.01; n.s., not significant. The statistical significance was
determined by paired t test in (G) and (H).

Li et al., Sci. Adv. 9, eadd6997 (2023) 26 July 2023 30f15



SCIENCE ADVANCES | RESEARCH ARTICLE

Fig. 2. IL-15 promotes the persistence A

CAR19 CAR19/IL-15

of CAR-NK cells in vivo. (A) Schematic N I NK cells
2 4% o "
timeline of experiments (n = 13 to 15 @7 3 = 2 WRaji
' o o
mice per group; 5 mice were followed for LaR19 £ = c
. . @5 : g g
survival and 8 to 10 were assigned for / &~y 2 5 5
X . 40 CAR19/IL-15 o < T =
single-cell analyses; 2 mice per group Ll K% (Coﬂectwgam"d Zﬁl‘ﬁjel‘s N ® &
- . . ~ - — 'y ‘mass cytometry and scRNA-seq 0
were sacrificed at ealch time point). (B) Far TR PR g ¢saie rb{\ \\,\b. \\,];\ RIS
plots of NK and Raji cell percentages in 300cGy  Raji+ PP P P & P P
samples collected at multiple time points c '"ad'a‘"’;aji NK °:"f+ Rl Raie
. . aji aji .
from mice treated with NT, CAR19, or alone - NTNK_ CAR19 CARIY/ILS 0 = 400 EQ 8000 *
CART9/IL-15 NK cells. (C) Biolumines- oo 7 | AR kAl ibkiad haaga | ... el —iRallabe
000 S = 2 =
cence imaging (n = 5 mice per group). Da““w W o E - —CAR19 7;,4000 —CARI9
Kaplan-Meier plots (D) showing mice M) ! £ - —CAR19/IL-15 g —CAR19/IL-15
survival and average radiance (E). Black D21 -“ w00 5 = R .
. . a o
asterisks: Raji alone versus CAR19/IL-15. Day 28 u 20,000 04 z
Blue asteri |i ‘NT CAR19/IL-15 g0 B S ) ronon B
ue asteris| _5' versus . Day 35 10,000 Time post-infusion (days) Time post-infusion (days)
Purple asterisks: CAR19 versus CAR19/IL- E Min=4000/Max=60,000 G
15. (F) Trajectory evolution of NK cell Clusters w1 w2 m 3 45 Clusters: 12 =23 =45
. . Pre-infusion Day 7 Day 14 Day 21 Day 28  Day 35
products from pre-infusion (day 0) to day ,
o . . z
35 post-infusion (n = 8 mice per group, 2 0 \,\[_} x_ﬁ_/ \’_l__/ \_l__/ \4‘/ 5
mice analyzed at each time point). No -1 —
. . N
data were available at days 21t0 35inNT = | 5 9
[}
and CAR19 groups due to limited in vivo é o N\ E J { ’ 5‘} \_‘__/ \_{__/ \4__/ 5 g
persistence. (G) Relative proportion of NK £ -1y ¢ Ly © — Q
cell clusters. (H) Heatmap showing the 2 M % g
average expression levels of the proteo- o ‘ / \{J ﬁL/ 5’« 5‘_/ 3 T
mic markers for the five clusters. P values =1 5w = 2
o Pre-infusion  Day 7 Day 14 Day 21 Day 28 Day 35

in each square were calculated using
unpaired t test by comparing the levelsof H
marker abundance for cells in their
cluster versus cells from all other cluster.
() Heatmap of protein expression at
different time points across products. (J)
*'Cr-release assay of CAR19/IL-15 day 0 or
35 days after infusion against K562 or Raji.
*P < 0.05; **P < 0.01; ***P < 0.001. The P
values were determined by log-rank
(Mantel-Cox; D) and unpaired t test in (E)
and (J).

Component 1

Activation

23138 |KIR2DL3
13172 [KIR3DL 1

Inhibition

4
)

420147
| 33e-218

006400

Others Cytotoxicity

3 4 5 Clusters

10:1 5:1 1:1
Effector:target ratio

S

Cytotoxicity (%)
N (é) E

o =N WS

20:1

and perforin; Fig. 2H) and persistence of cluster 1 until day 28. In
addition, between days 14 and 28, CAR19/IL-15 NK cells displayed
the reemergence of cluster 5, characterized by high expression of not
only activation markers (NKG2D, Nkp30, 2B4, and DNAM1), cy-
tolytic proteins, and Eomes and T-bet but also inhibitory receptors
(KIRs and NKG2A) (Fig. 2H). Consistent with the presence of mul-
tiple functional clusters (clusters 1, 3, and 5; Fig. 2, F to I) for much
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of the duration of the experiment, CAR19/IL-15 NK cells were able
to control tumor growth for longer (Fig. 2B). However, these func-
tional clusters were eventually dominated by nonfunctional clusters
2 and 4 (24% and 56%, respectively). These observations suggest
that NK cells evolve in vivo following adoptive infusion, with differ-
ent kinetics of activation and eventual exhaustion, with IL-15 coex-
pression resulting in longer persistence, and an activated profile
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associated with efficient control of the tumor that is then supersed-
ed by a dysfunctional phenotype that coincides with tumor
progression.

To evaluate the potency of CAR19/IL-15 NK cells as they evolve
in vivo, we sort-purified human NK cells from murine blood, liver,
and spleen harvested on day 35 after infusion and compared their in
vitro cytotoxicity against K562 or Raji targets to that of the pre-in-
fusion product (day 0) by >'Cr-release assay. Day 35 CAR19/IL-15
NK cells displayed substantial impairment in cytotoxic function
and were unable to kill K562 or Raji tumor cells (Fig. 2]), suggesting
the acquisition of global NK cell dysfunction in CAR-NK cells over
time. Together, these data support our hypothesis that IL-15 boosts
the activity of CAR-engineered NK cells and can sustain NK cell
function and persistence for a longer time. However, NK cells even-
tually become dysfunctional, resulting in tumor progression.

Coevolution of NK cells with tumor in vivo

Although IL-15 coexpression enhanced CAR-NK function and per-
sistence, tumor relapse occurred in all treatment groups. To under-
stand the mechanisms associated with treatment resistance, we sort-
purified NK cells and Raji tumor cells from the bone marrow of
animals at multiple time points after infusion and performed
scRNA-seq to interrogate transcriptional changes at single-cell res-
olution in NK cells upon interaction with the tumor in vivo. To
achieve unbiased comparison among groups, scRNA-seq data
from multiple treatment groups and time points were pooled for
downstream analyses. After removing low-quality cells, transcrip-
tomes of 3447 NK cells (defined as NKG7 > 0 and CD19 = 0; see
Materials and Methods) and 3818 tumor cells (defined as NKG7
= 0 and CD19 or MS4A1 > 0) were profiled (figs. S2 and S3).

To study the distinct transcriptional states that exist in the differ-
ent NK cell products and the tumor cells as they coevolve in vivo, we
visualized the cells using UMAP analysis. Like the observation from
mass cytometry data (Fig. 2F), pre-infusion NK cells differed from
post-infusion NK cells with respect to their transcriptional profiles,
suggesting that the products evolved in vivo after interacting with
the tumor (Fig. 3A). We subsequently applied unsupervised cluster-
ing to analyze the evolution of both tumor and NK cells over the
course of treatment. Our analysis showed NK cell cluster 5 (N5)
as overwhelmingly predominant (>94%) in the CAR19/IL-15 NK
group at day 7 after infusion and persisting during the 4 weeks of
treatment (Fig. 3, B and C). As expected, tumor burden and hetero-
geneity in animals treated with CAR19/IL-15 NK cells were remark-
ably lower than that observed in CAR19 and NT-NK cell groups
(Fig. 3B), with tumor cells initially predominantly confined to
Raji tumor cluster 1 (T1). However, as the NK N5 cluster began
to diminish at day 21, cluster N7 increased (Fig. 3C) and remained
the predominant NK cell population through day 28 (>65%).
Notably, this shift in NK transcriptional profile was accompanied
by tumor relapse in these animals, with the emergence of tumor
cluster 4 (T4) in CAR19/IL-15 animals (Fig. 3B). Tumor cells in
cluster T1 were detected at all time points irrespective of the NK
product the animals received, indicating that they might have inher-
ent resistance to NK cell-mediated clearance (Fig 3, B and C).

To further evaluate the transcriptomic profiles of NK cells as
they evolve in vivo over time, we conducted an analysis for DEGs
(Fig. 3D) and the corresponding enriched pathways (Fig. 3E) for
the different NK cell clusters. We found that compared to the
other post-infusion NK cells, NK cells within the N5 cluster,
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which was prevalent in the first 3 weeks in CAR19/IL-15 NK-
treated animals, mostly expressed hallmark pathways associated
with immune function [allograft rejection and interferon-y (IFN-
y) response], DNA replication, cell division, and metabolic activity
such as oxidative phosphorylation (OXPHOS) and c-Myc signaling
(Fig. 3E), with the top overexpressed genes associated with the mi-
tochondrial electron transport chain (ETC) genes (NDUFAII and
NDUFA13) and ribosomal protein S9 (RPS29). N6, in comparison,
was characterized by overexpression of genes in the tumor necrosis
factor—a (TNF-a)-nuclear factor kB (NFxB) signaling pathway, al-
though these NK cells also showed overexpression of the hypoxia
pathways (Fig. 3E), which is associated with NK cell dysfunction
(18) (Fig. 3D). Using single-sample gene set enrichment analysis
(ssGSEA) (19) of the relevant gene sets (see Materials and
Methods), we showed that the N6 and N7 clusters, which
emerged at later time points in CAR19/IL-15 NK-treated animals
and coincided with recurrence of tumor cells, had substantially
lower activation and function scores when compared to N5
(Fig. 3F; P < 10~*%), pointing to gradual exhaustion of NK cells in
the CAR19/IL-15 group.

We also examined the dynamics of gene set activity scores for
NK cell activation, inhibition, function, and metabolism in NT,
CAR19, and CARI19/IL-15 NK cells over time (see Materials and
Methods and Fig. 3G). Although the level of inhibition, activation,
and function in CAR19/IL-15 NK cells started at a similar level to
that observed for CAR19 NK cells on day 0 (pre-infusion), post-in-
fusion CAR19/IL-15 cells showed consistently higher activity and
were characterized by higher metabolic activity, with the temporal
patterns closely mirroring NK activation and function. In contrast,
NT-NKand CAR19 NK cells exhibited a high level of function early
on, but they experienced a rapid decrease in activity and were no
longer detectable beyond day 7 and day 21, respectively. In
summary, these data demonstrate that CAR19/IL-15 NK cells main-
tained increased functional phenotype, metabolic fitness, and per-
sistence, resulting in enhanced cell activity and antitumor response
that decreased over time, which was associated with tumor
recurrence.

We next asked if CAR19/IL-15 NK cells require antigen-mediat-
ed activation from the tumor to persist and function. Thus, we per-
formed an in vivo study to test CAR19/IL-15 NK cell behavior in the
presence or absence of tumor cells. Animals were sacrificed every 7
days, and cells from bone marrow were harvested and submitted for
scRNA-seq (Fig. 3H). Our findings showed that CAR19/IL-15 NK
cells displayed prolonged persistence (fig. S4) and higher metabolic
activity in the presence of tumor compared to the no tumor group
(at days 7 and 14) (Fig. 3I). These data suggest that tumor cells
provide CAR19/IL-15 NK cells with the signal to drive their prolif-
eration and survival. We then compared hallmark pathway activity,
inferred from gene expression using ssGSEA (see Materials and
Methods), from CAR19/IL-15 NK cells exposed to tumor in vivo
versus CAR19/IL-15 NK cells alone. Our findings confirmed that
metabolic pathways, including OXPHOS and fatty acid metabolism,
were up-regulated in CAR-NK cells exposed to tumor cells (Fig. 3]).
Together, these data suggest that, upon initially engaging tumor
cells, NK cells are activated and exhibit increased function and me-
tabolism. Nevertheless, over time, NK cells can become dysfunc-
tional and their antitumor response declines.
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Fig. 3. In vivo evolution of CAR-NK cells and Raji tumor. (A) UMAP visualizing transcriptomic clusters of NK and Raji cells (n = 8 mice per group, 2 mice per group were
sacrificed at each time point). (B) UMAP from (A) faceted by product and time point. Data are not available on day 14 (CAR19) or on day 28 (NT and CAR19) due to technical
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Tumor resistance to CAR-NK cell treatment secondary to
loss of NK cell metabolic fitness

To understand the mechanisms by which tumor cells evade clear-
ance by NK cells, we first studied the composition of tumor cells at
the level of cell clusters identified from scRNA-seq across available
time points from mice treated with different NK cell products
(Fig. 3, A to C). CAR19/IL-15 NK cells rapidly eliminated Raji lym-
phoma clusters T2, T3, T4, T5, and T6, unlike CAR19 and NT-NK
cell groups. There was also heterogeneity in the sensitivity of differ-
ent tumor cells to CAR19/IL-15 NK cell therapy, with cluster T1
demonstrating primary resistance, while cluster T4 was initially
eliminated but reappeared at later time points as N5 NK cells de-
creased, suggesting that N5 NK cells could keep these tumor cells
in check initially but failed to completely clear the tumor (Fig. 3,
B and C). These observations suggested that the different engineer-
ing strategies endowed NK cells with different potency against dif-
ferent tumor cell populations but that, over time, tumors develop
mechanisms of resistance to evade NK cell immune surveillance.

We next sought to investigate the biological processes driving
this shift in tumor resistance to NK cell cytotoxicity. To this end,
we performed comparative analysis of pathway activity between
the NK-resistant tumor clusters (T1 and T4) and the NK-sensitive
tumor clusters (T2, T5, and T6). T2 and T6 clusters showed activa-
tion in the IFN response pathway, TNF-a, and IL-6/Janus kinase
(JAK)/signal transducer and activator of transcription 3 (STAT3)
signaling, indicating activation of proinflammatory signaling (fig.
S5), while NK-resistant tumor clusters showed activation of path-
ways associated with proliferation and metabolism (MYC targets,
G»-M checkpoint, mTOR signaling, OXPHOS, and fatty acid me-
tabolism), suggesting that tumor cells with higher metabolic activity
may evade NK cell recognition (fig. S5), likely by depleting the nu-
trient pool available in the tumor microenvironment (TME), result-
ing in the NK cell dysfunction observed over time (Figs. 2, F to J,
and 3, F and G).

Thus, we next asked if resistance to CAR-NK cell therapy can be
explained by relative differences in metabolic fitness between NK
and tumor cells. Functional measurements of glycolysis confirmed
that Raji tumor cells are substantially more metabolically active than
NK cells (fig. S6A). Thus, we quantified and compared the activity
of hallmark pathways between tumor and NK cells in our Raji lym-
phoma model (Fig. 4A; see Materials and Methods). Previous
studies (20, 21) have reported that both glycolysis and fatty acid me-
tabolism play a critical role in tumor cell proliferation. Therefore, we
focused our analysis on these pathways along with OXPHOS. All
three pathways showed higher activity in tumor cells across all
NK products and time points where both tumor and NK cells
were detected in vivo (Fig. 4B and fig. S6B). Additionally, at the
level of DEGs, tumor cells expressed higher levels of metabolic
enzymes like LDHA and LDHB relative to NK cells [g < 0.01, log,
fold change (FC) > 1]. We also observed overexpression of
NDUFABI, a subunit of NADH (reduced form of nicotinamide
adenine dinucleotide) dehydrogenase, the largest complex in the
ETC, as well as multiple mitochondrial ribosomal proteins
(tig. S6C).

We next focused our metabolic pathway analysis on individual
clusters. While all tumor clusters showed higher glycolysis, fatty
acid metabolism, and OXPHOS pathway activity relative to NK
cells, the two resistant tumor clusters T1 and T4 had the highest
pathway activity levels (Fig. 4C and fig. S6, C and D). Last, we

Li et al., Sci. Adv. 9, eadd6997 (2023) 26 July 2023

analyzed the dynamics of metabolic pathway activity for each
cluster as tumor cells reemerged over time (Fig. 4D and fig. S6E;
see Materials and Methods). All tumor clusters showed high meta-
bolic activity at day 7, which stayed relatively stable over time. We
also examined the activity of various metabolic pathways in NK cell
clusters (Fig. 4C and fig. S6D) and found that they closely mirrored
their in vivo functional activity (Fig. 3F). Nonfunctional NK cell
clusters (N6 and N7) showed the lowest glycolytic activity, which
remained relatively stable over time. The functional NK cell
cluster N5, which was predominant in the CAR19/IL-15 NK cell
group, showed the closest level of glycolytic activity to tumor cells
initially, which decreased progressively over time (Fig. 4D). Similar
trends were also observed for fatty acid metabolism and OXPHOS
(fig. SGE).

Together, these findings indicate that Raji cells generally show
greater metabolic fitness relative to NK cells. CAR19/IL-15 NK
cells were characterized by higher metabolic fitness, although this
dramatically decreased over time along with their antitumor activ-
ity. These data show a correlation between higher NK cell metabolic
fitness and function. It also demonstrates that despite having higher
metabolic activity relative to other NK cell products, CAR19/IL-15
NK cells lose metabolic fitness and their antitumor function over
time in the presence of highly metabolic tumor cells, likely due to
their inability to compete with the tumor cells for nutrient in the
TME over time.

NK cells show a continuum of gene expression states

While clustering is a systematic approach to stratify a cell popula-
tion, it does not always capture the extent of cell heterogeneity.
We observed clear differences in NK cell metabolic fitness and an-
titumor function among the different NK cell clusters and within
the functional cluster N5 (fig. S7, A and B). To better characterize
this heterogeneity, we used Monocle 3 to construct a trajectory,
which pseudo-temporally orders NK cells (see Materials and
Methods). We identified two trajectories each composed of pre-
dominantly pre-infusion (pre-infusion trajectory) or post-infusion
(post-infusion trajectory) cells (Fig. 5A). The post-infusion trajec-
tory captures a transition of functional NK cells (with high metabol-
ic fitness and antitumor activity) to nonfunctional NK cells. The
post-infusion trajectory is rooted in functional N5 cells and pro-
gresses to terminally dysfunctional N6 cells (Fig. 5, A and B, and
tig. S7, A to C). Thus, the pseudotime of the post-infusion trajectory
describes an NK cell dysfunction axis.

These differences were also reflected at the product level (Fig. 5,
C and D). While pseudotime between cells from different products
showed minor differences before infusion (fig. S7D, right), the dif-
ferences were dramatically amplified after infusion (fig. S7D, left).
CARI19/IL-15 NK cells showed an enrichment in cells closer to the
beginning of the post-infusion trajectory and a depletion in cells
further along the dysfunction axis (consistent with enrichment of
N5 in this group) (Fig. 5, B and C).

We next focused on the heterogeneity within N5, which was
readily captured based on the post-infusion trajectory. NK cells in
N5 themselves show a gradation in their functional indicators along
the pseudotime dysfunction axis (fig. S7, A to C). N5 cells further
along the dysfunction axis were enriched at later experimental time
points, when tumor cells reemerged, indicating acquisition of their
dysfunction (fig. S7E). To further illustrate this gradation in dys-
function, we compared the top (high_N5) and bottom (low_N5)
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Fig. 4. Metabolic activity of CAR-NK cells and tumor cells in vivo. (A) Heatmap of difference in pathway activity between indicated tumor and post-infusion NK cell
clusters. Only pathways significantly dysregulated in at least one comparison are reported (g < 0.01; g values are reported in each cell). (B) Dot plots comparing pathway
activity of glycolysis for tumor and NK cells in each product before infusion (Pre, day 0) and at days 7, 14, 21, and 28 after NK cell infusion. Significance of difference in
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symbol indicates the mean pathway activity, and the size indicates the relative fraction of the cells. (C) Violin plots of glycolysis pathway activity across tumor and NK cell
clusters. (D) Glycolysis pathway activity of the NK and tumor cell clusters across time. Linear regression was performed for each cell cluster. The slopes of the regression

lines and P values are reported in table S7.

30% of N5 NK cells based on their pseudotime (fig. S7F). The
high NS5 cells were characterized by low proliferation and NK func-
tion (fig. S7G). Functional analysis of DEGs also indicated that low
NG5 cells showed high expression of genes involved in cell cycle/pro-
liferation (MYC targets, E2F targets, and G,-M checkpoint) and
metabolism-associated pathways (MTORCI signaling). In contrast,
high N5 cells were characterized by overexpression of genes in the
transforming growth factor—p (TGF-P) and hypoxia pathways,
along with those in the inflammatory pathways (IFN-y signaling
and TNF-a signaling) (Fig. 5E). These data quantitatively demon-
strate a continuous evolution of NK cells and support the effect of
IL-15 in maintaining metabolic fitness and antitumor activity and
delaying NK cell dysfunction in an in vivo TME.

Li et al., Sci. Adv. 9, eadd6997 (2023) 26 July 2023

Improvement of CAR-NK cell treatment by administering
two infusions

Given our findings that the activation, metabolic fitness, and func-
tion of CAR19/IL-15 NK cells decreased over time, we hypothesized
that a second infusion would bolster the population of functional
NK cells at later time points and consolidate the response, resulting
in long-term tumor eradication. Thus, we treated mice bearing Raji
lymphoma tumors with two infusions of CAR19/IL-15 NK cells 2
weeks apart (days 0 and 14) (Fig. 6A). We generated CAR-NK cells
from two donors with different human leukocyte antigen (HLA)
types (donor #1-HLA-A3 and donor #2-HLA-A2) to facilitate
their simultaneous in vivo tracking and profiling using a mass cy-
tometry panel that included antibodies against HLA-A3 and HLA-
A2 (Fig. 6A, fig. S8, and table S4). Mice treated with two infusions of
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Fig. 6. Improvement of CAR-NK cell antitumor
activity following two infusions of CAR19/IL-
15 NK cells. (A) Schematic of the in vivo studies
testing the two infusion treatment protocols [n =
15 mice per group; 5 mice were followed for
survival and 10 mice were assigned for single-
cell analyses; 2 mice per group were sacrificed at
each time point (days 14, 21, 28, 35, and 61)]. (B)
Bioluminescent imaging (n = 5 mice per group).
The average radiance (C) and Kaplan-Meier plots
showing the probability of survival (D) for the
three groups of mice. *P < 0.05 and **P < 0.01.
Black asterisks: Raji alone versus CAR19/IL-15.
Blue asterisk: NT versus CAR19/IL-15. P values
were determined by log-rank (Mantel-Cox, C)
and unpaired t test (D). (E) UMAP plot showing
the cell population change over time from mass
cytometry analysis of the CART9/IL-15 NK cells
derived from the first donor infusion (HLA-A3";
red) and the second donor infusion (HLA-A2;
blue) (n = 10 mice per group; n = 2 mice per time
point). Pie charts show the relative proportions
of the first donor infusion (red) and the second
donor infusion (blue). (F) Heatmap showing the
mass cytometry proteomic marker abundance
level in the first and the second infusion at
different time points. The middle panel shows
the FC between the first and second infusion.
Brown bars represent higher expression in the
second infusion; gray bars indicate higher ex-
pression in the first infusion. *P < 0.05 and
log0(FC) > 0.25.

CARI19/IL-15 achieved 60% survival rate with long-term cures,
whereas mice treated with double infusion of NT-NK (Fig. 6, B to
D) or a single infusion experienced limited benefit (Fig. 2, C to E).
To elucidate the mechanism underlying the improved survival in
mice treated with two doses of CAR19/IL-15 NK cells, we studied
the in vivo expansion and persistence of CAR-NK cells derived from
each donor at various time points throughout treatment. We

Li et al., Sci. Adv. 9, eadd6997 (2023)
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observed that the proportion of NK cells from the first infusion
(HLA-A3) was highest at day 14 (100%), but steadily decreased
over time and was almost undetectable at day 35 (6%; Fig. 6E).
NK cells from the second donor (HLA-A2) administered 2 weeks
after the first infusion were the predominant source of cells at day
35 and persisted until day 61 of the experiment (Fig. 6E). We next
compared the phenotype of CAR-NK cells derived from the two
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infusions given 2 weeks apart by gating on HLA-A3- versus HLA-
A2—-expressing NK cells. At each respective time point after their
infusion (days 21 and 28 for infusion #1, which corresponded to
days 7 and 14 of the experiment for infusion #2), NK cells from
the first and second infusion clustered together and expressed
similar levels of markers of NK function, activation, and inhibition
(Fig. 6F and fig. S9). The overall CAR-NK cell pool at day 61 derived
solely from infusion #2. Phenotypically, these cells were character-
ized not only by expression of activation receptors (such as DNAM1
and NKG2D), activation-related kinases (Syk and ZAP70), and cy-
totoxic granules but also by higher expression of exhaustion
markers (PD-1, TIM3, and TIGIT), consistent with a highly activat-
ed profile with evidence of exhaustion (Fig. 6F and fig. S9). These
observations indicate that while early after infusion NK cells from
the first and second infusion are phenotypically similar, administra-
tion of a second infusion of CAR19/IL-15 NK cells during a period
of low tumor burden may increase the population of functional NK
cells at later time points and, thus, tip the balance of competition in
favor of NK cells with enhanced antitumor function in vivo.

Transcriptional profiling of CAR-NK cells and B cells in
patients after CAR19/IL-15 NK cell immunotherapy

To evaluate whether the findings of our preclinical study hold true
in patients treated with CAR19/IL-15 NK cells, we isolated and pro-
filed CAR-NK cells and B cells from peripheral blood collected at
multiple time points from two patients diagnosed with CD19"
relapse/refractory hematological malignancies and treated with
CARI19/IL-15 NK cells (11). Each patient received one infusion of
CAR-NK cells. Patient 6 was a 59-year-old female with accelerated
chronic lymphocytic leukemia (CLL) who achieved a complete re-
sponse (CR) 30 days after CAR-NK cell infusion (Fig. 7A). Patient
10 was a 61-year-old female with multiply relapsed transformed fol-
licular lymphoma who failed to respond to CAR-NK cell infusion
(Fig. 7A) (11). Single-cell fluorescence-activated cell sorting
(FACS)—purified B cells and NK cells were sequenced using
SMART-seq2 (see Materials and Methods), and after processing
and quality control, 90 cells were retained (table S5). Two clusters
were identified, and their identity was assessed based on expression
of marker genes and reference transcriptome-based cell type anno-
tations (Fig. 7, B and C, and fig. S10; see Materials and Methods).
While cluster 1 includes cells with an NK cell signature from pa-
tients 6 and 10, cluster 2 is a B cell cluster defined based on expres-
sion of CD19 and MS4A1 derived solely from patient 10. Most cells
from the NK cell cluster 1 and B cell cluster 2 are from days 7 and 14
after CAR-NK infusion, respectively.

We next compared the transcriptomic profile of CAR-NK cells
in patient 6 to patient 10 at days 7 and 14 after infusion (see Mate-
rials and Methods). A caveat of this analysis was the low cell
number, resulting in most genes failing to reach statistical signifi-
cance after correcting for multiple hypothesis testing. We therefore
used the log, FC for each gene to look for pathway enrichment using
GSEA and focused our gene-level analysis on the top 15 up- and
down-regulated genes (see Materials and Methods). Differences
between patient 6 and patient 10 at day 7 were minor, with no differ-
entially expressed pathways. However, at the gene level, patient 6
NK cells showed higher expression of genes associated with NK
cell activation and chemokine activity like NFKBIZ, CCL3, and
CCL4 (Fig. 7D). These differences were more pronounced at day
14, with patient 6 NK cells showing higher expression of cytolytic
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genes (GZMB and GZMA) as well as multiple chemokine genes
(CCL3, CCL4, and CCL5) associated with improved NK cell cytolyt-
ic function (Fig. 7E). Day 14 pathway analysis revealed notable dif-
ferences, with patient 6 NK cells showing up-regulation of
OXPHOS as well as allograft rejection (Fig. 7F), while patient 10
NK cells showed up-regulation of hypoxia signaling, which we
also observed in the nonfunctional NK cluster N6 (Fig. 7D). To-
gether, these data suggest that CAR-NK cells in the responder
patient are likely to have improved metabolism and higher expres-
sion of immune-associated genes relative to the nonresponder.

DISCUSSION

The unprecedented success with CAR T cell therapy trials has led to
FDA approval of multiple CAR T cell products for the treatment of
several hematologic cancers (I, 3-5). However, the highly personal-
ized nature and the potential for severe toxicities constitute notable
limitations to CAR T cell therapy. CAR-NK cells have emerged as a
viable alternative strategy due to their favorable safety profile and
inherent antitumor potential. Initial studies have shown promising
efficacy of CAR-NK cells in the clinical setting (11, 22, 23), but the
mechanisms driving NK cell evolution and function in patients and
factors dictating relapse have not yet been elucidated. Our study
provides previously unidentified insights into the phenotypic and
functional changes that occur in NK cells in the context of tumor
challenge and describes a mechanism through which loss of meta-
bolic fitness leads to NK cell dysfunction and, consequently, enables
tumor relapse.

Robust NK cell activation is required to develop an effective an-
titumor response. To investigate the ability of CAR and IL-15 to
modulate NK activation and enhance NK cell potency and persis-
tence, we generated NK cells expressing either CAR19 alone, IL-15
alone, or CAR19 and IL-15 (CAR19/IL-15). In the latter, CAR-NK
cells were engineered to secrete IL-15, which then activates NK cells
via a positive feedback loop. IL-15 is essential for NK cell develop-
ment and controls both the homeostasis and the peripheral activa-
tion of NK cells (24). Here, we showed that compared to NT-NK
cells and NK cells expressing CAR19 only, armoring CAR19 NK
cells with IL-15 increased their proliferation rate and effector func-
tion with improved tumor control and survival in vivo. We per-
formed scRNA-seq and mass cytometry to investigate the
differences in CAR19 NK cells that may be associated with IL-15
production, and as expected, CAR-mediated activation of NK
cells led to enhanced antitumor activity. However, robust multifac-
eted metabolic activation occurred only in CAR19/IL-15 NK cells,
with activation of the metabolic checkpoint kinase mTOR (24),
which controls glycolysis by promoting the expression of transcrip-
tion factors such as Myc (25). We observed up-regulation of Myc
and confirmed that NK cells transduced with CAR19/IL-15 are
functionally more metabolically fit, with improved glycolytic activ-
ity as measured by the ECAR compared to controls. Additionally,
our results suggest that IL-15 plays a role in the persistence and sur-
vival of CAR-NK cells and longer-lasting antitumor response, as
mice treated with CAR19/IL-15 NK cells were able to control
tumor growth substantially longer than the CAR19 NK cell-
treated group. A limitation of our scRNA-seq and mass cytometry
analyses was the low numbers of NK and Raji cells isolated from the
harvested organs of mice, especially at the later time points due to
limited persistence of the NK cells. We therefore focused our
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Fig. 7. Patient response to one infusion of CAR-NK cell therapy. (A) Positron emission tomography (PET) scans from two patients with lymphoid malignancies before
(Pre-infusion) and 1 month after receiving one dose of CAR19/IL-15 NK cell infusion. (B) UMAP showing the distribution of two transcriptomic clusters of cells from patient
scRNA-seq data. Cluster 1 contained 60 NK cells, including 17 from patient 10 and 43 from patient 6. Cluster 2 contained 30 B cells from patient 10. (C) Dot plot showing
the mRNA expression levels for the two patient clusters. The size of the dots represents the percentage of cells expressing the gene, and the color represents its average
expression. (D and E) Heatmaps of scRNA-seq data showing the top 15 and bottom 15 genes ranked by log FC between patients 6 and 10 at days 7 and 14 after NK cell
infusion. The color bar represents the significance of both P values and adjusted P values. The asterisks were added if P value/adjusted P value < 0.05. (F) Dot plots
showing significantly activated (left panel) and suppressed (right panel) hallmark pathways in the NK cells in patient 6 at day 14 versus those in patient 10 at day 14

(see Materials and Methods).
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analysis on describing differences between clusters of NK cells,
which merged all cells with similar transcriptomes, for higher stat-
istical power. Further, when analyzing trends across time, we made
use of regression analysis to take advantage of the full distribution of
the data. Additionally, we based our conclusions of metabolic
pathway dysregulation in NK cells on coordinated changes in
gene expression within these pathways rather than on changes in
specific metabolites.

Although mechanisms of relapse after CAR-T therapy have been
well described (10, 11), factors influencing progression after CAR-
NK cell therapy have not. Here, we show (Fig. 3, I and J, and fig. S4)
that following challenge with tumor antigens, CAR19/IL-15 NK
cells become more metabolically active and proliferate, but in the
absence of tumor, CAR19/IL-15 NK cells failed to proliferate and
persist, pointing to the importance of CAR engagement and signal-
ing in driving NK cell persistence in vivo. We next evaluated the
transcriptomic profile of CAR19/IL-15 NK cells and Raji cells
over time in vivo and identified patterns of in vivo evolution in
both tumor and NK cells following treatment. In all treatment
groups, tumor cells progressed toward a resistant phenotype, with
preferential emergence of NK cell-resistant clones with higher
levels of glycolysis and fatty acid metabolism. However, the CAR-
NK cells appeared to evolve into a dysfunctional phenotype, char-
acterized by emergence of clusters with low metabolic fitness and
effector function, as confirmed by impaired cytotoxic activity in
killing assays against K562 targets ex vivo. On the basis of the ob-
servation that, as the tumor progresses, NK cells acquire an increas-
ingly dysfunctional phenotype, we hypothesized that loss of
metabolic fitness by CAR-NK cells may be an underlying mecha-
nism leading to NK cell exhaustion and loss of potency and, conse-
quently, disease relapse.

Since tumor burden with chronic antigen exposure has been
shown to drive CAR T cell exhaustion and thereby impair their an-
titumor activity (26), we adapted the treatment protocol to include
two infusions of CAR-NK cells, 14 days apart, with administration
of the second dose of CAR19/IL-15 NK cells at the time of minimal
disease volume. Survival rates in the two-infusion setting reached
60%, a value notably higher than what had been achieved with a
single dose of CAR-NK cells, with higher persistence and activation
profile of CAR19/IL-15 NK cells from the second infusion com-
pared to the first. We hypothesize that the second dose of
CARI19/IL-15 NK cells shifted the balance of activity toward NK
cells at the time of low tumor burden. These data suggest that suc-
cessful treatment with CAR-NK cells may require multiple infu-
sions, especially for the difficult to treat and highly metabolically
active tumors. An important limitation of our study is the use of
an immunocompromised mouse model, which limits a more com-
prehensive analysis of the immune microenvironment and the in-
teraction of different immune subsets with the tumor.

In the clinic, CAR19/IL-15 NK cell therapy has achieved prom-
ising response (11); however, some patients fail to respond, and little
is known about the underlying transcriptional programs in CAR19/
IL-15 NK cells that govern a robust antitumor activity. To evaluate
whether the findings in our preclinical study hold true in patients
treated with CAR19/IL-15 NK cells, we also analyzed the in vivo
evolution of adoptively infused CAR19/IL-15 NK cells in two pa-
tients with lymphoid malignancies treated on our clinical trial of
CAR-NK cell therapy (NCT03056339). Although constrained by
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the low cell number, transcriptomic data suggest that the ability
of NK cells to clear tumors is closely tied to their metabolic fitness.
Together, our data point to a previously unidentified mechanism
of tumor relapse after CAR-NK cell therapy, characterized by loss of
metabolic fitness that leads to an exhausted, dysfunctional pheno-
type. We demonstrated through in vivo studies that carefully de-
signed therapeutic intervention can substantially minimize NK
cell exhaustion, sustain the antitumor response, and improve sur-
vival. This knowledge is especially relevant as we seek to transition
previously unknown therapies to clinical trials, where appropriately
designed protocols are critical to achieving successful outcomes.

MATERIALS AND METHODS

CAR retroviral vector production

The retroviral vectors encoding iC9.CAR19.CD28-zeta-2A-IL-15
(CAR19/IL-15), CAR19.CD28-zeta (CAR19), and IL-15 (Fig. 1A)
were generated as previously described (27). Transient retroviral su-
pernatant was produced, collected, and used for transduction of NK
cells (28).

NK cell cytotoxicity assays
Chromium-release assay was performed as previously described
(29). Details of this assays are provided in Supplementary Methods.

Xenograft lymphoma model

All animal studies were approved by the Institutional Animal Care
and Use Committee. NOD/SCID IL-2Rynull (NSG) mice (aged 8 to
10 weeks old; The Jackson Laboratory, Bar Harbor, ME) were irra-
diated with 300 cGy 1 day before intravenous injection with FFLuc-
labeled Raji cells (2 x 10° per mouse) on day 0. Mice were random-
ized, and recipients with similar tumor burdens were distributed
evenly across the treatment and control groups before NK cell infu-
sion. Additional details of the in vivo studies are included in Sup-
plementary Methods.

Single-cell RNA sequencing

Detailed protocols on scRNA-seq data processing, unsupervised
clustering and dimension reduction, differential gene expression
analysis, trajectory analysis, pathway activity in NK cells and
tumor cells, gene set activity score calculation, GSEA, and cell
type annotation are described in Supplementary Methods.

Mass cytometry

Two distinct panels of metal-tagged antibodies were used to (i)
characterize the heterogeneity and phenotypic evolution of CAR-
NK cells over time and (ii) to simultaneously profile NK cells
from two donors with different HLA types across the duration of
the experiments. See Supplementary Methods and supplementary
tables for more details.

Supplementary Materials
This PDF file includes:
Supplementary Methods

Figs. S1 to S10

Tables S1 to S7
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