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Nicotinamide enhances natural killer cell function and
yields remissions in patients with non-Hodgkin
lymphoma
Frank Cichocki1*, Bin Zhang1, Cheng-Ying Wu1†, Emily Chiu1, Abderrahman Day1,2,
Roddy S. O’Connor3,4, Dima Yackoubov5, Ronit Simantov5, David H. McKenna6, Qing Cao7,
Todd E. Defor7, Murali Janakiram1‡, Rose Wangen1, Zuzan Cayci8, Nathaniel Snyder9,
Akhilesh Kumar1, Bartosz Grzywacz6, Justin Hwang1, Yona Geffen5, Jeffrey S. Miller1,
Joseph Maakaron1, Veronika Bachanova1*

Allogeneic natural killer (NK) cell adoptive transfer has shown the potential to induce remissions in relapsed or
refractory leukemias and lymphomas, but strategies to enhance NK cell survival and function are needed to
improve clinical efficacy. Here, we demonstrated that NK cells cultured ex vivo with interleukin-15 (IL-15) and
nicotinamide (NAM) exhibited stable induction of L-selectin (CD62L), a lymphocyte adhesion molecule impor-
tant for lymph node homing. High frequencies of CD62L were associated with elevated transcription factor fork-
head box O1 (FOXO1), and NAM promoted the stability of FOXO1 by preventing proteasomal degradation. NK
cells cultured with NAM exhibited metabolic changes associated with elevated glucose flux and protection
against oxidative stress. NK cells incubated with NAM also displayed enhanced cytotoxicity and inflammatory
cytokine production and preferentially persisted in xenogeneic adoptive transfer experiments. We also conduct-
ed a first-in-human phase 1 clinical trial testing adoptive transfer of NK cells expanded ex vivo with IL-15 and
NAM (GDA-201) combined with monoclonal antibodies in patients with relapsed or refractory non-Hodgkin lym-
phoma (NHL) and multiple myeloma (MM) (NCT03019666). Cellular therapy with GDA-201 and rituximab was
well tolerated and yielded an overall response rate of 74% in 19 patients with advanced NHL. Thirteen patients
had a complete response, and 1 patient had a partial response. GDA-201 cells were detected for up to 14 days in
blood, bone marrow, and tumor tissues and maintained a favorable metabolic profile. The safety and efficacy of
GDA-201 in this study support further development as a cancer therapy.
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INTRODUCTION
Natural killer (NK) cells are granular lymphocytes that participate
in tumor immunosurveillance and control of microbial infections.
They also produce proinflammatory cytokines, such as interferon-γ
(IFN-γ), that shape the adaptive immune response (1). Previous
studies of haploidentical NK cell adoptive transfer demonstrated
safety and efficacy in patients with poor-prognosis acute myeloid
leukemia (2, 3). Haploidentical donor NK cell therapy in combina-
tion with the anti-CD20 antibody rituximab and interleukin-2 (IL-
2) for the treatment of patients with poor-prognosis, refractory non-
Hodgkin lymphoma (NHL) was tested in a phase 2 clinical trial. The

therapy was safe, without graft-versus-host disease (GvHD), cyto-
kine release syndrome (CRS), or neurotoxicity. However, of 14
evaluable patients, only 4 had objective responses at 2 months.
Two patients achieved complete responses (CRs) lasting 3 and 9
months (4). Thus, new strategies are needed to enhance NK cell
therapy in the lymphoma setting.

Here, we present data showing that nicotinamide (NAM) sup-
plementation during ex vivo peripheral blood NK cell culture
leads to induction of L-selectin (CD62L) that is stable in vivo after
NAM withdrawal. We describe the mechanisms underpinning this
finding and evaluate the effects of NAM on NK cell metabolism,
function, and in vivo persistence. We also present results from a
first-in-human phase 1 clinical trial evaluating adoptive transfer
of NK cells expanded with NAM (GDA-201) in patients with re-
lapsed or refractory (R/R) B cell NHL.

RESULTS
NAM prevents activation-induced loss of CD62L and
induces CD62L up-regulation
Previous work demonstrated that CD34+ hematopoietic progenitor
cells expanded with NAM more efficiently engrafted after adoptive
transfer (5). However, the mechanistic basis for this observation was
not determined. To evaluate the effect of NAM on human NK cells,
we first analyzed the receptor profile of NK cells cultured in media
containing IL-15 alone or IL-15 supplemented with NAM. Flow
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cytometry was used to assess inhibitory receptors [inhibitory killer
cell immunoglobulin–like receptor (KIR) and NKG2A], activating
receptors (CD2, CD16, NKp30, NKp46, and 2B4), the terminal dif-
ferentiation antigen CD57, and adhesion/homing receptors [lym-
phocyte function–associated antigen 1 (LFA-1), CD62L, and
CD44]. No differences in the frequencies of cells expressing activat-
ing receptors, inhibitory receptors, or CD57 were observed.
However, CD62L and CD44 were considerably higher on the
surface of NK cells cultured with IL-15 and NAM (Fig. 1A).

CD62L has been studied extensively in T cells and regulates the
entry of naïve and central memory T cells into lymph nodes and
sites of viral infection (6). CD44 binds hyaluronate on the surface
of endothelial cells and enables adhesion, which is required for lym-
phocyte extravasation to inflammatory sites (7). To further substan-
tiate our findings, NK cells from 16 additional donors were cultured
under the same conditions and analyzed by flow cytometry. This
analysis confirmed increases in the frequency and density of
CD62L on NK cells cultured with IL-15 and NAM (Fig. 1B). In
an analysis of NK cells from five more donors, we observed
higher surface density of CD44 with the addition of NAM
(Fig. 1C). Because CD62L was the most dynamically regulated re-
ceptor in our analyses, we decided to focus on how NAM regu-
lates CD62L.

To determine whether NAM prevents cytokine-induced loss of
CD62L or promotes de novo induction, CD56bright, CD56dim
CD62L+, and CD56dimCD62L− NK cell subsets were sorted and cul-
tured for 14 days with IL-15 ± NAM. CD56bright NK cells cultured
with IL-15 alone down-regulated CD62L at days 7 and 14. In

contrast, most CD56bright NK cells cultured with IL-15 and NAM
maintained surface CD62L. Similar trends were observed for
CD56dimCD62L+ NK cells. CD56dimCD62L− NK cells cultured
with IL-15 and NAM displayed a modest elevation of CD62L
after 7 days of culture and much greater induction after 14 days
(Fig. 2A). NAM did not markedly affect the expansion in cultures
with bulk NK cells (fig. S1A) and sorted NK cell subsets (fig. S1B).

To test the stability of CD62L induction, NK cells were cultured
as described above and injected intraperitoneally into NOD.Cg-
Prkdcscid/J (NSG) mice. Mice were sacrificed on days 7 and 14,
and NK cells were harvested for flow cytometry analysis (Fig. 2B).
NK cells cultured with IL-15 and NAM maintained high CD62L
through day 14 compared with NK cells cultured with IL-15
alone (Fig. 2C). To investigate whether NAM stabilized CD62L
on the surface of NK cells by preventing activation-induced cleav-
age, NK cells were cultured overnight with IL-12 and IL-18 with or
without NAM and BMS566394, which is a small-molecule inhibitor
of ADAM17, a metalloproteinase that cleaves both CD62L and
CD16 (8, 9). Both CD62L and CD16 were cleaved from the
surface of NK cells in response to short-term cytokine stimulation
regardless of NAM supplementation. This clipping was efficiently
blocked with BMS566394 treatment (fig. S2). Thus, NAMprevented
cytokine-induced loss of CD62L in a metalloprotease-independent
fashion and promoted the induction of CD62L. Furthermore, ele-
vated CD62L was stable in vivo after NAM withdrawal.

Fig. 1. NK cells cultured ex vivo with NAM display elevated CD62L and CD44. (A) CD3/CD19-depleted PBMCs were cultured for 14 days with IL-15 ± NAM and
analyzed by flow cytometry. Representative flow cytometry plots of the indicated surface antigens on NK cells cultured in each condition are shown. Data are represen-
tative of two independent experiments. The frequency and density of CD62L (B) (n = 16) and (C) CD44 (n = 5) on NK cells cultured ex vivo with IL-15 ± NAM. Statistical
significance was determined using Student’s t tests. ****P ≤ 0.0001. MFI, mean fluorescence intensity.
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Fig. 2. NAM promotes stable cell surface CD62L. (A) The indicated NK cell subsets were sorted and cultured for 14 days with IL-15 ± NAM. Left: Flow cytometry plots of
CD62L and CD57 at days 7 and 14 from a representative donor. Right: Cumulative data from four independent experiments. (B) Experimental design for xenogeneic
adoptive transfer experiments testing the stability of CD62L after NAM withdrawal. CD3/CD19-depleted PBMCs were cultured for 14 days with IL-15 ± NAM and then
injected intraperitoneally (i.p.) into NSGmice. Groups of mice were sacrificed at days 7 and 14. The peritonea of mice werewashed, and cells were collected for analysis of
CD62L on human NK cells by flow cytometry. (C) Left: Flow cytometry plots of CD62L and CD57 on NK cells from each culture condition on days 7 and 14 after adoptive
transfer from a representative donor. Right: Cumulative data from six donors in two independent experiments. Statistical significance was determined using Student’s t
tests. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
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NAM prevents FOXO1 degradation, allowing for enhanced
transcription of SELL
In mice, forkhead box O1 (Foxo1) deficiency impairs peripheral T
cell homeostasis and is associated with reduced CD62L protein and
Sell (the gene encoding CD62L) mRNA (10). Mouse NK cells with
Foxo1 deletion also exhibit homing deficiencies and reduced surface
CD62L (11). Considering these previous studies, we hypothesized
that NAM increases FOXO1 in NK cells for elevated transcription
of SELL. To test this, NK cells cultured with IL-15 ± NAM were an-
alyzed by quantitative reverse transcription polymerase chain reac-
tion (qRT-PCR) for expression of FOXO1 and SELL. Whereas SELL
mRNA was about fourfold higher in NK cells cultured with NAM,
FOXO1 mRNA expression was unaltered (Fig. 3A). We next ana-
lyzed FOXO1 protein in these cells and observed an about
twofold increase in FOXO1 protein in NK cells cultured with
NAM (Fig. 3B). This finding was confirmed by confocal microsco-
py. FOXO1 was predominantly seen in the nuclei (Fig. 3C).

Because NAM increased FOXO1 protein but did not affect
FOXO1 mRNA, we sought to determine whether NAM promotes
FOXO1 stabilization. NK cells were cultured overnight with IL-15
± NAM and then treated with cycloheximide to inhibit protein syn-
thesis. In NK cells cultured with IL-15 alone, FOXO dropped mark-
edly after 3 hours of treatment. By contrast, FOXO1 was maintained
in NK cells cultured with IL-15 and NAM, suggesting a stabilizing
effect (Fig. 3D). To determine whether NAM influences FOXO1
ubiquitination and proteasomal degradation, NK cells were again
cultured overnight with IL-15 ± NAM and then incubated with or
without the proteasome inhibitor MG132. Cell lysates were used in
coimmunoprecipitation assays where FOXO1 was immunoprecipi-
tated and blotted with an antibody against ubiquitin. In the absence
of MG132, cells cultured with NAM exhibited less ubiquitinated
FOXO1 relative to cells cultured with IL-15 alone. After treatment
with MG132, ubiquitinated FOXO1 increased in cells from both
culture conditions but to a greater extent in NK cells cultured
with IL-15 alone (Fig. 3E).

Phosphorylation of FOXO transcription factors at three con-
served sites (Tyr24, Ser256, and Ser319) by the kinase Akt drives
their export from the nucleus and subsequent degradation (12).
To determine whether NAM could affect Akt signaling, NK cells
were cultured overnight in media alone or in media supplemented
with NAM. We then performed a time course stimulation with IL-
15 and assessed Akt phosphorylation byWestern blot. NK cells that
were cultured in media alone exhibited increased phosphorylated
Akt (pAkt) over time. In contrast, NK cells cultured with NAM
showed diminished Akt phosphorylation in response to IL-15 stim-
ulation (Fig. 3F). To further verify these results, peripheral blood
mononuclear cells (PBMCs) were incubated overnight with or
without NAM. The next day, we performed a time course stimula-
tion assay with IL-15 and assessed pSTAT5 (phosphorylated signal
transducer and activator of transcription 5) and pAkt in NK cells by
intracellular flow cytometry. NK cells incubated with and without
NAM exhibited similar STAT5 phosphorylation kinetics after IL-15
stimulation. However, Akt phosphorylation was higher in NK cells
cultured without NAM (Fig. 3G). Next, we assessed the correlation
between phosphorylated FOXO1 and CD62L. We again sorted
CD56bright, CD56dimCD62L+, and CD56dimCD62L− NK cells and
cultured each subset for 14 days with IL-15 ± NAM. FOXO1 phos-
phorylation was assessed by flow cytometry using an antibody spe-
cific for phosphorylation at the Ser256 residue. For all NK cell

subsets, the CD62L+ population displayed less phosphorylated
FOXO1 relative to the CD62L− population (fig. S3).

To directly test the hypothesis that NAM increases CD62L
through FOXO1, NK cells were cultured with IL-15 ± NAM ±
AS1842856, a small-molecule inhibitor that blocks the transcrip-
tional activity of FOXO1. NAM increased the frequency of
CD62L on the cell surface. However, CD62L frequencies were
reduced on NK cells cultured with AS1842856 regardless of NAM
supplementation (Fig. 3H). In addition, we performed chromatin
immunoprecipitation (ChIP) assays to assess FOXO1 binding to
the proximal promoter of SELL. In human cells, FOXO1 binds to
a conserved CCCTTTGG motif within the proximal promoter
(13). We observed marked enrichment of FOXO1 binding to this
site in NK cells cultured with NAM (Fig. 3I). Together, these data
showed that NAM promotes FOXO1 protein stabilization, allowing
for enhanced SELL transcription.

NK cells cultured with NAM have unique metabolic
attributes and are protected against oxidative stress
NAM supplementation improves aspects of health span in mice
(14). HowNAM affects immune cell metabolism has not been thor-
oughly assessed. Using colorimetric assays, we found that the con-
centrations of NAD+ [nicotinamide adenine dinucleotide (oxidized
form)], NADH (reduced form of NAD+), NADP+ (nicotinamide
adenine dinucleotide phosphate), NADPH (reduced form of
NADP+), and ATP (adenosine 50-triphosphate) were elevated in
NK cells cultured with NAM (Fig. 4A). NAD+/NADH and
NADP+/NADPH redox couples serve as cofactors for numerous
enzymes to retain cellular redox balance and energy metabolism
(15). To gain a deeper understanding of the metabolic effects asso-
ciated with NAM, we performed a comprehensive evaluation of
principle metabolites using mass spectrometry. Consistent with
the colorimetric assays, large increases in NAM, nicotinate, and
NAD+ were seen in NK cells cultured with NAM. We also observed
elevations of metabolites involved in polyamine metabolism. Poly-
amines are essential for cell growth and proliferation. They stabilize
DNA and RNA and have antioxidant activities (16). NK cells cul-
tured with NAM also exhibited increased glutathione, glutamate,
glycine, and threonine. Glutathione is particularly important,
because it plays a central role in redox reactions that neutralize re-
active oxygen species (ROS) (17). Additional metabolic pathways
influenced by NAM included the tricarboxylic acid (TCA) cycle,
the pentose phosphate pathway (PPP), and glycolysis (table
S1) (Fig. 4B).

Because NK cells cultured with NAM exhibited higher NADPH
and glutathione, we wanted to determine whether NAM supple-
mentation could protect NK cells from oxidative stress. NK cells
were cultured overnight with IL-15 ± NAM and then incubated
with hydrogen peroxide (H2O2). Cells were then stained with
MitoSOX dye for detection of mitochondrial superoxide by flow cy-
tometry. NK cells cultured with IL-15 and NAM displayed marked-
ly less mitochondrial superoxide relative to NK cells cultured with
IL-15 alone (Fig. 4C). Elevations of several metabolites within the
glycolysis and TCA cycle pathways in NK cells expanded with NAM
(Fig. 4B) were suggestive of increased glucose flux. To confirm this,
NK cells were cultured for 14 days with IL-15 ± NAM. Cells were
then washed and placed in media containing 13C6 glucose for
carbon tracing. We observed an about threefold increase in
labeled acetyl–coenzyme A (acetyl-CoA) by liquid
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chromatography–mass spectrometry analysis in NK cells cultured
with NAM compared with NK cells cultured with IL-15 alone
(Fig. 4D), demonstrative of heightened glucose flux. To assess
overall metabolic activity, we performed real-time metabolic flux
assays to measure readouts of glycolysis and mitochondrial oxida-
tive phosphorylation. We observed higher glycolytic capacity and
glycolytic reserve, ATP-linked respiration, and maximal respiration

in NK cells cultured with NAM (Fig. 4E). Together, these data
showed that NAM alters NK cell metabolism for enhanced protec-
tion against oxidative stress and increased glucose flux through the
TCA cycle.

Fig. 3. NAM prevents FOXO1 deg-
radation for enhanced SELL ex-
pression. (A) CD3/CD19-depleted
PBMCs were cultured for 14 days with
IL-15 ± NAM. FOXO1 and SELL mRNA
were determined by quantitative real-
time PCR (n = 5) in two independent
experiments. All data were normal-
ized against ACTB. (B) FOXO1 protein
was assessed by Western blot. FOXO1
and β-actin blots from a representa-
tive donor (left) and cumulative data
of the relative FOXO1 fold increases in
NK cells cultured with NAM (right) are
shown. Data are from four donors in
two independent experiments. (C)
FOXO1 protein (red) was analyzed by
confocal microscopy. Nuclei are
stained blue. Images are representa-
tive of two donors analyzed. (D) NK
cells were isolated and cultured
overnight with IL-15 ± NAM. The next
day, cells were cultured for 0, 3, and 6
hours with cycloheximide (10 mg/ml).
FOXO1 protein was determined by
Western blot. Data from a represen-
tative experiment (n = 2) are shown.
(E) NK cells were cultured overnight
with IL-15 ± NAM. The next day, cells
were cultured in the absence or
presence of 10 mM MG132 for 6
hours. FOXO1 ubiquitination was as-
sessed by coimmunoprecipitation.
Data are representative of two inde-
pendent experiments. (F) NK cells
were cultured for 0, 3, 10, 30, or 60
min with IL-15. Cells were fixed and
lysed at each time point for assess-
ment of total and phosphorylated
Akt. Data are representative of two
independent experiments. (G) PBMCs
were isolated and rested overnight in
the absence of exogenous cytokines
± NAM. The next day, cells were cul-
tured for 0, 5, 10, 20, or 30 min with IL-
15. Phosphorylated STAT5 and Akt
were analyzed by intracellular flow
cytometry. Flow cytometry histogram
plots from a representative donor
(left) and cumulative data from four
donors in two independent experi-
ments (right) are shown. (H) NK cells were cultured for 14 days with IL-15 ± NAM ± 100 nM AS1842856. Flow cytometry plots of CD62L on NK cells from a representative
donor (left) and cumulative data from four donors in two independent experiments (right) are shown. SSC, side scatter. (I) NK cells were cultured as described in (A).
Lysates from these cells were used in ChIP assays to assess FOXO1 binding to the SELL promoter. All data were normalized to input. Statistical significancewas determined
using Student’s t tests. *P ≤ 0.05 and **P ≤ 0.01.
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Fig. 4. NAM affects multiple metabolic pathways and promotes NK cell resistance to oxidative stress. (A) NK cells were cultured for 14 days with IL-15 ± NAM.
Colorimetric assays were used to measure NAD+ (n = 6), NADH (n = 6), NADP+ (n = 14), NADPH (n = 14), and ATP (n = 3). (B) NK cells from 24 donors were cultured as
described in (A), and global metabolic profiles were determined by mass spectrometry. Metabolic pathways that were altered by NAM supplementation are shown. Red
indicates metabolites that were significantly higher in NK cells cultured with IL-15 and NAM, blue indicates metabolites that were significantly higher in NK cells cultured
with IL-15 alone, and white indicates no statistically significant difference between groups. Light red and blue circles represent metabolites that approached statistical
significance. The size of the circles reflects themagnitude of the difference. (C) NK cells were cultured as described in (A) and incubatedwith or without 100mMH2O2 for 1
hour. Cells were then stained with MitoSOX dye and analyzed by flow cytometry. Representative flow cytometry plots (left) and cumulative data from eight donors in four
independent experiments (right) are shown. (D) Enriched NK cells from three donors were cultured for 14 days with IL-15 ± NAM. Cells were then washed and put into
media containing 13C6 glucose. Analysis of carbon-labeled acetyl-CoAwas performed by mass spectrometry. (E) Real-time metabolic profiling of NK cells cultured for 14
days with IL-15 ± NAMwas performed by Seahorse. Cumulative data from four donors in two independent experiments are shown. Statistical significancewas determined
using Student’s t tests. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
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NK cells cultured with NAM exhibit enhanced antitumor
function and in vivo persistence
We next sought to evaluate the effect of NAM on NK cell function.
We cultured NK cells with IL-15 ± NAM and then set up cocultures
with K562 cells. NK cells cultured with NAM exhibited higher fre-
quencies of degranulation (as indicated by surface CD107 staining),
tumor necrosis factor (TNF) production, and IFN-γ production
(Fig. 5A). To directly assess cytotoxicity, we performed live
imaging IncuCyte assays using K562 cells transduced with Nuc-
Light Red at effector:target (E:T) ratios ranging from 0.5:1 to 2:1.

At each E:T ratio, NK cells cultured with IL-15 and NAM displayed
more rapid killing kinetics (Fig. 5B). To assess the effect of NAM on
individual NK cell subsets, we sorted CD56bright, CD56dimCD62L+,
and CD56dimCD62L− NK cells and cultured them as described
above. These cells were used as effectors against NucLight Red–ex-
pressing K562 cells. Although NAM did not substantially increase
the cytotoxicity of CD56dimCD62L− NK cells, CD56bright and
CD56dimCD62L+ NK cell–killing kinetics were enhanced by NAM
(Fig. 5C). To evaluate antibody-dependent cellular cytotoxicity
(ADCC), NK cells cultured with IL-15 ± NAM were cocultured

Fig. 5. NAM enhances NK cell function
and tissue retention. (A) NK cells from 10
donors were cultured for 14 days with IL-15
± NAM. NK cells were then cocultured with
K562 cells at a 2:1 E:T ratio for 5 hours. NK
cell degranulation, TNF production, and
IFN-γ production were assessed by flow
cytometry. Flow cytometry plots from a
representative experiment (left) and cu-
mulative data from four independent ex-
periments (right) are shown. (B) Enriched
NK cells and (C) sorted NK cell subsets were
cultured as described above and then co-
cultured with K562 cells transduced with
NucLight Red at the indicated E:T ratios.
Cytotoxicity was assessed in real time by
IncuCyte imaging. Data are representative
of two independent experiments. Statisti-
cal significance was determined using
Student’s t tests. (D) Enriched NK cells from
five donors were cultured for 7 days with IL-
15 ± NAM. NK cells were then cocultured
with Raji cells alone or with rituximab (1
μg/ml) at a 2:1 E:T ratio and analyzed by
flow cytometry. Frequencies of surface
CD107a on NK cells from each condition for
a representative donor (left) and cumula-
tive graphed data (right) are shown. Stat-
istical significance was determined using
Student’s t tests. (E) Ratios of CD62L fre-
quencies on the surface of CD107a+ and
CD107a− NK cells in the functional assay
using Raji targets with and without rituxi-
mab for each culture condition. (F) Sche-
matic illustrating the experimental design
to assess NK cell frequencies in tissues after
adoptive transfer. NK cells from five donors
were cultured for 14 days with IL-15 ± NAM
and labeled with CFSE dye. Cells (1.5 × 107)
were injected intravenously into each
mouse. Control mice received injections of
human serum albumin (HSA) buffer alone.
Mice were sacrificed after 4 days, and
blood, bone marrow, and spleen tissues
were harvested. The frequencies of dye-
labeled human NK cells were determined
by flow cytometry. (G) Cumulative data
from five independent experiments per-
formed with 6 mice per group for a total of
90 mice. Statistical significance was deter-
mined by one-way ANOVA. *P ≤ 0.05, **P ≤
0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
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with Raji cells in the absence or presence of rituximab. Both natural
cytotoxicity and ADCC were markedly higher for NK cells cultured
with NAM (Fig. 5D). CD62L was generally maintained on degranu-
lating cells in these assays (Fig. 5E). Supplementation of NAM
during cord blood–derived NK cell and induced pluripotent stem
cell–derived NK cell culture did not affect degranulation or
CD62L (fig. S4), suggesting that plasticity and heterogeneity
within the adult peripheral bloodNK cell populationmay be impor-
tant for the effects of NAM. Similarly, NAM supplementation en-
hanced canonical but not NKG2C+ adaptive NK cell degranulation
in response to Raji cells with and without rituximab (fig. S5).
Because adaptive NK cells exhibit elevated metabolic activity rela-
tive to canonical NK cells ex vivo (18), this specialized subset may be
less affected by NAM supplementation.

Next, we assessed the distribution of cells in vivo after adoptive
transfer. NK cells were cultured with IL-15 ± NAM, labeled with
carboxyfluorescein diacetate succinimidyl ester (CFSE) dye, and
infused into NSG mice. Mice were sacrificed 4 days after cell trans-
fer, and blood, bone marrow, and spleen tissues were collected to
determine the frequencies of CFSE-labeled cells (Fig. 5F). For
each tissue analyzed, we observed higher frequencies of NK cells
that were cultured with NAM (Fig. 5G). Together, these data dem-
onstrated positive effects of NAM on enhancing NK cell antitumor
function and in vivo persistence.

CRs were observed after NAM-expanded NK cell infusion in
patients with R/R NHL
On the basis of our preclinical findings, we initiated a first-in-
human phase 1 clinical trial of adoptive transfer of human leukocyte
antigen (HLA)–haploidentical donor-derived NAM-expanded allo-
geneic NK cells (GDA-201) processed in a good manufacturing
practices (GMP) facility for the treatment of patients with R/R
NHL and multiple myeloma (MM) (NCT03019666) (Fig. 6A).
The protocol synopsis and NK cell isolation and expansion infor-
mation are included in the Supplementary Materials. In this
study, patients received three doses of rituximab (NHL) or elotuzu-
mab (MM) and lymphodepleting chemotherapy followed by GDA-
201 and low-dose IL-2 (Fig. 6B). Patient demographics are shown in
table S2. A total of 39 patients were enrolled, and 20 had NHL. Nine
patients had diffuse large B cell lymphoma (DLBCL), 10 had follic-
ular lymphoma (FL), and 1 had mantle cell lymphoma. Patients
were treated at three dose cohorts: 2 × 107, 1 × 108, or 2 × 108
GDA-201 cells/kg. GDA-201 therapy was well tolerated, and most
adverse events were grades 1 and 2 and included chills, IL-2 injec-
tion site reactions, fatigue, and nausea. The most common grade 3
and 4 adverse events were thrombocytopenia (n = 4), febrile neutro-
penia (n = 4), and anemia (n = 3). There was no evidence of CRS,
neurotoxicity, GvHD, or marrow aplasia. A complete summary of
adverse events is included as table S3, and final GDA-201 product
characteristics are included as table S4. One patient died of Escher-
ichia coli sepsis.

Among 19 patients with NHL evaluable for response, 11 (57%)
had a CR, and 3 patients had a partial response (PR) for an overall
response (OR) rate of 74%. All patients exhibited a clinical response
within 28 days after GDA-201 infusion. Four patients with NHL re-
ceived a second dose of GDA-201 without additional lymphode-
pleting chemotherapy. Two patients (one with FL and one with
DLBCL) showed a further deepening of response from PR to CR
(Fig. 6C). The median duration of response was 16 months

(range, 5 to 36 months). Progression-free survival (PFS) at 1 and
2 years was estimated at 50% [95% confidence interval (CI), 27 to
69%] and 35% (95% CI, 14 to 58%), respectively (Fig. 6D). Two pa-
tients underwent allogeneic hematopoietic stem cell transplantation
(HSCT), and one had autologous HSCT for consolidation. After
censoring for transplant, the PFS at 2 years was 19% (95% CI, 2
to 51%), and overall survival at 2 years was 73% (95% CI, 43 to
89%) (Fig. 6E). For 15 patients, donor NK cells could be distin-
guished by differences in HLA haplotypes. Chimerism in the pe-
ripheral blood was determined by flow cytometry. GDA-201 cells
persisted in peripheral blood up to days 7 to 14 [day 4 average =
47% (range, 4.7 to 98%; day 7 average = 19% (range, 0 to 58%)]
(Fig. 6F). There was no clear correlation between donor NK cell chi-
merism and clinical responses. Together, these results showed that
GDA-201 with rituximab was well tolerated and was associated with
promising clinical activity, in vivo persistence, and trafficking to
tumor-involved tissues in patients with B cell NHL. Patients with
R/R MM treated with GDA-201 and elotuzumab demonstrated
similar GDA-201 in vivo persistence but poor clinical responses.

We have included additional data from patient 009. This is a 57-
year-old man with a history of chronic lymphocytic leukemia and
Richter’s transformation who progressed after multiple previous
lines of therapy, including an allogeneic matched sibling HSCT.
He presented with multifocal adenopathy, including large retroper-
itoneal lymph nodes. The patient received two cycles of GDA-201,
and positron emission photography (PET) scans at 6 months after
GDA-201 treatment showed a CR with continued tumor shrinkage
(Fig. 7A). A lymph node core biopsy before therapy showed neo-
plastic large B cells (Fig. 7, B and C) and limited numbers of
CD3+ T cells by immunohistochemistry (Fig. 7D). A day 16
post–GDA-201 biopsy of lymph node tissue showed regressing
tumor with areas of necrotic tissue with fibrosis (Fig. 7, E and F)
and T cell infiltration (Fig. 7G). A dense lymphoid infiltrate consist-
ing predominantly of T cells with occasional infiltrating NK cells
was observed using co-detection by indexing (CODEX) (Fig. 7H).
No evidence of residual B cells was detected (Fig. 7I), and the T cell
infiltrate comprised both CD4+ and CD8+ subsets (Fig. 7J). We de-
tected donor GDA-201 cells in both the blood and lymph node
tissue after treatment by flow cytometry at day 14 after GDA-201
treatment (Fig. 7K), and donor NK cells exhibited superior cytotox-
icity relative to host NK cells (fig. S6).

Ex vivo expansion with IL-15 and NAM drives genome-wide
transcriptional changes that are maintained after adoptive
transfer
Last, using samples from the clinical trial, we sought to investigate
how ex vivo expansion of NK cells with IL-15 and NAM affected
global transcription and whether transcriptional alterations were
maintained in vivo after the GDA-201 product was adoptively
transferred into patients with cancer. We sorted NK cells from
three banked donor apheresis products (patients 019, 026, and
029) before and after expansion with IL-15 and NAM. We also
sorted NK cells from peripheral blood samples collected 4 days
after treatment using anti-HLA antibodies distinguishing between
host and donor cells. All sorted populations were processed and an-
alyzed by single-cell RNA sequencing (scRNA-seq). Apheresis NK
cells, product GDA-201 NK cells, and NK cells collected from pa-
tients at day 4 separated into three distinct clusters (Fig. 8A). In a
separate analysis including only day 4 GDA-201 and host NK cells,
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Fig. 6. Complete remissions were observed after GDA-201 treatment. (A) Schematic showing the steps used to generate NAM-expanded peripheral blood NK cells for
immunotherapy in the GMP facility. (B) Schematic of the phase 1 clinical trial testing the safety and efficacy of GDA-201 in combination with monoclonal antibody (mAb)
and IL-2. IV, intravenously; SC, subcutaneously. (C) Swimmer’s plot representing disease type and duration of response for the R/R NHL cohort (n = 19). NHL subtype, CR or
PR, ongoing response, and progressive disease are indicated. (D) PFS and (E) overall survival at 2 years for the R/R NHL cohort censored for transplant. (F) Percentages of
donor NK cells (as a fraction of total peripheral blood NK cells) after adoptive transfer for 15 patients for whom donor and host NK cells could be distinguished using
fluorescently conjugated antibodies specific for HLA-A and HLA-B alleles.
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both overlapping and nonoverlapping populations were observed
(Fig. 8B). In an analysis of differentially expressed transcripts
between GDA-201 and apheresis NK cells and between day 4
GDA-201 and host NK cells, many of the transcripts that were ele-
vated in GDA-201 product NK cells and day 4 GDA-201 NK cells
were associated with immature CD56bright NK cells. Conversely,

many of the transcripts that were down-regulated in GDA-201
and day 4 GDA-201 NK cells were associated with more mature
CD56dim NK cell populations. To further illustrate these patterns,
we sorted CD56bright NK cells, CD56dimCD94high NK cells, and
CD56dimCD94low/− NK cells from the peripheral blood of four
healthy donors and performed bulk RNA-seq. We found that,

Fig. 7. Tumor regression is associated with dense host T cell infiltration into lymph node tissue after GDA-201 treatment. (A) PET scan of patient 009 at baseline
and 6 months after GDA-201 treatment. (B) Hematoxylin-eosin–stained section showing histology of a lymph node core biopsy sample from patient 009 before GDA-201
treatment. (C) CD20 and (D) CD3 staining of a pretreatment lymph node biopsy sample from patient 009. (E) Hematoxylin-eosin–stained section showing the histology of
a lymph node biopsy sample from patient 009 at day 16 after GDA-201 treatment. (F) CD20 and (G) CD3 staining of simulated immunohistochemistry derived from
immunofluorescence CODEX analysis of a lymph node biopsy sample from patient 009 at day 16 after GDA-201 treatment. (H) CODEX-stained section showing NK
and T cell infiltration within a lymph node biopsy sample from patient 009 at day 16 after GDA-201 treatment. The same section of lymph node biopsy sample was
also analyzed for the presence of (I) B cells and (J) CD4+ T cells and CD8+ T cells. (K) Flow cytometry analysis of NK cells within peripheral blood and lymph node
biopsy tissue at the indicated time points after GDA-201. Donor cells were detected by differences in HLA (donor NK cells are HLA-A2−, and host NK cells are HLA-
A2+). Flow plots are gated on CD45+CD56+CD3− NK cells. FSC, forward scatter.
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Fig. 8. NK cells expanded ex vivo with IL-15 and NAM have a transcriptional profile similar to CD56bright NK cells. NK cells were sorted from banked apheresis
products used to generate GDA-201 NK cells to treat three patients and from the expanded GDA-201 NK cell products. GDA-201 and host NK cells were also sorted from
peripheral blood collected 4 days after treatment. All sorted populations were assessed by scRNA-seq. (A) Cluster analysis of all four sorted populations from three sets of
product and patient samples. (B) Cluster analysis comparing the day 4 GDA-201 and host NK cells only. (C) Heatmaps of transcripts with differential expression between
GDA-201 and apheresis NK cells and between day 4 GDA-201 and host NK cells. Heatmaps of relative transcript expression of the same genes in a bulk RNA-seq com-
parison of CD56bright, CD56dimCD94high, and CD56dimCD94low/− NK cells sorted from four healthy donors are also shown.
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among the top 400 transcripts with higher expression in GDA-
201versus apheresis NK cells, 161 were also up-regulated in the
comparison between day 4 GDA-201 and host NK cells. Of these
161 transcripts, 94 had higher expression in immature CD56bright
NK cells. Conversely, among the top 400 transcripts with lower ex-
pression in GDA-201 versus apheresis NK cells, 112 were also
down-regulated when comparing day 4 GDA-201 and host NK
cells. Of these 112 transcripts, 42 had lower expression in CD56bright
NK cells relative to CD56dim NK cells (Fig. 8C). Together, these data
suggested that NK cells cultured ex vivo with IL-15 and NAM have
an immature transcriptional signature that is maintained after
adoptive transfer.

DISCUSSION
Here, we showed that NK cells expanded ex vivo with IL-15 and
NAM had elevated NAD+, NADH, NADP+, and NADPH, which
are central to redox homeostasis. Low amounts of ROS support
cell proliferation and survival through posttranslational modifica-
tion of phosphatases and kinases (19). High concentrations of
ROS, however, can damage essential cellular components. Thus,
maintaining redox homeostasis is critical for cell survival and func-
tion (20). Cells depend on multiple defense systems to maintain
ROS below the toxic threshold. The glutathione and peroxiredoxin
systems are maintained by NADPH, which is a universal reducing
equivalent for ROS scavenging (21). Multiple pathways can regen-
erate NADPH from NADP+. Among them, the oxidative PPP pro-
duces most of the NADPH in a variety of cell types (22). We
observed higher concentrations of 6-phosphogluconate, which is
the first metabolite that enters the PPP, in NK cells cultured with
NAM. Elevated PPP activity, along with increases in glutathione
and polyamines, in NK cells cultured with NAM may explain the
profound reductions in mitochondrial ROS in response to oxidative
stress.

Elevated NAD+ in NK cells cultured with NAM may also
account for their enhanced function. Recent work has shown that
NAD+ concentrations are low in tumor-infiltrating lymphocytes
relative to peripheral blood T cells, and NAD+ modulates human
T cell function by regulating cellular energy metabolism. In these
studies, reduced NAD+ resulted in attenuated maximal respiratory
capacity of mitochondria and concomitant decreases in adenosine
50-diphosphate (ADP) and ATP (23). In agreement with this work,
we observed elevated ATP and increased mitochondrial oxidative
phosphorylation in NK cells cultured with NAM. These metabolic
alterations correlated with enhanced natural cytotoxicity, ADCC,
and inflammatory cytokine production. The elevated function of
NK cells cultured with NAM could also be related to increased gly-
colytic metabolism. Inhibition of glycolysis has been shown to
impair both mouse and human NK cell cytotoxicity after priming
in vitro (24).

In addition to its effects on NK cell metabolism, NAM damp-
ened Akt signaling downstream of IL-15 in NK cells cultured ex
vivo. Akt can directly phosphorylate FOXO transcription factors
on three sites, leading to their nuclear export and degradation
(12). This basic mechanism is highly conserved across species
(25). Lower Akt phosphorylation in NK cells cultured with IL-15
and NAM was associated with higher FOXO1 protein and
reduced proteasomal degradation. Consequently, FOXO1 was en-
riched within the proximal promoter of SELL for enhanced

transcription and CD62L stability that was maintained in vivo
after NAM withdrawal. CD62L binds high endothelial venules in
lymph nodes and Peyer’s patches through recognition of endothe-
lial glycoproteins and the mucosal vascular addressin MAdCAM-1
(26, 27). Human CD62L+ NKT cells have superior in vivo persis-
tence and antitumor function relative to CD62L− NKT cells and
exhibit a less differentiated gene expression profile (28). This is in
line with our findings that NK cells cultured with IL-15 and NAM,
which have elevated CD62L, persisted at higher frequencies in mul-
tiple tissues after adoptive transfer and had a transcriptional profile
mirroring immature CD56bright NK cells. NK cells cultured with IL-
15 and NAM had elevated expression of fucosyltransferase 7
(FUT7), which is involved in the last step of sialyl Lewis X determi-
nant synthesis (29). Sialyl Lewis X determinant, which is the specific
carbohydrate ligand for selectins, is constitutively expressed or
induced upon activation by multiple immune cell types and medi-
ates inflammatory extravasation of cells (30, 31). Higher CD62L,
CD44, and FUT7 inNK cells cultured with NAM suggests enhanced
capacity for homing to lymph nodes and sites of inflammation.
However, we were unable to test this directly because of the lack
of secondary lymphoid tissue in NSG mice. The development of
better xenogeneic models will be necessary to study human lym-
phocyte homing.

In the phase 1 dose escalation trial of NAM-expanded allogeneic
NK cells (GDA-201) in combination with rituximab for the treat-
ment of R/R DLBCL and FL, 16 of the 20 patients enrolled received
the maximum target dose of cells. Among the 19 patients evaluable
for response, 13 patients (65%) had a CR, and 1 patient had a PR, for
a best OR rate of 74%. Overall survival at 2 years was 73% with a
median duration of response of 16 months. These are comparable
to CD19 chimeric antigen receptor (CAR)–T therapies where OR
rates of 60 to 70% and 2-year PFS of 40% have been reported
(32). They are also comparable to cord blood–derived allogeneic
CD19 CAR-NK cell therapy where 8 of 11 evaluable patients had
an objective response and 7 patients achieved a CR (33). Our
prior experience using donor NK cells without NAM expansion
showed lower clinical efficacy (OR rate of 30%) for a similar high-
risk lymphoma population (5). One question is to what extent
NAM-expanded NK cells contributed to the clinical response in
this trial. This question would best be answered by including a com-
parison group lacking NK cell adoptive transfer. However, the small
size of this phase 1 trial did not allow for additional groups. Results
from a historical study of rituximab, fludarabine, and mitoxantrone
chemotherapy in patients with R/R FL and mantle cell lymphoma
demonstrated antitumor activity but required multiple cycles of
chemo-immunotherapy. The CR (33%) and PR (45%) rates were
low, and the duration of responses was brief (34). Although our
study had a similar OR rate, we observed higher CR rates and
longer PFS duration, suggesting a potential added benefit of
NAM-expanded NK cell adoptive transfer. GDA-201 cells outnum-
bered recipient NK cells in the peripheral blood of most patients at
peak numbers and were detected up to 10 to 14 days after infusion.
These cells were also detected in tumor biopsies after infusion. Fur-
thermore, the post–GDA-201 infusion tumor biopsies demonstrat-
ed cancer cell necrosis with evidence of scattered NK cells and a
dense T cell infiltrate. This finding suggests potential cooperation
between GDA-201 and the adaptive arm of host immunity.
Further studies will be needed to explore this hypothesis. This
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trial showed that GDA-201 can be administered safely without
immune-mediated toxicities or severe cytopenia.

A limitation of this study was the lack of available lymph node
biopsy tissue from a nonresponding patient with CODEX imaging
for comparison of NK and T cell infiltration. Future prospective
clinical studies designed to image various immune populations
before and after adoptive transfer in responding and nonresponding
patients will be needed to determine the role of NK cells more de-
finitively in recruiting T cells to the tumor site. Although the clinical
response rates in this study compare favorably with anti-CD19
CAR-T cell treatment of DLBCL (32), another limitation of this
study is the relatively small cohort size. A larger phase 2 study
testing a cryopreserved formulation of GDA-201 for the treatment
of aggressive and indolent NHL is underway to validate and extend
the present findings. The universal potential for GDA-201 with
cancer antigen–targeting monoclonal antibodies may be explored
for other malignancies.

MATERIALS AND METHODS
Study design
Patients with R/R MM or NHL have poor prognoses, and cell
therapy is a promising approach to yield durable remissions. This
phase 1 study explored the safety and feasibility of ex vivo HLA-hap-
loidentical or HLA-mismatched NAM-expanded NK cell adoptive
therapy (GDA-201) after lymphodepleting chemotherapy and in
combination with targeted monoclonal antibodies, followed by a
short course of IL-2 to facilitate NK cell survival and expansion in
vivo. We hypothesized that infusion of GDA-201 would be safe and
result in tumor control in patients with NHL and MM. Randomi-
zation and blinding were not applicable. All enrolled patients vol-
untarily signed institutional review board–approved informed
consent to be treated in the first-in-human phase 1 dose escalation
trial of GDA-201 (NCT03019666). The primary objectives of this
clinical trial were to evaluate the safety and efficacy of GDA-201
in patients with R/R NHL. A synopsis with inclusion and exclusion
criteria is included in the SupplementaryMaterials. Eligible patients
were above the age of 18 with CD20+ B cell NHL or MM who failed
conventional therapy and had HLA haploidentical or mismatched
related donors. Patients received three doses of rituximab (375 mg/
m2) and lymphodepleting chemotherapy consisting of cyclophos-
phamide (400 mg/m2 × one dose) and fludarabine (30 mg/m2 ×
three doses) followed by GDA-201 and subcutaneous doses of IL-
2 (6 × 106 units) at days 0, 2, and 4 to support NK cell survival in
vivo. For manufacturing of GDA-201, PBMCs were collected from
donors by apheresis, and T cells were removed via anti-CD3 mag-
netic depletion. Cells were then cultured for 14 days with IL-15 (20
ng/ml) and NAM (5 mM) in the GMP facility at the University of
Minnesota, washed, and infused into patients intravenously. Sixteen
patients received the maximum target dose of 2 × 108 cells. The
primary end points included safety, dose-limiting toxicities, OR
rates, CR rates, PR rates, duration of responses, PFS, and overall sur-
vival. The time-to-event continual reassessment method was used
to establish the GDA-201 dose that was safe and most closely cor-
responded to a target rate of dose-limiting toxicity of 15%. Three
dose levels were tested (2 × 107, 10 × 107, and 2 × 108/kg GDA-
201 cells given on days 0 and +2) with cohorts of two patients per
dose. Once the phase 1 study was completed, enrollment continued
in an expansion phase until 10 patients with NHL and 10 patients

with MM, including any patients treated at the maximum tolerated
dose (MTD) during the phase 1 trial, were treated at the highest tol-
erated GDA-201 dose level. Each disease group accrued indepen-
dently, with enrollment closed once all 10 evaluable patients were
enrolled at the MTD.

Cell isolation and culture
Peripheral blood products were obtained from the Memorial Blood
Bank (Minneapolis, MN). PBMCs were isolated by Ficoll-Paque
(GE Healthcare) density gradient centrifugation. T and B cells
were depleted using anti-CD3 and anti-CD19 magnetic beads
(STEMCELL Technologies). CD3/CD19-depleted cells were cul-
tured in B0 media [Dulbecco’s modified Eagle’s medium plus
Ham’s F-12 medium, 2:1, supplemented with 10% heat-inactivated
human AB sera, 1% penicillin-streptomycin, 25 mM β-mercaptoe-
thanol, ascorbic acid (20 mg/ml), and sodium selenite (0.05 mg/
ml)] with IL-15 (10 ng/ml; National Cancer Institute). In NAM-
supplemented cultures, 5 mM NAM (Sigma-Aldrich) was added.
In some experiments, NK cells were isolated using the EasySep
HumanNKCell Isolation Kit (STEMCELLTechnologies). In exper-
iments testing FOXO1 inhibition, 100 nM AS1842856 (Sigma-
Aldrich) was added at the beginning of culture. In experiments as-
sessing FOXO1 stabilization, cycloheximide (10 mg/ml; Sigma-
Aldrich) and 10 mMMG132 (Sigma-Aldrich) were used. In exper-
iments testing the effect of NAM on CD62L and CD16 surface
cleavage, IL-12 (10 ng/ml; R&D Systems), IL-18 (100 ng/ml; R&D
Systems), and BMS56634 (10 μg/ml; Bristol Myers Squibb) were
added to overnight cultures. For the clinical trial, peripheral
blood was collected to obtain mononuclear cells by density gradient
centrifugation. Flow cytometry and chimerism studies were per-
formed with fresh cells.

Flow cytometry and cell sorting
Staining was performed with fluorochrome-conjugated antibodies
against CD3 (OKT3; RRID: AB_2904343), CD56 (HNCD56;
RRID:AB_604095), KIR2DL1 (HP-MA4; RRID:AB_2130376),
KIR2DL2/3 (DX27; RRID:AB_2296485), KIR3DL1 (DX9;
RRID:AB_314946), CD57 (QA17AM; RRID:AB_2860965), CD16
(3G8; RRID:AB_2616616), NKp30 (P30-15; RRID:Ab_2810489),
NKp46 (9E2; RRID:AB_2561649), 2B4 (C1.7;
RRID:AB_1279188), LFA-1 (m24; RRID:AB_2565288), CD62L
(DREG-56; RRID:AB_314469), CD44 (BJ18; RRID:AB_1501202),
CD107a (H4A3; RRID:AB_1186058), TNF (Mab11;
RRID:AB_2561315), IFN-γ (4S.B3; RRID:AB_10900083) (all from
BioLegend), pAkt-S473 (D9E, Cell Signaling Technology), pSTAT5-
Y694 (BD Biosciences; RRID:AB_399881), pFOXO1-S256 (Thermo
Fisher Scientific), NKG2A (Z199, Beckman Coulter), CD2 (RPA-
2.10, BD Biosciences; RRID:_AB396481), HLA-A24 (K0209-4,
MBL; RRID:AB_592234), HLA-Bw4 (REA274, Miltenyi;
RRID:AB_2652010), HLA-B7 (BB7.1, Thermo Fisher Scientific),
HLA-B12 (130-099-862, Miltenyi; RRID:AB_2652097), HLA-B8
(130-099-583, Miltenyi; RRID:AB_2652004), HLA-A2 (BB7.2, Bi-
oLegend; RRID:AB_1659246), and HLA-A3 (GAP.A3, BD Biosci-
ences; RRID_AB2872241). In some experiments, NK cells were
stained with MitoSOX Red Mitochondrial Superoxide Indicator
dye (Thermo Fisher Scientific). Cells were surface-stained with
dead cell stain (Thermo Fisher Scientific) in fluorescence-activated
cell sorting (FACS) buffer [phosphate-buffered saline (PBS) supple-
mented with 2% fetal bovine serum and 2 mM EDTA] and fixed in
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2% formaldehyde. Flow data were acquired on LSR II (BD Biosci-
ences) and analyzed with FlowJo software, v10 (BD Biosciences).
Cell sorting was performed using FACSAria (BD Biosciences).

Western blots and confocal microscopy
For Western blots, cells were lysed and run on 10% SDS–polyacryl-
amide gel electrophoresis gels. Proteins were then transferred to ni-
trocellulose membranes, which were incubated overnight with
primary antibodies against FOXO1 (C29H4, Cell Signaling Tech-
nology), Akt 1/2/3 (5C10, Santa Cruz Biotechnology;
RRID:AB_1118808), pAkt-Ser473 (D9E, Cell Signaling Technology),
and ubiquitin (A-5, Santa Cruz Biotechnology; RRID:AB_2241297)
at a dilution of 1:1000. Membranes were washed and incubated with
anti-rabbit or anti-mouse horseradish peroxidase secondary anti-
bodies at a 1:2000 dilution for 1 hour. Immunoreactive bands
were imaged on a UVP Imaging System with enhanced chemilumi-
nescence reagents (Thermo Fisher Scientific). Densitometry analy-
ses were performed using ImageJ software (National Institutes of
Health). For imaging experiments, cells were stained with the
same FOXO1 antibody used for Western blot. After staining, cells
were washed with PBS and spun onto slides with Cytospin 2
(Shandon). Cells were fixed and mounted in Vectashield with
40,6-diamidino-2-phenylindole staining dye (Vector Laboratories).
Images were acquired with an Olympus BX upright microscope
(Olympus). Image processing was performed using Icy open plat-
form software.

Quantitative RT-PCR and ChIP
For quantification of gene expression, cells were lysed in RLT buffer
(Qiagen), and RNAwas extracted using the RNeasy Plus Micro Kit
(Qiagen). Complementary DNAwas synthesized using SuperScript
IV Reverse Transcriptase (Thermo Fisher Scientific). qRT-PCRs
were performed using SYBR Green PCR Master Mix (Applied Bio-
systems). Primer sequences are as follows: SELL, 50-AGCCCTCT
GTTACACAGCTTC-30 (forward) and 50-ACCCCACATCACAGT
TGCAG-30 (reverse); FOXO1, 50-GGGTTAGTGAGCAGGTTA
CAC-30 (forward) and 50-ACTAAAAGGGAGTTGGTGAAA
GACA-30 (reverse); and ACTB, 50-CACACTGTGCCCATCTACG
A-30 (forward) and 50-GCCATCTCTTGCTCGAAGTC-30
(reverse). Gene expression analyses were normalized against
ACTB. For ChIP assays, aliquots of 2.5 × 106 formaldehyde-fixed
cells were resuspended in 50 ml of nuclei isolation buffer
(Abcam). Chromatin was digested by adding 15 U of MNase
(Thermo Fisher Scientific) and incubating at 37°C for 5 min.
EDTA was added to stop the reactions. Digested chromatin was
diluted in immunoprecipitation buffer with EDTA-free protease in-
hibitors (Millipore) and precleared with protein G agarose (Milli-
pore) for 1 hour at 4°C. Precleared chromatin was
immunoprecipitated overnight at 4°C with an antibody against
FOXO1 (3B6, Invitrogen). Samples were then washed and eluted,
and cross-links were reversed with a 4-hour incubation at 65°C.
DNA was precipitated and analyzed by qRT-PCR.

Metabolic and in vitro function assays
For metabolite quantification, the NAD/NADH Quantitation Kit,
NADP/NADPH Quantitation Kit, and ATP Bioluminescence
Assay Kit HSII (all from Millipore) were used. Mass spectrometry
and data analysis for principal metabolite quantification were per-
formed by Metabolon. For assays testing NK cell oxidative stress,

cells were incubated at 37°C for 1 hour with or without 100 mM
H2O2 (Sigma-Aldrich). For glucose tracing experiments, NK cells
cultured with and without NAM were washed and resuspended in
media containing 0.5 M 13C6 glucose (Sigma-Aldrich) for 1 hour.
Carbon-labeled acetyl-CoA was analyzed by liquid chromatogra-
phy–tandem mass spectrometry (LC/MS/MS) using an UltiMate
3000 Quaternary UHPLC coupled to a Q-Exactive Plus mass spec-
trometer (Thermo Fisher Scientific). Real-time metabolic flux anal-
yses were performed using the Seahorse XF Glycolysis Stress Test
Kit and the Seahorse XF Cell Mito Stress Test Kit (both from
Agilent). Cells were analyzed with a Seahorse Xfe96 Analyzer in-
strument (Agilent). For flow cytometry–based function assays,
NK cells were incubated with K562 cells [CRL-3343, American
Type Culture Collection (ATCC)] or Raji cells (CCL-86, ATCC)
with or without rituximab (1 μg/ml) (Genentech). After 4 hours
of coincubation, intracellular and surface staining was performed
using antibodies listed above. For intracellular staining, GolgiStop
and GolgiPlug (BD Biosciences) were used to block cytokine secre-
tion. Cells were permeabilized in 0.05% Triton X-100 (Millipore).
For IncuCyte assays, NK cells were cocultured with K562 cells trans-
duced with NucLight Red (Essen Bioscience) and analyzed with the
IncuCyte S3 Live-Cell Analysis System (Essen Bioscience).

In vivo xenogeneic adoptive transfer experiments
For all animal experiments, 6- to 8-week-old female NSG mice
(Jackson Laboratory, strain no. 001303) were used. All experiments
were reviewed and approved by the University of Minnesota Animal
Care Committee under the protocol 1907-37257A. For experiments
assessing the stability of CD62L after NAM withdrawal, 5 × 106 NK
cells cultured with or without NAMwere injected into the peritonea
of NOD scid gamma (NSG) mice. Groups of mice were sacrificed at
days 7 and 14. Peritoneal washes were performed to collect cells, and
CD62L expression on human NK cells was assessed by flow cytom-
etry. For experiments analyzing NK cell tissue retention, NK cells
cultured with and without NAM were labeled with CFSE dye
(Thermo Fisher Scientific) and injected intravenously into NSG
mice (1.5 × 107 cells per mouse). Control mice received injections
of buffer alone. Mice were sacrificed after 4 days, and blood, bone
marrow, and spleen tissues were harvested for assessment of fre-
quencies of adoptively transferred cells by flow cytometry.

Lymph node immunohistochemistry
The samples of lymph nodes were obtained by radiologic imaging–
guided core needle biopsy. The tissues were fixed in 10% formalin
and processed into paraffin blocks. Five-micrometer-thick sections
were stained with hematoxylin-eosin or immunohistochemical
stains performed using a Ventana Benchmark stainer with antibod-
ies specific for CD20 (L26, Roche) and CD3 (2GV6, Roche). The
microscopic images were taken using an Olympus BX46 micro-
scope with an Olympus DP74 camera.

Single-cell and bulk RNA-seq
For scRNA-seq experiments, NK cells were sorted from banked al-
iquots of clinical apheresis products and GDA-201 NK cells ex-
panded at the GMP cell therapy facility at the University of
Minnesota using antibodies against CD56 and CD3 to distinguish
the NK cell populations. Day 4 GDA-201 and host NK cells were
sorted from banked patient peripheral blood using antibodies
against CD56, CD3, HLA-A2, and HLA-A3. Day 4 GDA-201 cells
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were HLA-A2/3 positive, whereas host NK cells were HLA-A2/3
negative. For scRNA-seq, sorted NK cells were washed in Dulbec-
co’s PBS + 0.04% bovine serum albumin and submitted to the Uni-
versity of Minnesota Genomics Center for sample preparation and
sequencing. Briefly, we used the Chromium Single Cell 30 Reagent
Kit (v3 Chemistry) for library preparation (10X Genomics). Librar-
ies were sequenced on NovaSeq 6000 (Illumina), and raw FASTQ
files were processed with CellRanger software v4.0.0 (10X Geno-
mics) for read alignment, barcode counting, and unique molecular
identifier counting. Reads were aligned and mapped to the GRch38
sequence, and low-quality cells were removed from the analysis. Log
normalization was performed on gene expression values for further
downstream analysis. For bulk RNA-seq, CD56bright, CD56dim
CD94high, and CD56dimCD94low/− NK cells were sorted from pe-
ripheral blood from four healthy donors. RNA was extracted
using the RNeasy Plus Micro Kit (Qiagen). Barcoded TruSeq
RNA v2 libraries (Illumina) were created and sequenced on HiSeq
2500 (Illumina) as paired-end 100–base pair reads. RNA-seq reads
were aligned to GRch38, and raw read counts were processed by R
(version 3.2.0) and subjected to normalization and differential ex-
pression analysis in the R/Bioconductor package.

Statistical analyses
All statistics were calculated with GraphPad Prism (v9.0). Data are
expressed as the mean ± SEM. Differences between groups were de-
termined by Student’s t tests, one-way analysis of variance
(ANOVA), or mixed-effects analyses. P values of <0.05 were consid-
ered statistically significant. For RNA-seq, P values were determined
usingWilcoxon tests. Uncertainty is represented by error bars in the
figures as SEM. Statistical analyses used for the clinical trial are sum-
marized in Supplementary Materials and Methods.

Supplementary Materials
This PDF file includes:
Materials and Methods
Figs. S1 to S6
Tables S1 to S4

Other Supplementary Material for this
manuscript includes the following:
Data file S1
MDAR Reproducibility Checklist

View/request a protocol for this paper from Bio-protocol.
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