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Key Points

• Polymer-conjugated
IL-15 (NKTR-255)
induced CD8+ and
CD4+ T-cell and
natural killer cell
proliferation in
nonhuman primates.

• NKTR-255 enhanced
the efficacy of human
CD19 CAR T cells in a
xenogeneic lymphoma
model.
Chimeric antigen receptor (CAR)–modified T-cell therapies targeting CD19 represent a new

treatment option for patients with relapsed/refractory (R/R) B-cell malignancies. However,

CAR T-cell therapy fails to elicit durable responses in a significant fraction of patients.

Limited in vivo proliferation and survival of infused CAR T cells are key causes of failure. In

a phase 1/2 clinical trial of CD19 CAR T cells for B-cell malignancies (#NCT01865617), low

serum interleukin 15 (IL-15) concentration after CAR T-cell infusion was associated with

inferior CAR T-cell kinetics. IL-15 supports T-cell proliferation and survival, and therefore,

supplementation with IL-15 may enhance CAR T-cell therapy. However, the clinical use of

native IL-15 is challenging because of its unfavorable pharmacokinetic (PK) and toxicity.

NKTR-255 is a polymer-conjugated IL-15 that engages the entire IL-15 receptor complex

(IL-15Rα/IL-2Rβγ) and exhibits reduced clearance, providing sustained pharmacodynamic

(PD) responses. We investigated the PK and immune cell PDs in nonhuman primates treated

with NKTR-255 and found that NKTR-255 enhanced the in vivo proliferation of T cells and

natural killer cells. In vitro, NKTR-255 induced dose-dependent proliferation and

accumulation of human CD19 CAR T cells, especially at low target cell abundance. In vivo

studies in lymphoma-bearing immunodeficient mice demonstrated enhanced antitumor

efficacy of human CD19 CAR T cells. In contrast to mice treated with CAR T cells alone, those

that received CAR T cells and NKTR-255 had markedly higher CAR T-cell counts in the blood

and marrow that were sustained after tumor clearance, without evidence of persistent

proliferation or ongoing activation/exhaustion as assessed by Ki-67 and inhibitory

receptor coexpression. These data support an ongoing phase 1 clinical trial of combined

therapy with CD19 CAR T cells and NKTR-255 for R/R B-cell malignancies.

Introduction

Chimeric antigen receptor (CAR)–modified T-cell therapy represents a new paradigm for the treatment
of relapsed/refractory (R/R) B-lineage malignancies and shows promise for the treatment of other
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tumors. As of June 2022, there are 6 Food and Drug
Administration–approved CAR T-cell products.1-8 Although the
outcomes in many studies of CAR T-cell therapy are encouraging,
there remains a significant fraction of patients in whom CAR T-cell
therapy fails to elicit a durable response.

Limited in vivo proliferation and survival of infused CAR T cells are key
causes of failure in CAR T-cell therapy.9-16 Lymphodepleting
chemotherapy is typically administered before adoptively transferring T
cells to reduce the levels of endogenous lymphocytes that compete
with infused T cells for homeostatic cytokines that maintain T-cell
survival.17 Interleukin 15 (IL-15) is one such homeostatic cytokine that
promotes proliferation and survival of T cells.18 In patients with R/R B-
cell malignancies treated with CD19 CAR T cells, high peak serum IL-
15 concentration was associated with response.10,19 These results
suggest that IL-15 supplementation could augment CAR T-cell pro-
liferation and/or survival and improve outcomes.

Treatment with native IL-15 is problematic owing to its short half-life
(t1/2), resulting in the need to administer high and frequent doses or
give continuous infusions.20,21 PEGylation, which involves covalently
attaching a polyethylene glycol (PEG) moiety to a molecule, has
successfully improved the pharmacokinetics (PK) and pharmacody-
namics (PD) of various drugs that are currently used in clinical set-
tings.22,23 NKTR-255 is a novel clinical grade PEG-conjugated IL-15
agonist that engages the entire IL-15 receptor complex (IL-15Rα/IL-
2Rβγ), resulting in downstream signaling effects similar to native IL-15
in human mononuclear cells.24 Compared with recombinant human
IL-15 (rhIL-15) and precomplexed rhIL-15/IL-15Rα, single-agent
NKTR-255 treatment of mice demonstrated enhanced activation of
natural killer (NK) and CD8+ T cells and tumor eradication,24 sup-
porting investigation of NKTR-255 for augmenting the antitumor effi-
cacy of CAR T cell in humans. Here, we report our preclinical findings
on the PK and immune cell PD of NKTR-255 in nonhuman primates
(NHPs) and demonstrate the enhanced in vitro function and in vivo
efficacy of human CD19 CAR T cells combined with NKTR-255 than
CD19 CAR T cells alone.

Materials and methods

Analyses of clinical trial samples

Serum IL-15 concentrations (Luminex Corporation) and CAR T-cell
persistence (quantitative reverse transcription polymerase chain
reaction; FlapEF1α copies per μg DNA) were analyzed in 190
patients with R/R B-cell malignancies treated in a phase 1/2 clin-
ical trial of CD19 CAR T cells (#NCT01865617), as previously
described.9,15,16,25-27 The study was conducted according to the
principles of the Declaration of Helsinki with approval by the Fred
Hutchinson Cancer Center Institutional Review Board.

Reagents and cell lines

rhIL-15 and NKTR-255 were manufactured by Nektar Therapeutics
(San Francisco, CA) and formulated in aqueous buffer at
near-neutral pH. For in vivo experiments, NKTR-255 was adminis-
tered in IL-15 protein equivalents, excluding the mass of PEG.
Injection volumes were ~2 mL/kg for cynomolgus monkeys or 5
mL/kg for mice. K562 cells stably expressing CD19 (K562-CD19+)
and Raji cells stably expressing firefly luciferase and enhanced
green fluorescent protein (eGFP) (Raji-ffluc-eGFP) were generated
2480 HIRAYAMA et al
as previously described.28,29 The cell lines were cultured in RPMI
1640 with 10% fetal bovine serum, 0.71 mM L-glutamine, and
100 U/mL penicillin-streptomycin, and maintained at 37◦C and 5%
CO2.

NHP studies

NHP studies were conducted under accreditation by the Associ-
ation for Assessment and Accreditation of Laboratory Animal Care
or the Canadian Council on Animal Care. All studies met the ethical
and humane criteria for transportation, housing, and care estab-
lished by the US National Institutes of Health guidelines or Cana-
dian animal care regulators. Young adult male and female
cynomolgus monkeys weighing 2.0 to 3.5 kg and 2.2 to 2.5 kg,
respectively, at treatment initiation were obtained from the spare
colony at the International Toxicology Research Laboratories
Canada Inc (Baie d’Urfe, Quebec, Canada). The animals were
cohoused in pairs or groups, except during the initial dosing period.
A standard diet and water were available ad libitum.

PK evaluation in NHPs

Cynomolgus monkeys received a single dose of NKTR-255 (0.1
mg/kg) either subcutaneous (SC) or IV (2 male animals per group)
or a single IV dose of rhIL-15 (0.05 mg/kg) or NKTR-255 (0.1 mg/
kg) (1 male and 1 female per group). Peripheral blood was
collected at 0.033, 0.25, 1, 4, and 12 hours after rhIL-15 and
NKTR-255 administration and at 1, 2, 3, 4, 5, 6, and 7 days after
NKTR-255 infusion. Plasma IL-15 concentrations were measured
using a qualified enzyme-linked immunosorbent assay method. PK
parameters (t1/2, volume of distribution, and clearance) were
determined by noncompartmental analysis using Phoenix Win-
Nonlin (version 6.4; Certara Inc, Princeton, NJ).

Flow cytometry in NHPs

Male cynomolgus monkeys (3-4 per group) received a single IV
dose of NKTR-255 (0.001, 0.01, or 0.1 mg/kg). Blood samples
were collected before NKTR-255 infusion (days −5 and −2) and at
multiple intervals following infusion to evaluate absolute cell counts
and Ki-67 (BD Biosciences) and pSTAT5 (BD Biosciences)
expression in NK cells and CD8+ and CD4+ T cells by flow
cytometry. To evaluate IL-15 signaling, fresh whole blood samples
from 3 animals were stimulated ex vivo for 20 minutes at 37◦C with
rhIL-15 or NKTR-255. pSTAT5 was assessed in CD3−CD56+ NK
cells, CD3+CD8+ T cells, and CD3+CD4+ T cells by flow cytom-
etry. Data were acquired using an LSRFortessa X-20 or FACS-
Canto II (BD Biosciences) and analyzed using the FlowJo software
(BD Life Sciences).

Human CAR T-cell generation

CD8+ and CD4+ T cells were isolated from healthy donor
leukaphereses using the EasySep Human T Cell Isolation Kit (STEM-
CELL Technologies). Isolated CD8+ or CD4+ T cells were activated
using Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher Sci-
entific) and cultured in RPMI 1640 with 10% human serum, 3.51 mM
L-glutamine, 0.05 mM β-mercaptoethanol, 100 U/mL penicillin-
streptomycin, and 50 IU/mL IL-2 (PeproTech). After 24 hours, acti-
vated T cells were spinoculated at 800g and 32◦C for 90 minutes
with a lentivirus encoding aCAR comprising an FMC63-derivedCD19-
specific single-chain variable fragment (scFv), 4-1BB costimulatory
13 JUNE 2023 • VOLUME 7, NUMBER 11



domain, and CD3ζ signaling domain. A truncated cell-surface human
epidermal growth factor receptor (EGFRt)was separated from theCAR
using a ribosomal skip sequence to enable the detection of transgene
expressing cells by flow cytometry. Dynabeads were removed on day 5.
Transduced EGFRt+CD8+ and EGFRt+CD4+ T cells were flow-sorted
(BD FACSAria or Sony MA900) on day 7 and expanded by coculture
with irradiated allogeneic CD19+ lymphoblastoid cell line for 8 days.
Media were changed every 2 days. CAR T cells were used for further
experiments on days 14 to 16.

Flow cytometry of human CAR T cells

CAR T-cells or single-cell suspension of mouse bone marrow were
stained with live dead fixable AmCyan or Violet (Life Technologies)
in phosphate-buffed saline (PBS) at 4◦C. Cells were washed with
staining buffer (PBS/2% fetal bovine serum) and blocked with
human FcR (Miltenyi Biotec) and/or mouse FcR (BioLegend).
Surface staining (CD45, CD3, CD8, CD4, anti-EGFR, PD-1, and
TIM-3) was performed using a Brilliant Stain Buffer (BD Bio-
sciences). For intracellular staining, the cells were fixed and per-
meabilized using a BD Cytofix/Cytoperm Solution Kit (BD
Biosciences) and stained with BCL-2 and Ki-67 antibodies (BD
Biosciences). Cells were washed and resuspended in Perm/Wash
Buffer containing Liquid Counting Beads (BD Biosciences). Data
were acquired using LSR II, FACSymphony A5, or LSRFortessa
X-50 (BD Biosciences) and analyzed using FlowJo software.

To assess STAT5 phosphorylation, CAR T cells were washed
twice with PBS, resuspended in IL-2–free media at 2 × 106 cells
per mL, and incubated overnight (humidified incubator, 37◦C, and
5% CO2). Dead cells were removed by density gradient centrifu-
gation using a Histopaque-1077 (Sigma-Aldrich). CAR T cells
were cultured (20 minutes at 37◦C) with rhIL-15 or NKTR-255,
fixed with BD Cytofix Fixation Buffer (BD Biosciences) for 20
minutes at 37◦C, washed with staining buffer, and permeabilized
at −20 ◦C with 100% methanol before incubation (30 minutes at
4◦C) with pSTAT5 antibody (BD Biosciences). Data were acquired
using a FACSCelesta (BD Biosciences) and analyzed using
FlowJo software.

Assessment of proliferation of human CAR T cells

CAR T cells were labeled with 0.5 μM carboxyfluorescein succi-
nimidyl ester (CellTrace, Thermo Fisher Scientific) and cocultured
with irradiated (15 000 cGy) K562-CD19+ cells at different
effector to target (E:T) ratios and concentrations of NKTR-255.
Proliferation was assessed using carboxyfluorescein succinimidyl
ester dilution after 96 hours. Liquid counting beads were used to
determine the absolute cell counts. Flow cytometry data were
acquired using FACSCelesta and analyzed using FlowJo software.

Human CAR T-cell immunotherapy of lymphoma-

bearing immunodeficient mice

Mouse experiments were approved by the Fred Hutchinson Cancer
Center Institutional Animal Care and Use Committee. Six- to
8-week-old NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NOD/ severe com-
bined immunodeficiency/γc−/−) (NSG) mice were bred in house.
The mice were engrafted with 5 × 105 Raji-fflu-eGFP cells via tail
vein injection. Six to 7 days later, tumor-bearing mice received
0.8 × 106 CD8+ and CD4+ CD19 CAR T cells at a 1:1 ratio.
NKTR-255 or buffer was injected via the tail vein at the designated
13 JUNE 2023 • VOLUME 7, NUMBER 11
time points. Bioluminescence imaging was performed using a
Xenogen IVIS imaging system and luciferase activity was analyzed
using Living Image software.30 The dosing and frequency of NKTR-
255 infusions were selected based on PK data in mice.24 Blood
was collected via retro-orbital bleeding. Single-cell bone marrow
suspensions were obtained by flushing bilateral femurs and tibias.
Red blood cells were lysed with ACK Lysing Buffer (Thermo Fisher
Scientific) and washed with PBS before immunophenotyping.

Statistical analysis

A proportional odds logistic regression was used for multivariable
modeling of CAR T-cell kinetics according to peak serum IL-15
concentrations in patients treated with CD19 CAR T cells using
RStudio software (RStudio, Boston, MA). Other statistical analyses
were performed using Prism software (GraphPad, San Diego, CA).
Half maximal effective concentration (EC50) values were calculated
using 4-parameter nonlinear regression curves. The area under the
curve (AUC) was calculated using the trapezoidal rule. Two-tailed
Mann-Whitney, unpaired 2-tailed t test, or log-rank tests were
used for comparisons. P < .05 was considered statistically
significant.

Results

Serum IL-15 concentration is independently

associated with longer CD19 CAR T-cell

persistence in humans

We and others have previously reported that a higher peak serum
IL-15 concentration after CD19 CAR T-cell infusion was associ-
ated with better clinical outcomes in patients with R/R B-cell lym-
phomas in univariate analysis.10,16 Using multivariable modeling,
adjusting for disease type, prelymphodepletion serum lactate
dehydrogenase, and type of lymphodepletion, we found that a
higher peak serum IL-15 concentration after CAR T-cell infusion
correlated with a higher CAR transgene AUC from days 0 to 90
(AUC0-90; odds ratio, 4.88; P = .002) (Figure 1). The median time
to peak serum IL-15 levels was 1 day after CAR T-cell infusion
(range, 0-3 days). These data demonstrate an association between
endogenous IL-15 concentration and in vivo CAR T-cell counts,
providing a rationale for IL-15 supplementation to augment CD19
CAR T-cell efficacy.

NKTR-255 promotes T-cell and NK cell

accumulation in NHPs

The short t1/2 of native IL-15 complicates its systemic administra-
tion.21 We investigated the PK and PD of NKTR-255 in NHPs,
given that simian and human IL-15 share 97% sequence identity.31

We compared SC and IV administration of NKTR-255 in preclinical
studies and observed injection site reactions with SC infusion.
Furthermore, SC administration of NKTR-255 in cynomolgus
monkeys was not associated with a clear PK benefit. Therefore, the
IV administration route was selected for further studies. We treated
cynomolgus monkeys (1 male and 1 female per group) with a single
IV dose of rhIL-15 (0.05 mg/kg) or NKTR-255 (0.1 mg/kg) and
evaluated plasma IL-15 concentrations at intervals after infusion.
These dose levels were used because previous studies showed
lower binding affinity for IL-15Rα of NKTR-255 relative to rhIL-15.24

In animals that received rhIL-15, we observed a transient increase
POLYMER-CONJUGATED IL-15 ENHANCES CD19 CAR T CELLS 2481
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in IL-15 concentration with rapid decline to undetectable levels
12 hours after infusion. In contrast, in animals that received NKTR-
255, the levels of IL-15 were maintained in the first 12 hours after
infusion and declined more slowly than rhIL-15 (Figure 2A). There
was a longer IL-15 t1/2 (30.5 vs 1.2 hours), lower volume of dis-
tribution (72.8 vs 112.0 mL/kg), and slower clearance (4.3 vs
161.4 mL/h per kg) in NKTR-255–treated monkeys compared with
those treated with rhIL-15. These data demonstrate the favorable
PK of NKTR-255 compared with native IL-15 in cynomolgus NHPs.

To determine whether NKTR-255 induces signaling in NHP
immune cells, fresh whole blood from 3 animals was incubated with
rhIL-15 or NKTR-255, and phosphorylation of STAT5 was evalu-
ated in NK cells and CD8+ and CD4+ T cells. We observed dose-
dependent STAT5 phosphorylation in each NHP cell subset
(Figure 2B). The EC50 of STAT5 phosphorylation in NK cells and
CD8+ and CD4+ T cells incubated with NKTR-255 was higher than
that observed with rhIL-15, owing to the lower binding affinity of
NKTR-255 for IL-15 receptor.24 To determine if systemic admin-
istration of NKTR-255 changes immune cell subset composition,
we treated cynomolgus monkeys (n = 3-4 per group) with a single
IV dose of NKTR-255 (0.001, 0.01, or 0.1 mg/kg) or vehicle. NKTR-
255 induced a dose-dependent increase in the absolute numbers
of NK cells and CD8+ and CD4+ T cells in the blood (Figure 2C)
but did not significantly affect B-cell and monocyte counts
(supplemental Figure 1). At the highest dose level (0.1 mg/kg), NK
cells and T cells began to increase in the blood between 2 and
3 days after infusion, peaked around days 4 to 5, and then declined
to baseline by day 10. Similar patterns were observed after
2482 HIRAYAMA et al
NKTR-255 0.01 mg/kg dose, albeit with lower peak counts. The
lowest dose (0.001 mg/kg) did not result in significant increases in
NK cells and CD8+ or CD4+ T cells. We observed dose-
dependent increases in the fraction of immune cells expressing
pSTAT5 (Figure 2C), with the most significant changes observed in
NK cells and CD8+ T cells. Dose-dependent increases in Ki-67
expression peaked 3 to 7 days after infusion, predominantly in
NK cells and CD8+ T cells, consistent with in vivo proliferation
(Figure 2C). Ki-67+ cells were found in the naïve and memory T-cell
subsets (supplemental Figure 2). The fractions of NK cells and
CD8+ and CD4+ T cells expressing Ki-67 returned to baseline ~10
days after NKTR-255 infusion (0.1 mg/kg). These data indicate that
NKTR-255 IV is associated with increased proliferation and abso-
lute NK cell and CD8+ and CD4+ T-cell counts in cynomolgus NHP
blood.

NKTR-255 enhances proliferation and survival of

human CAR T cells at low target cell abundance

The favorable PK and immune cell PD observed after NKTR-255
treatment of NHPs suggests that NKTR-255 administration might
enhance the efficacy of CD19 CAR T-cell therapy in humans. We
first demonstrated IL-15Rα expression in human CD8+ and CD4+

CD19 CAR T cells (Figure 3A) and found a dose-dependent
increase in STAT5 phosphorylation following incubation with
NKTR-255 (Figure 3B). The EC50 of STAT5 phosphorylation in
CAR T cells incubated with NKTR-255 was higher than that
observed with rhIL-15, as seen in NHP T cells. NKTR-255 and rhIL-
15 also induced the dose-dependent proliferation of human CD8+

and CD4+ CAR T cells (Figure 3C). Consistent with the lower
affinity for IL-15Rα and pSTAT5 EC50 data, higher concentrations
of NKTR-255 were required to achieve the same proliferation of
CD8+ and CD4+ CAR T cells as seen with rhIL-15. NKTR-255
induced a dose-dependent increase in the expression of the pro-
survival protein, BCL-2, in both CD8+ and CD4+ CAR T cells
(Figure 3D). Consistent with the increased proliferation and
expression of BCL-2, we observed a dose-dependent increase in
the accumulation of CD8+ and CD4+ CAR T cells during in vitro
culture (Figure 3E). These data indicate that in the absence of
antigen, NKTR-255 induces a dose-dependent increase in prolif-
eration, BCL-2 expression, and accumulation of CD8+ and
CD4+ CAR T cells.

The extent of NKTR-255-induced augmentation of T-cell prolifera-
tion and accumulation may differ in the absence or presence of
antigen. To address this, we cocultured CAR T cells with CD19-
expressing K562 cells at different E:T ratios in the presence of
increasing NKTR-255 concentrations. As expected, both CD8+

and CD4+ CAR T cells proliferated in response to the antigen, and
the addition of NKTR-255 further enhanced the proliferation of
CAR T cells in a dose-dependent manner (Figure 4A-B). This
finding was more pronounced in the setting of lower target cell
abundance, especially for CD4+ CAR T cells, in which the effect of
NKTR-255 supplementation was more pronounced at high E:T
ratios (Figure 4B). The increase in BCL-2 expression induced by
increasing concentrations of NKTR-255 in the absence of antigen
(Figure 3E) was also observed in the presence of antigen
(Figure 4C). Consistent with the increased proliferation and BCL-2
expression (Figure 4A-C), we found a dose-dependent increase in
the accumulation of CAR T cells with increasing NKTR-255
13 JUNE 2023 • VOLUME 7, NUMBER 11
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concentrations (Figure 4D), with the most marked increases
observed with lower target cell abundance (high E:T ratio) and in
the CD8+ CAR T cells. At a given E:T ratio, coculture of CD8+ and
CD4+ CAR T cells with NKTR-255 in the presence of antigen
13 JUNE 2023 • VOLUME 7, NUMBER 11
did not significantly increase interferon gamma or tumor necrosis
factor α (supplemental Figure 3A-B). The cytolytic activity of CD8+

CAR T cells cocultured with or without NKTR-255 against 51Cr-
labeled CD19-expressing K562 cells analyzed by a standard
POLYMER-CONJUGATED IL-15 ENHANCES CD19 CAR T CELLS 2483
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4-hour chromium release assay32 was also comparable
(supplemental Figure 3C). These data indicate that NKTR-255
enhances the proliferation of CD8+ CAR T cells at high and low
target cell burden and CD4+ CAR T cells mainly at low target
cell burden, with limited effects on cytokine secretion and
cytotoxicity.

NKTR-255 enhances accumulation and efficacy of

human CD19 CAR T cells in lymphoma-bearing

immunodeficient mice

We next examined the effects of systemic administration of NKTR-
255 on the in vivo efficacy of human CD19 CAR T cells in NSG
mice with Raji lymphoma. Mice treated with PBS, NKTR-255
buffer, or NKTR-255 IV weekly starting 6 days after Raji inocula-
tion showed similar tumor growth and short survival, indicating that
neither NKTR-255 buffer nor NKTR-255 had a direct effect on
tumor growth (supplemental Figure 4). In our phase 1/2 clinical trial
of CD19 CAR T cells (#NCT01865617), the serum IL-15 con-
centration was elevated in the first week after CAR T-cell infusion
owing to lymphodepletion chemotherapy, suggesting that early
IL-15 supplementation might increase the risk of CAR T-cell–
associated toxicities. Therefore, we decided to designate an initial
NKTR-255 starting time of ~1 week after CAR T-cell infusion. We
first treated Raji tumor-bearing mice with a subtherapeutic dose of
CD19 CAR T cells alone or supplemented with NKTR-255 (0.03
mg/kg or 0.3 mg/kg IV), starting on day 6 after CAR T-cell infusion
and then weekly from day 14 (Figure 5A). One group of mice
received PBS alone, without CAR T cells. Treatment with a sub-
therapeutic dose of CAR T cells alone increased survival compared
with PBS alone, however, disease control was transient. In
contrast, mice who received CAR T cells and NKTR-255 exhibited
prolonged survival, with optimal tumor clearance observed in those
that received NKTR-255 at 0.3 mg/kg compared with 0.03 mg/kg
(Figure 5B-D).

We then examined whether efficacy was affected by different
NKTR-255 starting days beyond the first week after CAR T-cell
infusion. We evaluated NKTR-255 at 0.3 mg/kg IV weekly starting
on days 7, 14, or 21 after CAR T-cell infusion (Figure 6A). Days 14
and 21 were chosen to examine NKTR-255 supplementation
starting at the CAR T-cell peak of expansion and contraction,
respectively. Optimal tumor control was observed in mice receiving
NKTR-255 starting on day 7 after CAR T-cell infusion (day 7
compared with day 21) (Figure 6B-C); and mice that received CAR
T cells and NKTR-255 had longer survival compared with mice that
received CAR T cells alone (day 7 vs CAR T cells only, P = .002;
day 14 vs CAR T cells only, P = .007; and day 21 vs CAR T cells
only, P = .04) (Figure 6D). Mice that received CAR T cells and
Figure 3. Human CD19 CAR T cells exhibit a dose-dependent response to NKTR

and assayed on days 14 to 16 after the start of manufacturing. (A) Representative surface

(right) CAR T cells. Filled histograms depict FMO and dashed lines represent isotype con

concentrations of rhIL-15 or NKTR-255 for 20 minutes and phosphorylation of STAT5 wa

labeled with carboxyfluorescein succinimidyl ester (CFSE) and incubated with the indicate

was determined by CFSE dilution using flow cytometry. (D-E) CD8+ and CD4+ CAR T cells

expression (mean fluorescence intensity) was measured using intracellular flow cytometry. (E

0 to 4 by flow cytometry using counting beads. (B-E) Figures show the mean ± SEM. MF
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NKTR-255 starting on day 7 had higher AUC0-28 of CD8+ and
CD4+ CAR T-cell counts in blood compared with mice that received
CAR T cells alone (P = .008 for both) (Figure 6E). The AUC0-28 of
CD4+ CAR T cells was also higher in mice starting NKTR-255 on
day 14 compared with CAR T cells alone (P = .008) (Figure 6E).
These data indicate higher CAR T-cell counts in the blood and
better tumor control in mice receiving CAR T cells followed by
NKTR-255 starting on day 7 after CAR T-cell infusion.

To determine whether NKTR-255 affected the accumulation of
CAR T cells in bone marrow, cohorts of mice receiving CAR T cells
and NKTR-255 at 0.3 mg/kg IV weekly starting on day 7 after CAR
T-cell infusion were euthanized and CAR T cells were assessed in
the bone marrow. Administration of NKTR-255 was associated
with a higher percentage of Ki-67+ CD8+ and CD4+ CAR T cells in
the first 8 to 11 days after CAR T-cell infusion (Figure 7A). By
day 14, the fraction of Ki-67+ CAR T cells declined in the CAR T
cells/NKTR-255 cohort, consistent with the rapid tumor elimination
in this cohort (supplemental Figure 5; Figure 7A). Importantly, BCL-
2 expression was higher in CD8+ and CD4+ CAR T cells in the
CAR T cells/NKTR-255 cohort at all time points (Figure 7B), even
after tumor clearance, resulting in persistently higher numbers of
CD8+ and CD4+ CAR T cells in the bone marrow through day 28
after CAR T-cell infusion (Figure 7C-D). Despite profoundly higher
numbers of CD8+ and CD4+ CAR T cells in the bone marrow on
day 28 of mice in the CAR T cells/NKTR-255 cohort than in the
CAR T cells alone cohort (CD8+ CAR T cells, 5.6-fold; CD4+ CAR
T cells, 54.1-fold), evidence of ongoing activation/exhaustion by
PD-1 and TIM-3 inhibitory receptor coexpression was not identified
in CAR T cells from the CAR T cells/NKTR-255 cohort compared
with the CAR T cell alone cohort (supplemental Figure 6A). CAR T
cell samples from both cohorts showed similar fractions of inter-
feron gamma and tumor necrosis factor α coexpression
(supplemental Figure 6B).

To investigate whether persistent CAR T cells after NKTR-255
administration could protect mice from tumor rechallenge, mice
that cleared the tumor after receiving CAR T cells and NKTR-255
at 0.3 mg/kg IV weekly starting on day 7 after CAR T-cell infusion
were rechallenged with Raji tumor cells on day 36 after CAR T-cell
infusion (rechallenged mice) (Figure 8A). A separate cohort of mice
with no prior CAR T cells or NKTR-255 treatment (naïve mice) was
inoculated with Raji tumor cells alone. All rechallenged mice
rejected the tumor 6 days after the rechallenge and remained
tumor free (Figure 8B). Two rechallenged mice died of probable
xenogeneic graft-versus-host disease without any evidence of
tumor. In contrast, all naïve mice developed marked early tumor
progression by day 13 and died. Together, these data show that
NKTR-255 administration resulted in enhanced and early antitumor
efficacy of human CD19 CAR T cells in lymphoma-bearing NSG
-255. Human CD19 CAR T cells were generated from healthy donors (n = 2-4)

expression of IL-15Rα (bold pink line) by flow cytometry on CD8+ (left) and CD4+

trol. (B) CD8+ (left) and CD4+ (right) CAR T cells were incubated with the indicated

s measured by flow cytometry. (C) CD8+ (left) and CD4+ (right) CAR T cells were

d concentrations of rhIL-15 or NKTR-255 for 4 days. The percentage of divided cells

were incubated with the indicated concentrations of NKTR-255 for 4 days. (D) BCL-2

) Fold expansion was determined by the fold change in absolute cell counts from days

I, mean fluorescence intensity.
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Figure 4. NKTR-255 increases the proliferation,

survival, and expansion of CAR T cells in the

presence of antigen. Human CD19 CAR T cells were

generated from healthy donors (n = 2-4) and assayed on

days 14 to 16 after start of manufacturing. CD8+ and

CD4+ CAR T cells were independently cocultured with

CD19-expressing K562 cells at the indicated E:T ratios

and concentrations of NKTR-255 for 4 days. CD8+ (A)

and CD4+ (B) CAR T cells were labeled with CFSE

before coculture, and the percentage of divided cells was

determined by flow cytometry using CFSE dilution. (C)

BCL-2 expression (MFI) in CD8+ (top) and CD4+

(bottom) CAR T cells was measured by intracellular flow

cytometry. (D) Fold expansion of CD8+ (top) and CD4+

(bottom) CAR T cells was determined by the fold change
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Figure 5. NKTR-255 increases the antitumor efficacy of human CD19 CAR T cells in vivo in a dose-dependent manner. NSG mice were injected IV with 5 × 105

Raji cells. Seven days later, tumor-bearing mice received 0.8 × 106 CD19 CAR T cells (1:1, CD8+:CD4+) IV. Cohorts of mice (n = 3-4 per group) received either PBS, NKTR-255

at 0.03 mg/kg, or NKTR-255 at 0.3 mg/kg IV starting on day 6 after CAR T-cell infusion followed by weekly doses from day 14. One control group received PBS without

CAR T cells. (A) Schematic of the experimental setup. (B) Bioluminescence imaging of the Raji tumor burden at the indicated time points. (C) Average tumor radiance. (D) Kaplan-

Meier survival curve. Max, maximum; Min, minimum.
mice and robust and sustained persistence of functional CAR T
cells after tumor clearance.

Discussion

Peak serum IL-15 was associated with a higher probability of
response in previous CD19 CAR T-cell studies10,19,33 and we
demonstrated that peak serum IL-15 after CAR T-cell infusion was
independently associated with CAR T-cell counts in the blood. In
conjunction with the previously described effects of IL-15 on T-cell
13 JUNE 2023 • VOLUME 7, NUMBER 11
proliferation and survival,18 these data suggest that IL-15 supple-
mentation may improve the efficacy of CAR T-cell therapy.

To enable clinical IL-15 supplementation, engineered IL-15–based
molecules have recently been developed.24,34-36 We found that,
compared with the administration of native IL-15, NKTR-255, a
novel PEGylated form of IL-15, resulted in an extended IL-15 t1/2
(30.5 vs 1.2 hours) and increased NK cells and CD8+ T cells in
NHP blood. NKTR-255 also increased the proliferation, accumu-
lation, and antitumor efficacy of human CD19 CAR T cells.
POLYMER-CONJUGATED IL-15 ENHANCES CD19 CAR T CELLS 2487
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Figure 6. The starting day of NKTR-255 affects in vivo efficacy of human CD19 CAR T cells. NSG mice were injected IV with 5 × 105 Raji cells. Seven days later,

tumor-bearing mice received 0.8 × 106 CD19 CAR T cells (1:1, CD8+:CD4+) IV. Cohorts of mice (n = 5 per group) received either CAR T cells only, or CAR T cells and NKTR-

255 at 0.3 mg/kg IV starting on day 7, 14, or 21 after CAR T-cell infusion followed by weekly doses. One control group received NKTR-255 without CAR T cells. (A) Schematic of

the experimental setup. (B) Bioluminescence imaging of Raji tumor burden at indicated time points. (C) Average tumor radiance grouped by the NKTR-255 start day. (D) Kaplan-
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Figure 7. NKTR-255 increases human CAR T-cell accumulation and survival in the bone marrow of lymphoma-bearing mice. NSG mice were injected IV with 5 × 105

Raji cells. Seven days later, tumor-bearing mice received 0.8 × 106 CD19 CAR T cells (1:1, CD8+:CD4+) IV. Cohorts of mice (n = 3 per group) received either buffer or NKTR-

255 at 0.3 mg/kg IV weekly starting on day 7 and euthanized on days 8, 11, 14, 21, and 28. Mice euthanized on days 14, 21, and 28 did not receive second, third, and fourth dose

of NKTR-255, respectively. Single-cell suspensions from the bone marrow were analyzed by flow cytometry. (A) Percentage of Ki-67+ CD8+ (left) and CD4+ (right) CAR T cells in

the bone marrow at the indicated time points. (B) BCL-2 expression (MFI) in CD8+ (left) and CD4+ (right) CAR T cells at indicated time points. (C) Absolute numbers of CD8+
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Figure 8. NKTR-255–treated mice are protected against tumor rechallenge. NSG mice were injected IV with 5 × 105 Raji cells. Seven days later, tumor-bearing mice

received 0.8 × 106 CD19 CAR T cells (1:1 CD8+:CD4+) IV. Cohorts of mice (n = 6 per group) received either buffer or NKTR-255 at 0.3 mg/kg IV weekly starting on day

7. One control group did not receive CAR T cells. Mice that cleared the tumor were rechallenged with 5 × 105 Raji cells on day 36. A separate cohort of mice with no

previous treatment was also injected with Raji cells on the same day as a control group (n = 3). (A) Schematic of experimental setup. (B) Bioluminescence imaging of Raji tumor

burden at indicated time points.
A first-in-human phase 1 clinical trial of single-agent NKTR-255 in
patients with R/R hematologic malignancies (#NCT04136756) is
currently enrolling,37,38 and preliminary results show a promising
toxicity profile with no dose limiting toxicities and only transient
elevations of cytokine release syndrome (CRS)–related cyto-
kines.39 In this study, an increase in CAR T cells after NKTR-255
treatment was observed in all patients who had received and
progressed after prior CAR T-cell therapy and had detectable CAR
2490 HIRAYAMA et al
T cells in blood at the time of the first NKTR-255 infusion.40 These
data provide strong support to test the combination of NKTR-255
and CAR T cells in human clinical trials.

The time to start IL-15 supplementation in relation to CAR T-cell
infusion may affect efficacy and toxicity. Our previous clinical trial
data suggested that adequate IL-15 concentration shortly after
CAR T-cell infusion is associated with robust CAR T-cell
13 JUNE 2023 • VOLUME 7, NUMBER 11



accumulation. The concentrations of cytokines increase in
response to lymphodepletion administered before CAR T-cell
infusion,10,16 and adequate IL-15 concentrations at or shortly
(within a week) after CAR T-cell infusion can be achieved following
the administration of appropriate lymphodepletion chemotherapy.
However, early exogenous IL-15 supplementation might improve
CAR T-cell counts and/or function, especially in patients with
preexisting T-cell dysfunction owing to disease or previous thera-
pies or an inadequate response to lymphodepletion. The possibility
that early NKTR-255 supplementation could enable a decreased
lymphodepletion intensity is intriguing and needs to be further
tested in suitable models.

Particularly in patients with normal T-cell function and/or high tumor
burden, early IL-15 supplementation may increase the risk of tox-
icities such as CRS and/or immune effector cell–associated
neurotoxicity syndrome (ICANS) owing to rapid and enhanced
CAR T-cell proliferation. Approaches are still in development to
consistently and prospectively characterize CAR T-cell potency to
identify patients who could benefit from early IL-15 supplementa-
tion and those in whom early supplementation may increase the risk
of CRS and/or ICANS. Patients who ultimately develop severe
CRS/ICANS usually present within the first week after CAR T-cell
infusion.41 Therefore, we considered that the earliest suitable time
after CAR T-cell infusion to start IL-15 supplementation in initial
clinical trials would be from around days 7 to 14, to allow deferral of
patients with severe CRS/ICANS early after CAR T-cell infusion
and decrease potential toxicities from IL-15 supplementation.

In our preclinical in vivo studies, we studied the starting days from 7
to 21 after CAR T-cell administration and found that the timing of
NKTR-255 after CAR T-cell infusion was an important determinant
of efficacy. NKTR-255 starting 7 days after CAR T-cell infusion was
associated with increased CAR T-cell survival and accumulation
(AUC0-28) in the blood and tissue and better disease control. The
effects of NKTR-255 on human T cells and CAR T-cell efficacy
were dose dependent. However, the enhanced proliferation of
CAR T cells was mainly evident under conditions of low target cell
abundance. At a high target cell burden, proliferation and cytokine
secretion were mainly antigen dependent. The dichotomy of NKTR-
255–mediated enhanced CAR T-cell proliferation with limited
effects on effector functions is intriguing and requires further
investigation. The limited augmentation of effector functions by
increasing doses of NKTR-255 under conditions of high antigen
burden might limit toxicity, providing additional support for starting
NKTR-255 7 to 14 days after CAR T-cell infusion, when the tumor
burden is lower. Importantly, tumor control was rapid and high CAR
T-cell counts were sustained after tumor elimination in NKTR-255–
treated mice. Although additional studies are required to definitively
exclude exhaustion and demonstrate functional quiescence in CAR
T cells in NKTR-255–treated mice, we did not observe evidence of
ongoing activation/exhaustion by increased inhibitory receptor
expression in persistent CAR T cells in these mice, in contrast to
mice that did not receive NKTR-255. Our data does not demon-
strate that NKTR-255 prevents exhaustion; however, NKTR-255–
treated mice were protected against tumor rechallenge, indicating
that persistent CAR T cells retained their functional capacity.

Our results show that NKTR-255 enhances endogenous T cells
and NK cells in NHP and improves the efficacy of human CD19
CAR T cells in a xenogeneic lymphoma model. A phase 1 clinical
13 JUNE 2023 • VOLUME 7, NUMBER 11
trial of NKTR-255 and CD19 CAR T-cell combination therapy in
patients with R/R large B-cell lymphoma (#NCT05359211) is
ongoing.
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