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Abstract

Cytokines are potent immune modulating agents but are not ideal medicines in their natural

form due to their short half-life and pleiotropic systemic effects. NKTR-214 is a clinical-stage

biologic that comprises interleukin-2 (IL2) protein bound by multiple releasable polyethylene

glycol (PEG) chains. In this highly PEG-bound form, the IL2 is inactive; therefore, NKTR-

214 is a biologic prodrug. When administered in vivo, the PEG chains slowly release, creat-

ing a cascade of increasingly active IL2 protein conjugates bound by fewer PEG chains. The

1-PEG-IL2 and 2-PEG-IL2 species derived from NKTR-214 are the most active conjugated-

IL2 species. Free-IL2 protein is undetectable in vivo as it is eliminated faster than formed.

The PEG chains on NKTR-214 are located at the region of IL2 that contacts the alpha (α)
subunit of the heterotrimeric IL2 receptor complex, IL2Rαβγ, reducing its ability to bind and

activate the heterotrimer. The IL2Rαβγ complex is constitutively expressed on regulatory T

cells (Tregs). Therefore, without the use of mutations, PEGylation reduces the affinity for

IL2Rαβγ to a greater extent than for IL2Rβγ, the receptor complex predominant on CD8 T

cells. NKTR-214 treatment in vivo favors activation of CD8 T cells over Tregs in the tumor

microenvironment to provide anti-tumor efficacy in multiple syngeneic models. Mechanistic

modeling based on in vitro and in vivo kinetic data provides insight into the mechanism of

NKTR-214 pharmacology. The model reveals that conjugated-IL2 protein derived from

NKTR-214 occupy IL-2Rβγ to a greater extent compared to free-IL2 protein. The model

accurately describes the sustained in vivo signaling observed after a single dose of NKTR-

214 and explains how the properties of NKTR-214 impart a unique kinetically-controlled

immunological mechanism of action.
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Introduction

Activation of the immune system is a key component of mounting an effective durable

anti-tumor response. The successful clinical use of checkpoint blockade antibodies to

overcome immune suppressive mechanisms in the tumor microenvironment has trans-

formed patient care [1–5]. However, most patients do not benefit from antagonist check-

point blockade, suggesting that certain tumor microenvironments may require the

addition of complementary immune agonist mechanisms to overcome tolerance and

suppression [6].

Therapeutic agonists based on natural proteins are attractive immune modulators; how-

ever, they are not ideal pharmaceutical agents due to poor pharmacokinetics (PK), poor tol-

erability, and pleiotropic activity that may be exacerbated by frequent dose administration

[7, 8]. The cytokine interleukin-2 (IL2) is an endogenous agonist of the IL2 pathway and is a

well-described stimulator of CD8+ T cell (CD8 T) and NK cells [9]. A high-dose IL2 regi-

men administered every 8 hours in a hospital setting using an IL2 variant known as ‘alde-

sleukin’ was approved in the 1990s by the United States Food and Drug Administration for

the treatment of metastatic melanoma and renal cell carcinoma, providing up to 25% dura-

ble responses [10, 11]. High doses of IL2 are needed to activate CD8 T cells and NK cells,

which tend to express the low-affinity IL2 receptor beta gamma subunits (IL2Rβγ). Com-

pounding the need for high doses of IL2 is the poor PK profile of this protein. Despite its

legacy as the first approved cancer immunotherapy, high-dose aldesleukin is not broadly

used because of severe toxicities associated with over-activation of the immune system.

More recent studies indicate that in addition to these toxicities, IL2 also stimulates prolifer-

ation and activation of regulatory T cells (Tregs). These cells constitutively express the high-

affinity heterotrimeric IL2 receptor alpha beta gamma subunits (IL2Rαβγ). Treg activation
may exacerbate immune suppression, potentially compromising the intended anti-tumor

response [12–15].

NKTR-214 was invented to harness the potent immune stimulatory benefits of the IL2

pathway to maximize anti-tumor responses and minimize unwanted biological side effects.

The design uses the same amino acid sequence of FDA-approved aldesleukin with the addi-

tion of multiple releasable polyethylene glycol (PEG) chains located at the region of IL2 that

binds to the IL2Rα subunit of the heterotrimeric IL2Rαβγ complex, (Fig 1). When com-

pared to IL2, the differentiating characteristics of NKTR-214 include: 1) receptor bias

towards the heterodimeric IL2Rβγ found on CD8 and NK cells leading to markedly higher

CD8 to Treg ratios (> 400) in the tumors of murine melanoma; 2) improved single-agent

efficacy and synergistic efficacy when combined with checkpoint blockade; 3) improved tol-

erability with no hypotension or vascular leak syndrome in cynomolgus monkeys at the

maximum tolerated dose (MTD); and 4) a PK profile that allows antibody-like dosing regi-

mens [16]. NKTR-214 is currently being evaluated in multiple Phase 1 / 2 clinical trials for

the treatment of solid tumors, administered outpatient once every 2 weeks or once every 3

weeks.

This report further defines the mechanism of action of NKTR-214 by mathematically

modeling the PK, the biased receptor occupancy, and the sustained downstream intracellular

signaling. Anti-tumor efficacy of NKTR-214 in several murine models as a practical outcome

of altered pharmacology from novel molecular design is also described. Taken together, the

results show how the complex behavior of NKTR-214, a kinetically-controlled biologic pro-

drug, can be reduced to discrete steps providing a quantitative understanding of its mechanism

of action.
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Materials andmethods

Materials

IL2 was cloned, expressed, and purified by Nektar Therapeutics. Unless otherwise stated, “IL2”

herein refers to the protein with the FDA-approved amino acid sequence that corresponds to

deletion of the N-terminal alanine and single point mutation of cysteine at position 125 to a

serine (C125S). This sequence is also referred to by its generic drug name “aldesleukin,” which

also has the following synonyms: recombinant interleukin-2 human, rhIL2, and interleukin-2

[17].

Fig 1. NKTR-214 delivers a controlled, sustained, and biased signal through the IL2 receptor pathway.NKTR-214 is a CD122-biased cytokine
agonist conjugated with multiple releasable chains of PEG located at the interface of IL2 and IL2Rαβγ. The PEG chains slowly release at physiological pH,
creating conjugated-IL2 species with fewer PEG chains and increased bioactivity. Sustained signaling through the heterodimeric IL2 receptor pathway
(IL2Rβγ) preferentially activates and expands effector CD8 T and NK cells over Tregs.

https://doi.org/10.1371/journal.pone.0179431.g001
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NKTR-214 consists of IL2 protein bound by six releasable PEG chains predominantly

located at the interface between IL2 protein and its IL2Rα subunit as described previously

[16]. Each PEG chain is ~20kDa molecular weight.

Dosing levels throughout this manuscript refer to the IL2 content of NKTR-214. The

molecular weight of polyethylene glycol (PEG) is not considered when calculating dosage.

Therefore, a dose of 0.8 mg/kg NKTR-214 administered the same amount of IL2 as a dose of

0.8 mg/kg IL2 protein.

Pharmacokinetic, pharmacodynamic and efficacy in vivo studies

PK/PD studies were performed using female C57BL/6 mice (18–20 g) obtained from Charles

River Laboratories (Wilmington, MA), n = 5/group per sampling time. Animals received a single

intravenous (tail vein) bolus injection of NKTR-214 or aldesleukin. Efficacy studies were per-

formed at Crown Bioscience (Taicang Jiangsu Province, P.R. China), n = 7/group. For the MBT-

2 model, female C3Hmice (18–21 g; Beijing Vital River Bio-Technology Co. Ltd., China) were

implanted in the right flank with 4x105 cells in 0.1 mL of phosphate-buffered saline (PBS) mixed

1:1 with Matrigel1. For the Pan02 model, female C57BL/6 mice (17–19 g; Beijing Vital River

Bio-Technology Co. Ltd., China) were implanted in the right flank with 3x106 cells in 0.1 mL of

PBS. For the H22 model, female Balb/c mice (18–22 g, Shanghai Lingchang Bio-Technology Co.

Ltd., China) were implanted in the right flank with 2x106 cells in 0.1 mL PBS. Animals were

administered NKTR-214 by an intravenous (tail vein) bolus injection, 0.8 mg/kg q9dx3. Animal

studies were conducted under accreditation by the Association for Assessment and Accreditation

of Laboratory Animal Care (AAALAC) and prospectively approved by the Nektar and Crown

Bioscience Institutional Animal Care and Use Committees (approval numbers: 2015–004 [PK/

PD], AN-1507-009-503 [PanO2], AN-1507-009-481 [H22], and AN-1507-009-470 [MBT-2]).

Each mouse was inoculated with tumor cells subcutaneously at the right lower flank region.

Treatment was initiated when the mean tumor size reached 80 – 100mm3. After tumor cell

inoculation, the animals were checked daily for morbidity, mortality, effects of tumor growth,

and effects of treatment on normal behaviors and appearance such as mobility, food and water

consumption, eye/hair matting, and any other abnormal effects. Body weight gain / loss was

measured twice weekly. Tumor volumes were measured twice weekly in two dimensions using

a caliper, and the volume was expressed in mm3 using the formula: V = 0.5 a x b2 where a and

b are the long and short diameters of the tumor, respectively. Summary statistics, the mean,

and the standard error of the mean (SEM), were calculated for the tumor volumes of each

group at every time point. All data are analyzed in GraphPad Prism. All tests are two-sided.

P<0.05 is considered to be statistically significant.

Animals were housed in individualized ventilated cages (up to 5 mice per cage) under con-

trolled conditions of temperature, humidity, and light and fed a diet of C060 irradiation steril-

ized dry granule food. Animals had free access to food during the entire study period. All mice

were adapted in the facility for at least 7 days. Euthanasia criteria consisted of either body

weight drop of> 20% for 72 hours, hypoactivity, hypothermia, respiratory distress, tumor vol-

ume reaching 3000 mm3 or termination of the study. At the time of euthanasia, animals were

either exsanguinated under isoflurane (terminal time point) with cervical dislocation per-

formed as secondary method to ensure non-recovery or anesthetized by inhalation of 90%

CO2, and then euthanized by cervical dislocation.

Characterization of linker release kinetics

NKTR-214 was brought to pH 7.4 or the indicated pH either by buffer exchange into, or pH

adjustment with, 0.5 M sodium phosphate, as indicated. Aliquots were prepared and incubated

Modeling the receptor pharmacology, pharmacokinetics, and pharmacodynamics of NKTR-214

PLOSONE | https://doi.org/10.1371/journal.pone.0179431 July 5, 2017 4 / 24

https://doi.org/10.1371/journal.pone.0179431


for varying time periods at the indicated temperatures. Linker release was halted by acidifica-

tion to pH 4 or below, and samples were held at 4˚C until analysis. The extent of linker release

was assessed by measuring released free PEG by RP-HPLC. Percentage PEG release or amount

of unreleased PEG was determined by referencing a control sample exposed to strong base to

achieve 100% release.

Characterization of binding kinetics and affinity

Binding kinetics and affinity were assessed using surface plasmon resonance (SPR), measured

on a Biacore1 X-100 instrument (GE Healthcare, Pittsburgh, PA). A CM5 chip (GE Health-

care) was activated using N-hydroxysuccinimide (NHS) and carbodiimide (EDC) per Bia-

core1 protocol, coated with 10 ug/mL anti-human Fc antibody (Thermo Fisher, Waltham,

MA) in Hepes buffered saline containing 0.1% Tween 20 (HBSP, GE Healthcare) at a flow rate

of 10 uL/min until 5000 Response Units (RU) was immobilized. Next, IL2Rα-Fc or IL2Rβ-Fc
or a 1:1 mixture of each pre-incubated for 5–30 minutes (Symansis, Timaru, New Zealand) at

10 ug/mL in HBSP solutions containing 0.1 mg/mL bovine serum albumin (BSA) was immo-

bilized for 3 minutes at 10 uL/min. To measure the kinetic constants, 5 3-fold serial dilutions

of the analytes were made starting at 100 nM for IL2 or 300 nM for NKTR-214-AC. These

starting concentrations were chosen so that they were at least 10-fold higher than the expected

Kd values. Analytes were exposed to the receptor-modified chip for exactly 3 minutes each.

The resulting binding curves from the dilution series were fit to a 1:1 model to correlate

observed RU to the association and dissociation rate constants, ka and kd:

R ¼
kaCRmax

kaC þ kd
� 1� e�ðkaCþkdÞt

� �

The ratio of the dissociation and association rates provides the equilibrium dissociation

constant Kd. Note that in our previous work [16], we used equilibrium binding and an equilib-

rium binding model to obtain Kd for all analytes at the low-affinity IL2Rβ subunit.

Pharmacokinetics in mice

Mice received a single intravenous injection of NKTR-214 (0.8 mg/kg) or aldesleukin (0.8 mg/

kg), n = 5 mice per sampling time. Approximately 200 µL blood was collected in K2EDTA-

coated tubes, plasma was separated following centrifugation and frozen at -70˚C until analysis.

For determination of NKTR-214-RC (all IL2 species derived from NKTR-214, active and inac-

tive), plasma samples were incubated in a pH 9.0 buffer for 16–24 hours at 37˚C to hydrolyze

the PEG from IL2. The IL2 concentration was then measured using a qualified ELISA. For

determination of active conjugated-IL2 derived from NKTR-214 (NKTR-214-AC), an

immuno-purification (IP) / strong cation exchange (sCX) extraction process was used. IP used

immobilized antibodies specific to IL2 to capture IL2 and PEG-IL2 species from the plasma

samples. The captured PEG-IL2 species were bound to sCX resin under conditions that

allowed separation of NKTR-214-AC (the most active species derived from NKTR-214

[2-PEG-IL2, 1-PEG-IL2, free-IL2]) from inactive conjugated-IL2 (�3-PEG-IL2). After extrac-

tion, bound PEG was hydrolyzed from IL2 as above and quantified using a qualified ELISA.

For determination of 1-PEG-IL2 and potential free-IL2, a similar extraction procedure was

used except weak cation resin (wCX) was used to separate the 1-PEG-IL2 from� 2-PEG-IL2

species. Concentration-time profiles were constructed for the relevant conjugated-IL2 species

and PK parameters were determined by means of non-compartmental analysis (NCA) using

PhoenixWinNonlin 6.4 (Certara USA, Inc., Princeton, NJ). The area under plasma concentra-

tion-time curves (AUClast) were calculated using linear-log trapezoidal interpolation and
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sparse sampling mode and uniform weighting. Terminal half-life (t½) was used for extrapola-

tion to infinity. Mean residence time (MRTinf) and t½ was determined for IL2, NKTR-214-RC,

and NKTR-214-AC. For NKTR-214-AC, maximum plasma concentration (Cmax) and time to

peak (Tmax) was also determined.

Phosphorylated signal transducer and activator of transcription 5
(pSTAT5) pharmacodynamics and flow cytometry in mice

Mice received a single intravenous injection of NKTR-214 or aldesleukin, 0.8 mg/kg, n = 5 mice

per sampling time point. Blood (100 uL) was treated with 20 volumes (2.0 mL) of pre-warmed

Lyse/Fix Buffer (BD Phosflow™, cat # 558049) and incubated for 10 min at 37˚C. Cells were

spun for 8 minutes at 500 g and washed twice with 1.0 mL flow cytometry buffer (eBioscience,

Cat # 00-4222-26). After the second wash, cells were permeabilized on ice for 20 minutes with

1.0 mL chilled 90%methanol. Cells were washed once and blocked (Purified Anti-Mouse

CD16/CD32 Mouse BD Fc Block™, Cat # 553142) on ice for 30 minutes, followed by staining

with Hamster anti-mouse CD3e-PE, clone 500A2 (BD Bioscience Cat # 553240) and Anti-Stat5

(pY694)–Alexa647 (BD Bioscience Cat # 562076) at 4˚C overnight. Cells were washed, and data

acquired on Accuri™ (BD Biosciences) and analyzed using FlowJo1 software (FlowJo, LLC).

Mechanistic model methods

The mechanistic model was developed in Matlab1 (Mathworks, MA), using ordinary differ-

ential equations (ODE) solvers such as ODE15s, genetic algorithms (GA), and nonlinear solv-

ers such as “fmincon” for optimization. ODE were used to mathematically describe the

dynamics of NKTR-214 kinetic processes, IL2 receptor occupancy, and pSTAT5 signaling.

The mathematical model incorporated rates for release of PEG chains (krelease) plus other com-

bined mechanisms (clearance, tissue distribution, etc.) for disappearance from plasma (Kdeg),

and binding (kon and koff) to the IL2 receptors (Fig 2). The following set of ODEs captured the

dynamics of 1-PEG-IL2. Similar sets of equations capture the dynamics of all analytes in the

mathematical model:

d½1PEGIL2�

dt
¼ krelease;2peg � 2PEGIL2½ � � krelease;1peg � 1PEGIL2½ � � kelimination � 1PEGIL2½ �

� kon;1peg;a � ½1PEGIL2� � ½IL2Ra� þ koff ;1peg;a � ½1PEGIL2:IL2Ra�

� kon;1peg;b � ½1PEGIL2� � ½IL2Rb� þ koff ;1peg;b � ½1PEGIL2:IL2Rb�

d½IL2Ra�

dt
¼ �kon;1peg;a � 1PEGIL2½ � � IL2Ra½ � þ koff ;1peg;a � 1PEGIL2:IL2Ra½ �

d½IL2Rb�

dt
¼ �kon;1peg;b � 1PEGIL2½ � � IL2Rb½ � þ koff ;1peg;b � 1PEGIL2:IL2Rb½ �

� kon;1peg;ab � ½1PEGIL2:IL2Ra� � ½IL2Rb� þ koff ;1peg;ab � ½1PEGIL2:IL2Rab�

d½1PEGIL2:IL2Ra�

dt
¼ kon;1peg;a � 1PEGIL2½ � � IL2Ra½ � � koff ;1peg;a � 1PEGIL2:IL2Ra½ �

d½1PEGIL2:IL2Rb�

dt
¼ kon;1peg;b � 1PEGIL2½ � � IL2Rb½ � � koff ;1peg;b � 1PEGIL2:IL2Rb½ �
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d½1PEGIL2:IL2Rab�

dt
¼ kon;1peg;ab � 1PEGIL2:IL2Ra½ � � IL2Rb½ � � koff ;1peg;ab � 1PEGIL2:IL2Rab½ �

Model fitting and optimization was based on the PK data as described in the Results. The

following statements were assumed to be true in the development of the model:

NKTR-214 is inactive when all 6 PEG chains are attached. Consistent with previously

described data [16], the active conjugated-IL2 species derived from NKTR-214 (� 2-PEG-IL2)

bind and engage the IL2 receptors. To simplify the mathematical model, conjugated-IL2 spe-

cies with 4, 5 and 6 PEG chains were combined into one species: (4–6)-PEG-IL2.

1. PEG release from NKTR-214 occurs sequentially, and in vivo release rates are within 20% of

the release rates determined in buffer at pH 7.4. To determine the in vitro release rates, data

previously described [16] were fit to an ODE model, which assumed first-order kinetics for

PEG release. The ODE model was developed in Matlab™ and incorporated individual

release rates for each step of the PEG release cascade in contrast to the previously reported

fixed rate for PEG release. Using this model, the release rates were estimated by the least

squares method as follows: 0.044 hr-1, 0.035 hr-1, 0.058 hr-1, and 0.040 hr-1 for release of the

initial 1–3 PEG combined, and each additional PEG thereafter.

Fig 2. Parameterization of themathematical model for NKTR-214 dynamics to simulate concentration-time profiles of conjugated-IL2 species
derived fromNKTR-214 and to describe receptor occupancy of the conjugated-IL2 species at the IL2Rαβγ and IL2Rβγ.

https://doi.org/10.1371/journal.pone.0179431.g002
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2. A simplified 1-compartment model is sufficient for modeling plasma PK for NKTR-214.

Although prevoius studies have demonstrated substantial tumor exposures of NKTR-214

[16], for the purposes of developing the initial mechanistic dynamics, we constrained the

plasma PK profile to a 1-compartment model.

3. The concentration-time profiles for the total and active conjugated-IL2 species derived

from NKTR-214 (NKTR-214-RC and NKTR-214-AC) can be constructed from the model-

calculated concentration-time profiles of the individual species derived from NKTR-214.

Therefore, a) the sum of (4–6)-PEG-IL2, 3-PEG-IL2, 2-PEG-IL2, 1-PEG-IL2, and IL2 fits to

the NKTR-214-RC data (all species derived from NKTR-214), b) the sum of 2-PEG-IL2,

1-PEG-IL2, and IL2 fits to the NKTR-214-AC data, and c) the sum of 1-PEG-IL2 and IL2

fits to the 1-PEG-IL2 data. IL2 released from NKTR-214 follows the expected concentra-

tion-time profile of aldesleukin.

4. IL2 receptor binding occurs on the surface of lymphocytes between active species derived

from NKTR-214 and IL2 receptors based on the SPR determined kon and koff rates. The

average concentration of lymphocytes in mice is 3.9 cells/nL. The average number of IL2Rα
subunits is 10000 and the average number of IL2β is 1000 [18–21] per lymphocyte.

5. The gamma chain of the IL2R complex contributes to the overall binding affinity of IL2 at

the receptor complex. IL2Rγ increases the affinity of IL2 to IL2Rβ by 100-fold (to 1nM) and

to IL2Rαβ by 10-fold (to 10 pM) [22, 23]. While the SPR measurements are quantitative,

they do not capture the dynamic conformational shifts of the cell surface receptors where

all 3 receptor subunits are expressed. The model therefore provides a constant 10-fold

decreased Kd (increased affinity) for each analyte as measured (IL2, 1-PEG-IL2, and

2-PEG-IL2), at each receptor to account for the gamma-chain receptor

6. The dynamics of receptor binding are previously described for IL2 [13, 20, 24, 25]. Briefly,

the heterotrimeric receptor, IL2Rαβγ, is engaged after IL2, 1-PEG-IL2, or 2-PEG-IL2 bind

to the alpha subunit, with subsequent recruitment of the beta-gamma complex to form

IL2Rαβγ.

7. Occupancy of IL2Rβγ or ILRαβγ is required for phosphorylation and activation of STAT5

[13]. CD3+ T cells account for 40% of total lymphocytes in mice. Experimentally, pSTAT5

was enumerated on CD3+ T cells. To convert receptor concentrations on lymphocytes to

CD3+ T cells, the simulated receptor occupancies were multiplied by 0.4. An indirect

response model was used to relate the time profile of receptor occupancy to the measured

value of pSTAT5 over the time course.

Results

In vitro release of PEG chains from NKTR-214 follows predictable
kinetics

NKTR-214 is inactive when all 6 PEG chains are attached and does not bind to any IL2 recep-

tors. NKTR-214 was designed to be stable at pH< 6 and to slowly release PEG chains at physi-

ological pH, providing a gradual increase of bioactivity [16]. A quantitative method was

developed and implemented to study the PEG release under a variety of controlled conditions.

In the method described here, released PEG chains (no longer bound to IL2) were quantified

over time using HPLC-UV. Non-linear regression assuming first-order kinetics gave a good fit

to the observed complete time course of PEG chain release (Fig 3A) and a rate constant of

0.044 h-1 at pH 7.4 and 37˚C.
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To further confirm the first-order kinetics of PEG chain release, the PEG-release time

course was studied using variable initial concentrations of NKTR-214. Similar slopes on a

semi-log plot were observed, confirming that the rate constant is independent of starting con-

centration (Fig 3B), and consistent with first-order kinetics. The temperature dependence of

the rate constant was determined by measuring the PEG chain release rate constant at pH 7.4

using a range of temperatures from 25˚C to 40˚C. The rate constant followed the Arrhenius

law, with calculated activation energy (Ea) for PEG chain release of 130 kJ/mole (Fig 3C). At

37˚C, PEG chain release occurred more rapidly at physiological pH 7.4 compared to pH 6.4

(Fig 3D) with rate constants at of 0.059h-1 and 0.009h-1 and t½ of 12 hours and 77 hours,

respectively.

Characterization of receptor interactions

Our previous work confirmed the prodrug design of NKTR-214. NKTR-214 was unable to

bind or activate any IL2 receptor component as determined by SPR and cellular signaling of

Fig 3. Release of PEG chains follows first-order kinetics. A. Free PEG detected at various time points during incubation in 0.5 M sodium phosphate
buffer at pH 7.4 and 37˚C (circles) fit to first-order kinetic profile (solid line), B. Semi-log plot of non-released PEG in phosphate buffer at pH 7.4 starting from
indicated concentrations of NKTR-214 at pH 7.4 and 37˚C. C. Arrhenius plot of Ln(K) versus 1/Temp is linear. Calculated Ea = 130 kJ/mole for PEG release,
D. Effect of pH and temperature on PEG release rate–an equal volume of 0.5 M sodium phosphate buffer at predetermined pH was added to conjugate to
produce the final pH of 6.4 or 7.4.

https://doi.org/10.1371/journal.pone.0179431.g003
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murine CTLL2 cells [16]. Conjugated-IL2 bound by� 3-PEG chains was likewise inactive.

The most active conjugated-IL2 species derived from NKTR-214 were 1-PEG-IL2 and

2-PEG-IL2, which are formed towards the end of the PEG release cascade. To more fully

understand the kinetic differences between binding at IL2Rαβγ and IL2Rβγ receptors, the
association and dissociation rates of free-IL2, 1-PEG-IL2, and 2-PEG-IL2 were compared in

detail using a modified and optimized SPR methodology (Table 1). In this methodology,

receptor subunits are bound to the chip surface to model the cell surface receptors in a simpli-

fied controlled system. Given that it was not possible to add the third receptor subunit IL2Rγ
to the chip without losing signal intensity [26, 27] we used a 1:1 mixture of IL2Rα and IL2Rβ
to mimic cellular IL2Rαβγ whereas IL2Rβ alone at high density was used on the chip to mimic

cellular IL-Rβγ. When bound to IL2Rα on cell surfaces, IL2 undergoes a conformational

change that allows high-affinity recruitment of the IL2Rβγ subunits [25, 28]. Therefore, we
also characterized the binding at IL2Rα alone. The affinity of IL2 at IL2Rα, IL2Rβ and a mix-

ture of IL2Rα and IL2Rβ was similar to previously reported values in the literature [23, 27, 29].

The results for 1-PEG-IL2 and 2-PEG-IL2 were quite different. The degree of PEG conjugation

impacted the association rate (kon) such that the presence of the PEG chain resulted in signifi-

cantly slower on-rate for IL2Rαβ. In contrast, the association rate was significantly less affected

by PEG conjugation for the IL2Rβ, consistent with the distal site of PEG conjugation at the

interaction site between IL2 and IL2Rα. The dissociation rate (koff) is relatively less affected by

the presence of PEG. Accordingly, compared to IL2, the equilibrium dissociation constant Kd

for 1-PEG-IL2 is increased by 7.4-fold at IL2Rβ and ~3200-fold at IL2Rαβ. The effect can be

further visualized by the representative response plots shown in Fig 4. The association and dis-

sociation kinetic profile of IL2 and active conjugated-IL2 species derived from NKTR-214 are

shown at a single concentration near the Kd value of IL2 at the indicated receptor (normalized

to an IL2 response of 100%). At the alpha-containing receptors, the shallower slope in the asso-

ciation phase and the sharper drop-off in the dissociation is indicative of PEG slowing the

association rate and hastening the dissociation rate relative to IL2. In contrast, at IL2Rβ the

association rate is less affected by PEG as the slope is similar for all analytes. Note that the con-

centration of analytes used for illustrating these raw kinetic profiles are not necessarily those

used for optimally deriving the values of Kd shown in Table 1.

Pharmacokinetics of NKTR-214

At physiological pH, NKTR-214 evolves over time into an array of conjugated-IL2 species

derived from the starting prodrug NKTR-214 (Fig 1). The effect is fundamentally different

Table 1. The effect of PEGylation is greatest at the IL2Rαβ complex bound to the SPR chip. Summary of binding kinetics for IL2 and active conjugated-
IL2 species derived from NKTR-214 at the human IL2Rα, IL2Rβ, or IL2Rαβ. IL2Rαβ simulates the heterotrimeric IL2Rαβγ, whereas IL2Rβ simulates the het-
erodimeric IL2Rβγ.

Receptor Analyte kon (M
-1sec-1) koff (sec

-1) Kd (nM)

IL2 4.84x107 0.415 8.57

IL2Rα 1-PEG-IL2 8.33x105 0.158 189.7

2-PEG-IL2 3.74x105 0.182 486.6

IL2 1.46x108 0.014 0.096

IL2Rαβ 1-PEG-IL2 3.56x105 0.111 311.8

2-PEG-IL2 2.41x105 0.108 448.1

IL2 1.26x106 0.301 238.9

IL2Rβ 1-PEG-IL2 2.82x105 0.499 1769.5

2-PEG-IL2 1.66x105 0.656 3951.8

https://doi.org/10.1371/journal.pone.0179431.t001
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than a slow release of free-IL2 from a formulated matrix [30, 31] or from free-IL2 linked to an

Fc to improve t½ [32, 33]. Therefore, we developed specialized bioanalytical assays to charac-

terize relevant groups of conjugated-IL2 species derived from NKTR-214. One assay for

NKTR-214-RC captures all IL2-containing conjugates independent of the number of PEG

chains attached, encompassing active and inactive species. A second assay for NKTR-214-AC

focuses on quantification of the most active species derived from NKTR-214 (ie, 2-PEG-IL2,

1-PEG-IL2, and free-IL2). A third assay quantifies only 1-PEG-IL2 and free-IL2, and a fourth

quantifies only free-IL2. Although free-IL2 is part of the assays, it is not detectable in plasma

following administration of NKTR-214 due to its slow formation rate relative to the fast clear-

ance of IL2. After intravenous administration of NKTR-214 in mice, NKTR-214-RC declined

bi-exponentially with a t½ of 15.5 hours (Fig 5A and Table 2). Consistent with the in vitro

release kinetics described above, the active species (NKTR-214-AC) gradually increased,

reaching Cmax 16 hours post dose, and decrease with a t½ of 17.6 hours. As expected from step-

wise release of PEG chains, 1-PEG-IL2 was the last conjugated-IL2 form to reach its Cmax, 24

hours after administration of NKTR-214. The 1-PEG-IL2 concentration declined thereafter

with a t½ of 11 hours. Pharmacokinetics of NKTR-214 and conjugated-IL2 species derived

from NKTR-214 are in stark contrast to those of aldesleukin administration (Fig 5B), which is

eliminated with a t½ of 4 hours. Compared to aldesleukin, the most active conjugated-IL2 spe-

cies derived from NKTR-214 (ie, 2-PEG-IL2 and 1-PEG-IL2) together have a 10-fold lower

Cmax, while AUC was 27-fold higher, t½ was 4-fold longer, and mean residence time (MRT)

was 190-fold longer (Table 2).

Sustained and controlled pSTAT5 activation from NKTR-214 in vivo

To study the PD effects of IL2 pathway activation, we monitored the time, duration, and magni-

tude of phosphorylation of signal transducer and activator of transcription 5 (STAT5) in

peripheral blood T cells following a single intravenous administration of NKTR-214 or aldesleu-

kin in naïve mice. A single dose of aldesleukin produced a rapid and robust increase in phos-

phorylated STAT5 (pSTAT5), detectable within 2 minutes after dosing and resolving to baseline

within 4 hours. In contrast, a single dose of NKTR-214 resulted in a slower rise of pSTAT5 lev-

els, detectable above baseline ~24 hours post dose. The signal reached maximal effect by 48

hours and remained elevated for up to 7 days (Fig 6). The time-course of pSTAT5 activation

after treatment with aldesleukin and NKTR-214 was closely aligned with their respective PK

profiles. While the maximum percentage of activated pSTAT5+ CD3+ cells was similar after

either aldesleukin or NKTR-214 (approximately 15%), the duration of activation with NKTR-

214 was ~13-fold greater compared to aldesleukin as measured by total area under the effect

curve (1399 ± 70.9%-hrs vs. 108 ± 8.7%-hrs for NKTR-214 and aldesleukin, respectively).

Mechanistic model for NKTR-214 in vivo dynamics

NKTR-214 has 3 prominent mechanistic features: 1) biased receptor binding such that PEGy-

lation impacts binding at IL-2Rαβγ to a greater extent than IL-2Rβγ relative to IL2; 2) sus-
tained release of an array of conjugated-IL2 species; and 3) sustained activation of the IL2

pathway. While these effects were measured and reported separately in the previous sections, a

mathematical model was developed to unify the data to: 1) describe the concentration-time

profiles for NKTR-214-RC, NKTR-214-AC, and the individual conjugated-IL2 species that

comprise these subsets; 2) quantify the receptor bias by calculating the anticipated in vivo

receptor occupancy at each IL2 receptor complex; and 3) relate the output of the mechanistic

model to the downstream PD response. The model provides a quantitative approach to

describe the kinetically-controlled dynamics of IL-2 receptor agonism by NKTR-214.
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NKTR-214 has 6 PEG chains attached to IL2 and can liberate conjugated-IL2 species where

the IL2 protein is bound by 5-PEGs, 4-PEGs, 3-PEGs, 2-PEGs, or 1-PEG. Theoretically, free-IL2

can also be formed even though it is not detectable in vivo. Conjugated-IL2 species with 6, 5, and

4 PEG chains were not independently considered in the model because they are not active and do

not bind or activate downstream signaling [16]. These have been grouped as one species defined

as (4-6-PEG-IL2). The mathematical model was based on the reaction cascade shown in Fig 2,

incorporating PEG release rates, degradation rates for each conjugated species, and receptor bind-

ing kinetics (kon and Koff), as well as IL2 elimination and distribution rates. The values for

unknown parameters were constrained based on the assumptions listed in the Methods section.

Model fit to PK data and simulation of concentration-time profiles

Fig 7 shows the concentration-time profiles for (4–6)-PEG-IL2, 3-PEG-IL2, 2-PEG-IL2,

1-PEG-IL2, and free-IL2 as simulated by the model. The calculated PK parameters for these

Fig 4. The effect of PEGylation is greatest at the alpha-containing IL2 receptors.Overlay of RU signals normalized by percentage of IL2 response.
Each overlay depicts relative response of 1-PEG-IL2 and 2-PEG-IL2 at A. IL2Rα, B. IL2Rαβ, and C. IL2Rβ. Representative data are shown for each analyte
at a concentration that is near the respective IL2 Kd concentration per Table 1.

https://doi.org/10.1371/journal.pone.0179431.g004
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simulated species are summarized in Table 3. The summation of simulated concentration-

time profiles of the individual species derived from NKTR-214 agrees with the measured con-

centration-time profiles of NKTR-214-RC, NKTR-214-AC, and 1-PEG-IL2 (Fig 8). The indi-

vidual numeric values for the simulated and measured PK parameters (where available) agree

within 10% of each other supporting the suitability and initial assumptions of the model

(Table 3). It was particularly important to accurately simulate the observed time-course of the

most active conjugate, 1-PEG-IL2, which was measured in a separate PK study, further sup-

porting model suitability.

The Tmax values predicted by the model reflect the PEG release cascade, ranging between 14

hours for 3-PEG-IL2 to 28 hours for 1-PEG-IL2 and theoretical free-IL2. The concentration-

time profile of free-IL2 derived from NKTR-214 as predicted by the model is less than 0.08%

the AUC of active conjugated-IL2 species derived from NKTR-214. The Cmax of free-IL2

potentially derived from NKTR-214 is ~20000-fold lower than the Cmax of NKTR-214 and

~230-fold lower than 1-PEG-IL2, the most active conjugate derived from NKTR-214. The low

levels of free-IL2 derived from NKTR-214 simulated by the model are consistent with experi-

mental observations, and support the prediction that free-IL2 is cleared faster than it is

released from NKTR-214.

Fig 5. A single dose of NKTR-214 leads to sustained exposure. A. Semi-logarithmic plot of plasma concentration vs. time curves for NKTR-214-RC,
NKTR-214-AC, and 1-PEG-IL2 after administration of NKTR-214 B. Semi-logarithmic plot of plasma concentration of IL2 after administration of aldesleukin.

https://doi.org/10.1371/journal.pone.0179431.g005

Table 2. Mean (±SE) plasma PK parameters after administration of NKTR-214 or aldesleukin, each at 0.8 mg/kg, i.v.

Aldesleukin 0.8 mg/kg IV NKTR-214 0.8 mg/kg, IV Ratio 1

IL2 NKTR-214-RC NKTR-214-AC 1-PEG-IL2 NKTR-214-AC / IL2

Cmax (μg/mL) 6.6 ± 0.51 11.6 ± 0.78 0.72 ± 0.06 0.13 0.11

Tmax (hr) NA NA 16 24

AUClast 1 (μg.hr/mL) 1.38 ± 0.07 308 ± 7.18 37.8 ± 1.84 5.81 27

t½(hr) 4.0 15.5 17.6 10.8 4.4

MRTinf (hr) 0.20 28.0 37.6 35.7 190

1The ratio provides a measure of the indicated PK parameter of active conjugated-IL2 derived from NKTR-214 compared to the PK parameter from an

equivalent dose of IL2 (aldesleukin)

Due to sparse sampling, SE was calculated for only Cmax and AUClast; NA: not applicable

https://doi.org/10.1371/journal.pone.0179431.t002
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Simulation of receptor occupancy for conjugated-IL2 species derived from NKTR-

214. A key goal for developing the mechanistic model was to understand the receptor bias

towards the IL2Rβγ over IL2Rαβγ in greater detail. The IL2Rβγ complex is predominantly

expressed on CD8 T cells and on NK cells; whereas, IL2Rαβγ is constitutively expressed on

Fig 6. NKTR-214 delivers a controlled and sustained activation signal to the IL2 pathway in vivo

measured by pSTAT5 levels in whole peripheral blood.Mice were treated with a single 0.8 mg/kg dose of
either aldesleukin (red) or NKTR-214 (blue) and monitored for up to 240 hours. Peripheral blood was collected
at the indicated time points post-dose and pSTAT5 in lymphocyte populations was determined by flow
cytometry using antibodies to intracellular pSTAT5 and to extracellular surface marker CD3. N = 5 mice per
time point per group.

https://doi.org/10.1371/journal.pone.0179431.g006

Fig 7. Model-calculated concentration–time profile for species of conjugated-IL2 or free-IL2 that
could be theoretically generated from a single dose of 0.8 mg/kg NKTR-214.Where data are available,
the model agrees closely with the PK data shown in Table 3. The model calculates that administration of
NKTR-214 results in sustained concentrations of conjugated-IL2 with exceedingly low concentrations of free-
IL2, consistent with its fast in vivo clearance and slow formation from NKTR-214.

https://doi.org/10.1371/journal.pone.0179431.g007
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Tregs. By unifying all the kinetic data, we could evaluate which receptor complex is predomi-

nantly occupied when exposed to the array of conjugated-IL2 species derived from NKTR-

214. Although free-IL2 derived from NKTR-214 is undetectable in vivo due to its rapid clear-

ance, it was instructive to evaluate the receptor dynamics of the calculated low levels in com-

parison to the conjugated-IL2 species. Using experimental kinetic parameters and in vitro IL2

receptor binding constants, the model indicated that 2-PEG-IL2 and 1-PEG-IL2 are the pri-

mary occupants of the IL2Rβγ (Fig 9 and Table 4). Comparing between receptors, after a single

dose of NKTR-214, the total occupancy AUC at IL2Rβγ is ~5.9-fold higher than the total occu-

pancy AUC at IL2Rαβγ (695.8 [% receptor occupancy �hr] vs 118.2 [% receptor occupan-

cy�hr], respectively), Table 4. Individually, the 1-PEG-IL2 and 2-PEG-IL2 resulted in ~32-fold

and ~70-fold higher IL2Rβγ occupancy compared to free-IL2. These results are reasonable

because the affinities of 1-PEG-IL2 and 2-PEG-IL2 for IL2Rβγ are only modestly lower than

that of IL2 (7.4- and 16.5-fold less than IL2, respectively) while their AUC of concentration is

233 and 1177 times higher than IL2. In contrast, the affinity of 1-PEG-IL2 or 2-PEG-IL2 for

IL2Rαβγ is significantly lower than that of IL2 (3248- and 4668-fold, respectively). Conse-

quently, the 1-PEG-IL2 and 2-PEG-IL2 derived from NKTR-214 only resulted in a fraction of

the occupancy by free-IL2 (0.003 and 0.004, respectively) at IL2Rαβγ. This is observable as an
inversion of the green and black lines in Fig 9C (IL2) compared to Fig 9A and 9B (NKTR-

214). Overall, the model indicates that in the presence of NKTR-214 and its conjugated-IL2

Table 3. Tmax,Cmax, and AUC of the individual species calculated from themodel. Where available, the values from the PK study (Table 2) are shown in
parentheses and in the last 2 columns for ease of comparison.

Analyte Tmax (hr) Cmax (µg/mL) AUC (µghr/mL) AUC NKTR-214-RC (µghr/mL) AUC NKTR-214-AC (µghr/mL)

(4–6)-PEG-IL2 0 11.6 136.6 284.3 (308) 38.3 (37.8)

3-PEG-IL2 14 2.9 109.5

2-PEG-IL2 25 0.68 31.8

1-PEG-IL2 28 (24) 0.14 (0.13) 6.4 (5.8)

IL2 28 0.0006 0.03

https://doi.org/10.1371/journal.pone.0179431.t003

Fig 8. Themodel suitably fits to measured NKTR-214 concentration-time profiles. Summing the concentration-time profile of the individual model-
derived conjugated-IL2 fit well to the experimentally determined concentration-time profiles of A. NKTR-214-RC, B. NKTR-214-AC, and C. 1-PEG-IL2, the
most active conjugate derived from NKTR-214. Solid lines represent the simulation and individual red symbols represent the experimental data.

https://doi.org/10.1371/journal.pone.0179431.g008
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daughter species, IL2Rβγ is the favored receptor complex with an occupancy that is signifi-

cantly higher than IL2Rαβγ.

Receptor occupancy of NKTR-214 compared directly to aldesleukin at
therapeutic dose levels and exposures

Having established the bias in occupancy of IL2Rβγ by conjugated-IL2 species derived from

NKTR-214, we used the model to compare the IL2 receptor occupancy of NKTR-214 to alde-

sleukin. These comparisons were made to separate the effects of intrinsic receptor bias due to

location of the PEG chains, from sustained exposure to active conjugated-IL2, which is also a

property provided by the releasable PEG prodrug design. Furthermore, we examined the

biased receptor occupancy of NKTR-214 in comparison to the calculated receptor occupancy

of a hypothetical “sustained delivery formulation” of aldesleukin.

Receptor occupancy was first calculated using therapeutic dose levels of NKTR-214 or alde-

sleukin, each at 0.8 mg/kg. NKTR-214 was provided as a single dose while aldesleukin was

administered either as one single dose, 5 daily doses for 2 cycles (a typical efficacious regimen

in animal tumor model [16] or a theoretical sustained delivery formulation. The sustained

delivery formulation allowed for an aldesleukin AUC that was the same as the AUC for the

Fig 9. Conjugated-IL2 species derived fromNKTR-214 preferentially occupy IL2Rβγ over IL2Rαβγ.Percent receptor occupancy calculated by the
model from A. 2-PEG-IL2, B. 1-PEG-IL2, and C. free-IL2 derived from NKTR-214, at IL2Rβγ (gray lines) and IL2Rαβγ (green lines) receptor complexes.

https://doi.org/10.1371/journal.pone.0179431.g009

Table 4. Model-simulated values of receptor occupancy for the conjugated-IL2 species and free-IL2 derived fromNKTR-214 after a single dose
administration. 1-PEG-IL2 and 2-PEG-IL2 are present at significantly higher levels in plasma than IL2. Experimentally, free-IL2 from NKTR-214 is not
detectable. The calculation indicates that individually and in sum, the active conjugated-IL2 from NKTR-214 occupy IL2Rβγ to greater extent than IL2Rαβγ.

IL2-receptor
complex

Total AUC of receptor occupancy from NKTR-214[%
receptor occupancy*hr]

Calculated AUC receptor occupancy of the most active
conjugated species derived from NKTR-214 [%receptor

occupancy*hr]

2-PEG-IL2 from
NKTR-214

1-PEG-IL2
fromNKTR-214

Free-IL2 from
NKTR-214

IL2Rβγ 695.8 474.6 (68%) 214.4 (31%) 6.8 (1%)

IL2Rαβγ 118.2 0.51 (0.4%) 0.38 (0.3%) 117.3 (99.3%)

Values in parenthesis show percentage contribution of each conjugated-IL2 species derived from NKTR-214 relative to total receptor occupancy AUC from

all species

https://doi.org/10.1371/journal.pone.0179431.t004
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active conjugated-IL2 species derived from NKTR-214 (NKTR-214-AC). In all 3 scenarios,

there was a marked distinction in receptor dynamics between NKTR-214 and aldesleukin

administration (Table 5). After a single dose of aldesleukin (Fig 10, red line in both panels), the

receptor occupancy of IL2Rβγ reached a maximum of 95% immediately after administration

but dropped to below 1% in 2 hours, while the receptor occupancy of aldesleukin at IL2Rαβγ
reached a maximum of 71% in 35 minutes and dropped to< 1% in about 22 hours. In contrast,

NKTR-214 (solid blue line in both panels) gradually increased its receptor occupancy at IL2Rβγ,
reaching a maximum of 14% in 25 hours, dropping below 1% after 4 days. At the IL2Rαβγ the
occupancy of NKTR-214 reached a maximum of only 2.3% 30 hours after administration and

dropped below 1% in 64 hours. Based on the area under the receptor occupancy curve, active

conjugated-IL2 species derived from NKTR-214 achieved a 20.8-fold higher occupancy of the

IL2Rβγ, and 0.56-fold lower occupancy of the IL2Rαβγ compared to aldesleukin (Fig 10 and

Table 5. Aldesleukin does not achieve a bias in receptor occupancy, regardless of dose or exposure. Receptor occupancy of a single dose of NKTR-
214 compared to several dosing regimens of aldesleukin, including a theoretical sustained release formulation that provides the samemeasured AUC as
NKTR-214. The values are normalized to the AUC of aldesleukin single dose for each receptor complex.

AUC of receptor occupancy for aldesleukin at 3 dosing regimens compared to single dose NKTR-214 at IL2Rαβγ and
IL2Rβγ

[%receptor occupancy*hr]

Receptor Aldesleukin, 0.8 mg/kg, single
dose

Aldesleukin,
0.8 mg/kg, qdx5, 2

cycles1

Aldesleukin,
0.8 mg/kg at equivalent AUC to NKTR-

2142

NKTR-214,
0.8 mg/kg, single

dose

IL2Rβγ 33.4 357.4 2598.7 695.8

IL2Rαβγ 212.6 2265.8 20336.9 118.2

Ratio of IL2Rβγ to
IL2Rαβγ

0.16 0.16 0.13 5.9

1Therapeutic aldesleukin regimen typically used in animal tumor models
2Theoretical “sustained delivery formulation” of aldesleukin that provides an AUC comparable to NKTR-214. The aldesleukin concentration was artificially

kept constant, such that the AUC0-10d of IL2 was the same as the actual AUC0-10d of NKTR-214-AC after a single 0.8 mg/kg dose of NKTR-214.

https://doi.org/10.1371/journal.pone.0179431.t005

Fig 10. Receptor bias is an intrinsic property of NKTR-214. Simulation of the receptor occupancy percentage over time for therapeutic levels (0.8 mg/kg)
of aldesleukin qdx5 (red) or NKTR-214, qd (blue) compared head to head. A. The receptor occupancy area under the curve for IL2Rβγ is 20.8-fold higher
after NKTR-214 compared to aldesleukin. B. In contrast, the AUC of IL2Rαβγ is 0.56-fold after NKTR-214 compared to aldesleukin.

https://doi.org/10.1371/journal.pone.0179431.g010
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Table 5). We next compared multiple dosing of aldesleukin (0.8 mg/kg, qdx5 for 2 cycles) to a

single dose of NKTR-214 (0.8 mg/kg). In this analysis, the receptor occupancy AUC of multi-

dose aldesleukin at IL2Rβγ reached only half of NKTR-214 (Table 5), while the AUC of receptor

occupancy at IL2Rαβγ was 19 times higher than NKTR-214. Finally, to further investigate

whether sustained exposure was driving the observed bias achieved by NKTR-214, we simulated

a constant infusion of aldesleukin, matching the theoretical AUC of aldesleukin to that actually

achieved by NKTR-214-AC after a single dose of NKTR-214. Such an exposure of aldesleukin

would not be evaluated experimentally due to the limits of tolerability for such a regimen. In this

scenario, a hypothetical continuous aldesleukin administration increased AUC of IL2Rβγ recep-
tor occupancy 3.7-fold higher than that achieved with NKTR-214 (2598.7 vs. 695.8, Table 5) due

to the higher intrinsic affinity of IL2 relative to the conjugated-IL2 species. However, aldesleukin

AUC of receptor occupancy at IL2Rαβγ concomitantly increased to 172-fold that of NKTR-214

(20336.9 vs. 118.2, Table 5). Therefore the model indicates that NKTR-214 maintains its inherent

bias, with a 5.9-fold higher occupancy of IL2Rβγ compared to IL2Rαβγ. On the other hand, both

the multi-dose and constant infusion aldesleukin results in 0.16- and 0.13-fold occupancy,

respectively, at IL2Rβγ compared to IL2Rαβγ. There is no bias towards IL2Rβγ that is achievable
by aldesleukin regardless of dose level, number of doses or continuous exposure. The model

reveals that the receptor bias is intrinsic to NKTR-214 by location of the PEG chains at the

IL2Rα interface and is not simply a result of improved PK due to PEGylation.

Simulation of %pSTAT5 downstream of receptor occupancy

A simulation of pSTAT5 activation of T cells as a result of receptor occupancy, as discussed in

the Methods section, predicts the experimentally measured pSTAT5 pharmacodynamic data

for NKTR-214 (Fig 11). The simulated Tmax of pSTAT5 is ~50 hours, about one day later than

Tmax of NKTR-214-AC. The data are suggestive of the potential ability of the model to predict

downstream biology and pharmacodynamics.

Impact of NKTR-214 design on in vivo antitumor efficacy

NKTR-214 was designed with a receptor bias to increase NK and CD8 T cells in the tumor

over Tregs to improve anti-tumor efficacy and systemic tolerability. As a single agent in the

mouse B16F10 melanoma model and in combination with anti-cytotoxic T-lymphocyte asso-

ciated protein 4 (CTLA-4) in the EMT-6 mouse breast cancer model, NKTR-214 delivered sig-

nificantly greater efficacy and improved tolerability than aldesleukin [16]. Importantly, a

marked increase in the ratio of CD8/Tregs in the tumor was obtained after one single dose of

NKTR-214 (>400) compared to ~18 for five daily doses of aldesleukin. The magnitude of the

cellular changes in the tumor microenvironment suggested that the receptor bias combined

with sustained tumor exposure served to markedly tip the immunological balance specifically

in the tumor as the CD8/Treg was only ~10 in peripheral tissues. Having here quantified and

validated the magnitude of the receptor bias from the mechanistic modeling, it became clear

how these altered receptor dynamics could potentially translate into greater anti-tumor effi-

cacy. We therefore sought to pressure-test the generality and depth of the anti-tumor response

in multiple murine models as a single agent. A panel of syngeneic mouse tumor models were

chosen with the aim of testing efficacy against large established tumors (~100 mm3) having a

well-characterized range of resident tumor infiltrating lymphocytes (TILs) prior to treatment

[34, 35]. Consistently, NKTR-214 as a single-agent demonstrated significant tumor growth

inhibition (TGI) across all three tumor types tested: bladder (MBT-2, 92%), liver (H22, 79%),

and pancreatic (Pan02, 65%) carcinoma (Fig 12).
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Discussion

NKTR-214 has a multi-component kinetically-driven mechanism of action that includes: 1) a

pro-drug design that renders NKTR-214 inactive at the time of administration; 2) releasable

PEG chains that over time progressively provide conjugated-IL2 species of greater potency; 3)

biased receptor binding such that PEGylation impacts binding at IL-2Rαβγ to a greater extent

Fig 11. Themodel correctly estimates experimental % pSTAT5 activation from the receptor
occupancy determination.Model fit (blue line) of pSTAT5 signaling from NKTR-214 as compared to the
observedmeasured values (symbols).

https://doi.org/10.1371/journal.pone.0179431.g011

Fig 12. NKTR-214 is consistently effective across several establishedmouse tumormodels. Examples shown below include A. bladder (MBT-2), B.
liver (H22), and C. pancreatic (Pan02) for single-agent NKTR-214 compared to vehicle. In all cases, tumors were grown to large size, 80-100mm3, N = 7/
group; NKTR-214 0.8 mg/kg q9dx3.*,P < 0.05 (unpaired t-test).

https://doi.org/10.1371/journal.pone.0179431.g012
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than IL-2Rβγ compared to IL2; and 4) long t½ enabling antibody-like dosing regimen in

humans. In addition to the important benefit of an improved dosing regimen provided by

PEGylation, NKTR-214 is designed with a time-dependent biological activity ranging from

inactive in its fully-PEGylated form to active when only 1 and 2 PEG chains remain. At the

same time, each of the generated species in the cascade provides biased receptor dynamics that

favor interaction with IL2Rβγ, with ultimate activation of CD8 and NK cells in the tumor.

We took a reductionist approach to characterize the NKTR-214 mechanism of action and

measured reaction rates for PEG release, receptor association and dissociation, in vivo PK, and

in vivo PD of IL2 pathway engagement. We then assembled these components into a mecha-

nism-based mathematical model to simplify the description of NKTR-214. This model ade-

quately captured our observed results and described the differentiation of NKTR-214 relative

to aldesleukin not only with respect to PK, but also with respect to the receptor-binding

dynamics that ultimately lead to significant immunological effects in the tumor

microenvironment.

Free-IL2 from NKTR-214 is undetectable in vivo due to its fast clearance and slow rate of

formation. The results from the model support this finding as after administration of NKTR-

214, the theoretcally calculated Cmax of free-IL2 derived from NKTR-214 is ~20000-fold lower

than that of PEG-conjugates derived from NKTR-214. It was instructive to understand how

conjugated-IL2 species derived from NKTR-214 dominate the activation of IL2Rβγ through
greater and prolonged occupancy of this receptor over IL2Rαβγ. The motivation for under-

standing this phenomenon stems from our previous observation that NKTR-214 significantly

mobilizes and increases the number of CD8 T cells in the tumor microenvironment, while

Treg numbers remain unchanged or decline [16]. This biological effect is now explained by

the percent receptor occupancy shown in Fig 9. While adding PEG reduces the affinity to all

IL2 receptors, the affinity of 1-PEG-IL2 and 2-PEG-IL2 at IL2Rβγ is only modestly lower than

that of free-IL2 (7.4- and 16.5-fold, respectively) due to the distal location of the PEG chains.

Given their exposures are much higher than IL2, these NKTR-214 conjugates successfully

form receptor complexes with IL2Rβγ. In contrast, the affinity of 1-PEG-IL2 and 2-PEG-IL2 at

IL2Rαβγ is significantly lower than that of free-IL2 (3247-fold and 4669-fold lower, respec-

tively); even with the greater exposure they still only reach a fraction of the occupancy of free-

IL2 at this receptor. Consequently, the conjugated-IL2 species occupy the IL2Rβγ more readily

than IL2Rαβγ and this property is an inherent feature of NKTR-214 that promotes its favor-

able biological and therapeutic effects in murine tumor models (Fig 12) [16]. A theoretical

“sustained delivery formulation” of aldesleukin with an AUC matched to the AUC of NKTR-

214 is unable to achieve the receptor bias of NKTR-214 (Table 5), indicating that IL2 exposure

alone is unable to account for the receptor bias. Overall, the data and mechanistic modeling

suggest that the marked anti-tumor activity of NKTR-214 arises from the combination of sus-

tained exposure and receptor bias, both of which are built into the molecular design of the

agent.

While the model accurately fits the PK and PD data for NKTR-214, several assumptions

were made as discussed in the Methods section. For example, more information is needed to

fully understand the in vivo release rates, tissue distribution, and clearance of each conjugated-

IL2 species to gain greater insight into the pharmacokinetics. A thorough assessment of the

pharmacodynamics, in particular pSTAT5 signaling in indivudal T cell populations will pro-

vide a comprehensive understanding of the immunological dynamics. Given that NKTR-214

is a unique biologic drug that evolves with time, we expect the model to evolve as these data

become available through development of additional bioanalytical assays and new in vivo

mechanistic studies.
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The receptor biased component of NKTR-214’s kinetically-controlled mechanism of action

is significantly different from previously described controlled-release formulations, long-act-

ing IL2 formulations, Fc fusions, or antibody-IL2 complexes. For example, IL2 has previously

been formulated to allow slow release from a polymer matrix [30, 31, 36]. -IL2 release from

such a matrix does not create an array of conjugated-IL2 species such as that produced from

NKTR-214 in vivo. As described, matching the theoretical exposure of IL2 to that of NKTR-

214 does not result in the biased receptor occupancy achieved by NKTR-214 [32, 33]. More-

over, these IL2 formulations, Fc fusions, or antibody complexes immediately deliver active IL2

to the system, potentially increasing toxicities. In contrast, active conjugated-IL2 species

derived from NKTR-214 are provided in a gradual kinetically-controlled cascade over time. In

another approach, screening technologies have identified IL2 muteins that demonstrate exqui-

site affinity towards IL2Rβγ that are several hundred-fold higher than IL2Rαβγ [37]. These
IL2Rβγ-selective muteins contrast sharply with the subtle bias introduced by the design of

NKTR-214 which does not completely eliminate affinity to IL2Rαβγ once activated. This is
important because many immune cells transiently up-regulate IL2Rαβγ upon activation to

increase IL2 sensitivity when mounting an immunological response, including priming of

CD8 T cells [38]. Therefore, some IL2Rαβγ binding is necessary and this is provided by

NKTR-214. Using PEGylation as a means of achieving receptor bias is a novel use of PEGyla-

tion technology. As a polymeric material, PEG is generally regarded as safe, and its long history

in many FDA approved products may offer a measure of confidence [39].

The receptor biased component of the NKTR-214 mechanism of action likely relates to the

anti-tumor efficacy of the molecule by focusing its activity on CD8 and NK cells in the tumor

microenvironment. At the same time, the prodrug design of NKTR-214 mitigates immune sys-

tem over-activation by providing sustained and controlled IL2 pathway signaling as measured

by pSTAT5. A key issue of high-dose IL2 (HD-IL2) therapy is the multiple rapid-activation

peaks that patients must endure once every 8 hours. This regimen leads to side effects includ-

ing severe hypotension, neurotoxicity, cytokine storm, and vascular leakage. With NKTR-214,

the multiple peaks intrinsic to HD-IL2 are absent. As anticipated, NKTR-214 has shown good

tolerability in rat and non-human primate preclinical toxicology studies, enabling initiation of

ongoing clinical studies. Although speculative, it is conceivable that the residual IL2Rαβγ bind-
ing allowed by NKTR-214 activates protective Tregs in the peripheral blood where the CD8/

Treg ratio is ~40-fold lower than that observed in the tumor [16]. This effect is consistent with

activation of Tregs by low-dose IL2 therapy [40] perhaps engendered by the low level of

IL2Rαβγ occupancy as described by the model herein. The kinetically-controlled pharmacol-

ogy arising from NKTR-214 provides a means of achieving marked efficacy and tolerability in

multiple murine tumors as shown.

NKTR-214, as both a monotherapy and in combination with anti-PD-1 is currently in

Phase 1 / 2 trials for the treatment of solid tumors in an outpatient setting. Given the require-

ment of the IL2 pathway for T cell activation and proliferation, NKTR-214 may serve as a

backbone therapy that enhances multiple anti-tumor modalities. Finally, although NKTR-214

is a cytokine-based therapy, it is dosed like an antibody in human studies, administered once

every 2 weeks or once every 3 weeks in the clinic. This regimen is particularly beneficial for

patients also receiving checkpoint inhibitor antibodies as these agents are similarly dosed once

every 2 or 3 weeks.

Cytokines represent a potent endogenous class of molecules with clear ability to robustly

modulate the immune system. Turning these molecules into effective and practical medicines

will be an important component of pushing the immuno-oncology revolution to the next level

so more patients might achieve a durable response or perhaps even a cure.
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