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ABSTRACT

Background Interleukin-2 (IL-2) plays a pivotal role

in immune homeostasis due to its ability to stimulate
numerous lymphocyte subsets including natural Killer (NK)
cells, effector CD4* and CD8" T cells, and regulatory T
cells (Tregs). Low concentrations of IL-2 induce signaling
through the high-affinity IL-2 receptor (IL-2R) comprised
of IL-2Ro, IL-2RP, and common v chain (y,), preferentially
expressed on T_ . Higher concentrations of IL-2 are
necessary to induce signaling through the intermediate-
affinity IL-2R, composed of IL-2R[3 and v,, expressed on
memory CD8* T cells and NK cells. Recombinant human
IL-2 (rhIL-2) is approved for treatment of metastatic
melanoma and renal cell carcinoma (RCC), but adverse
events including capillary leak syndrome, potentially
mediated through interaction with the high-affinity IL-2R,
limit its therapeutic use. Furthermore, antitumor efficacy
of IL-2 may also be limited by preferential expansion of
immunosuppressive Tregs. ALKS 4230 is an engineered
fusion protein comprised of a circularly-permuted IL-2 with
the extracellular domain of IL-2Rc:, designed to selectively
activate effector lymphocytes bearing the intermediate-
affinity IL-2R.

Results ALKS 4230 was equipotent to rhIL-2 in activating
human cells bearing the intermediate-affinity IL-2R, and
less potent than rhiL-2 on cells bearing the high-affinity
IL-2R. As observed in vitro with primary human cells

from healthy donors and advanced cancer patients,

ALKS 4230 induced greater activation and expansion of
NK cells with reduced expansion of T_ relative to rhiL-

2. Similarly, in mice, ALKS 4230 treatment stimulated
greater expansion of NK cells and memory-phenotype
CD8™ T cells at doses that did not expand or activate T__.
ALKS 4230 treatment induced significantly lower levels of
proinflammatory cytokines, including tumor necrosis factor
alpha, interleukin-6, and interferon gamma relative to rhiL-
2. Furthermore, ALKS 4230 exhibited superior antitumor
efficacy in the mouse B16F10 lung tumor model, where
ALKS 4230 could be administered via multiple routes

of administration and dosing schedules while achieving
equivalent antitumor efficacy.

Conclusions ALKS 4230 exhibited enhanced
pharmacokinetic and selective pharmacodynamic
properties resulting in both improved antitumor efficacy
and lower indices of toxicity relative to rhlL-2 in mice.
These data highlight the potential of ALKS 4230 as a novel

cancer immunotherapy, and as such, the molecule is being
evaluated clinically.

BACKGROUND
Recombinant human interleukin-2 (rhIL-2,
aldesleukin) is approved for the treatment
of metastatic melanoma and renal cell carci-
noma (RCC).'™ However, the use of rhIL-2
is limited to patients with normal cardiac
and pulmonary function due to associated
capillary leak syndrome and resulting fluid
shifts, hypovolemia, and hypotension associ-
ated with end-organ dysfunction.”™* Despite
the poor tolerability of immunotherapy with
rhIL-2, it remains one of the few treatment
regimens for metastatic melanoma and RCC
that elicits a complete and durable response
in a subset of patients, up to 12% in mela-
noma and 7% in RCC.”®

IL-2 plays a pivotal role in the regulation
of immune responses due to its ability to
stimulate numerous lymphocyte subsets with
distinct cellular functions such as natural
killer (NK) cells, B cells, and effector T cells
in addition to regulatory T cells (ngs).lg_w
It has been postulated that a contributing
factor limiting the therapeutic efficacy of
rhIL-2 is that it preferentially activates and
induces the expansion of immunosuppressive
CDh4" Tregs,16 which can counteract antitumor
immune responses.’”” '® In support of this
hypothesis, the expansion of inducible T cell
costimulator-positive (ICOS") ngs in a subset
of melanoma patients receiving high-dose
IL-2 therapy correlated with poor outcome.'
The preferential activation of lymphocytes
with regulatory functions over those with
host-protective functions is explained by IL-2
receptor pharmacology. Low concentrations
(pM range) of IL-2 signal through the high-
affinity IL-2 receptor (IL-2R) comprised
of IL-2Ro. (CD25), IL-2RB (CD122), and
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common Y chain (y, CDI132). IL2Ro is inducibly
expressed on activation of effector T cells and NK cells
but constitutively expressed on ngs.?O Higher concentra-
tions (nM range) of IL-2 are necessary to induce signaling
through the intermediate-affinity IL-2R,"”” composed
of IL-2RB and 7, constitutively expressed on memory
CDS8" T cells and NK cells, which have been shown to be
required for protective anticancer immune responses.”'

A second limitation of high-dose rhIL-2 treatment
is the risk of capillary leak syndrome.*” In preclinical
studies, administration of IL-2 induced pulmonary
edema, observed as increases in wet pulmonary weight,
in wild-type mice and in mice where expression of the
high-affinity IL-2R is restricted to non-hematopoietic
cells.?? In these studies, treatment with rhIL-2 resulted
in upregulation of IL-2Ro on lung endothelial cells,
and blocking the IL-2Ro binding interface on IL-2 with
a monoclonal antibody allowed for significant activation
of intermediate-affinity IL-2R-expressing cells without
increasing wet pulmonary weight. These data support the
hypothesis that direct interaction between IL-2 and high-
affinity IL-2R on pulmonary endothelial cells contributes
to increased vascular permeability.

Several strategies have been published with the specific
goals of improving antitumor efficacy and treatment
tolerability by selectively stimulating the intermediate-
affinity IL-2R* 1o preferentially drive the activation
and expansion of NK cells, effector, and memory CD8"
T cells.** ® Described herein is the design and immuno-
logical characterization of ALKS 4230, a fusion protein
of circularly permuted IL-2 to the extracellular domain
of IL-2Rai, designed to interact with the intermediate-
affinity IL-2R and not the high-affinity IL-2R to selectively
activate effector lymphocytes.

METHODS

All mice used in these studies were housed, managed, and
cared for in accordance with the Guide for the Care and
Use of Laboratory Animals (National Research Council,
2011).

In vitro immune cell stimulation

To assess activity on murine lymphocyte populations, pooled
splenocytes were isolated from C57BL/6 mice. To assess
activity on human lymphocyte populations, leukocytes were
isolated from human whole blood using a standard red
blood cell lysis procedure. Mouse splenocytes, human HH
(ATCC) and NK-92 (ATCC) cell lines, and human lympho-
cytes were then stimulated with ALKS 4230 or rhIl-2 and
stained with fluorescently-conjugated antibodies against
CD4" TW, NK cell, or memory CD8" T cell surface markers
(Additional File 2: mouse splenocyte markers in online
supplementary table SI and human lymphocyte markers
online supplementary table S2), and the intracellular
proteins, FoxP3 and pSTATb5 (pY694), as applicable. Cells
were acquired on a BD LSR Fortessa X-20 and analyzed

using FlowJo software (v.X.0.7). Additional details can be
found in the online supplementary methods section.

Analysis of human peripheral blood mononuclear cells
Peripheral blood mononuclear cells (PBMCs) were isolated,
expanded, and stimulated according to protocols approved
by the Dartmouth Committee for the Protection of Human
Subjects. PBMC samples were resuspended and cultured
with anti-CD3 antibody and either 0.5 nM ALKS 4230 or
0.5 nM rhIL-2. On Day 5, 7, and 9 cells were harvested,
washed, and resuspended with fresh 0.5 nM ALKS 4230 or
rhIL-2, but in the absence of anti-CD3. Cells were collected
on Day 12, prepared for flow cytometry, and stained with
fluorescently-conjugated antibodies (Additional File 2:
online supplementary table S3) for surface and intracel-
lular markers. Flow cytometric sample acquisition was
performed on a MACSQuant 10, and cell populations were
identified and quantified using Flow]Jo software (v.X.0.7).

Mouse pharmacokinetics and pharmacodynamics

Blood samples for pharmacokinetic assessments were
obtained from female C57BL/6 mice at various timepoints
after a single intravenous (IV) or subcutaneous (SC) admin-
istration of ALKS 4230 (3 pg IV or 8 pg SC) (n=6 per group)
or SC administration of rhIl-2 (20 or 50 pg) (n=12 per
group). Serum concentrations of ALKS 4230 or IL-2 were
quantified using a human IL-2 electrochemiluminescence
assay kit (Meso Scale Discovery). Pharmacokinetic parame-
ters were calculated by a standard non-compartmental anal-
ysis method using Phoenix WinNonlin V.6.4 (Pharsight, A
Certara Company).

To determine pharmacodynamic responses in normal
mice, five groups of female C57BL/6 mice (n=9 per group)
received SC injections once daily with vehicle (phosphate-
buffered saline (PBS)), 20 or 50 pg rhIL-2in PBS and 8 or 12
pg ALKS 4230 in PBS. On the morning of the 6h day, mice
were euthanized. The spleens and lungs were removed,
and the weight of each tissue was recorded. The lung tissue
samples were then dehydrated by incubation at 60°C for
48 to 72 hours. The resulting dry lung weight was recorded
and the weight due to pulmonary fluid (wet lung weight)
was calculated. After harvest, spleens from each animal
were homogenized followed by red blood cell lysis to isolate
splenocytes. Splenocytes were stained using fluorescently-
labeled antibodies against markers indicative of CD4" T _,
NK cells, CD4" T cells, and memory-phenotype CD8" T cells
(Additional File 2: online supplementary table S4). Samples
were acquired and analyzed on a BD LSR Fortessa X-20 and
quantified by Flow]Jo software (v.X.0.7).

To compare the production of serum cytokines in
response to treatment, female C57BL/6 mice were treated
SC daily for 4 days with 20, 50, or 75 pg rhIL-2 and 8, 20,
or 30 pg ALKS 4230. Blood samples were harvested from
~N=b mice per time point at 2, 4, 6, and 24 hours post-dose
on Day 1 and Day 4. Serum cytokines were quantified using
the V-PLEX Proinflammatory Panel 1 Mouse electrochemi-
luminescence assay kit (Meso Scale Discovery).
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B16F10 lung tumor colonization model

On Day 1, 1.5x10° B16F10 mouse melanoma cells were
injected IV into female B6D2F1 mice (n=10/group),
followed by initiation of treatment on Day 2. The studies
were terminated on approximately Day 10 to 12, once the
number of tumor colonies in a separate cohort of animals
had reached 50 to 120 tumor colonies per lung. Lungs were
collected, and the numbers of colonies were counted with
a stereo microscope.

Statistical analysis

GraphPad Prism 8.0 was used for statistical analyses and
graphical representations. Relevant statistical tests were
performed as indicated for each experiment in the figure
legends.

RESULTS

Design and structure of circularly permuted IL-2 fused to IL-
2Ra

We hypothesized that a covalent fusion of IL-2 with
IL-2Ro. would lose the ability to signal through the high-
affinity IL-2R, sterically inhibiting interaction with endog-
enous IL-2Ra., but retain the ability to signal through the

intermediate-affinity IL-2R. This fusion protein would
shift the balance towards selective activation of effector
lymphocytes over T, relative to rhIL-2. The crystal struc-
ture of the quaternary complex of human IL-2 bound
to the high-affinity IL-2R* (figure 1A), comprised of
IL-2Ra, IL-2RB, and vy, was used to guide the design of
the IL-2:IL-2Ra fusion molecule. In that structure, the
closest spatial distance between the fusible termini of IL-2
and IL-2Ra is from the C-terminus of IL-2 to the N-ter-
minus of IL-2Ra at a distance of 50 A, requiring a linker
of at least 20 amino acids. The position of the required
linker may also impede the interaction of IL-2 with its 3
and Y chains, as was observed previously for fusions of IL-2
with IL-2Ra constructed via the native termini, resulting
in significantly diminished bioactivity.” To circum-
vent these issues, circular permutation of recombinant
human IL-2 was employed, utilizing the sequence derived
from the rhIL-2 therapeutic, aldesleukin, which bears a
Cys125Ser substitution (Additional File 2: online supple-
mentary table S5). Circular permutation is a protein engi-
neering tool that involves joining of the native amino
and carboxy ends of a protein with an amino acid linker
and creating new amino and carboxy termini at a new

\ ¥
A4

Figure 1 ALKS 4230 is a novel engineered fusion protein between circularly permuted IL-2 and IL-2Ro. (A) Published crystal
structure of the quarternary complex of human IL-2 bound to the high-affinity IL-2 receptor (PDB ID 2B5I). (B) Visualization of
spatial distance between unfused IL-2 and IL-2Ra (helices identified by white lettering A to D, with native N-termini and C-
termini labeled). (C) Modeled structure of ALKS 4230 with new N-termini and C-termini labeled. (D) Structural overlay of ALKS
4230 (in gray) with PDB ID 1292 (in red and blue). (E) Observation of electron density between C-terminal Thr133 and N-terminal

Ser26 of IL-2. IL-2,interleukin-2; IL-2R, IL-2 receptor.
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site within the protein sequence. The primary sequence
of the resulting protein is reordered, while the secondary
structure and activity are retained. In the case of IL-2, a
Gly, linker was used in addition to disordered residues
Ser4 and Serb (numbering derived from Uniprot P60568
without the signal sequence; Additional File 2: online
supplementary table S5) to traverse the 12.9 A distance
between the C-terminal Thr133 and N-terminal Ser6 of
IL-2, thus creating a covalent linkage between the D and
A helices of IL-2 (figure 1B). To complete the circular
permutation, a chain break was introduced in the loop
between the B and C helices of IL-2, creating new N-ter-
mini and C-termini of IL-2 (Ser75 and GIn74, respec-
tively) at a site proximal to the N-terminal Glul of IL-2Ro
(numbering derived from Uniprot P01589 without the
signal sequence; Additional File 2: online supplementary
table S5), resulting in circularly permuted IL-2 (cpIl-2).
With the newly formed termini in cpll-2, the distance
between the C-terminal GIn74 of cpIL-2 from the N-ter-
minal Glul of IL-2Rais only 12.4 A, enabling use of a
short six residue Gly-Ser-Gly,-Ser linker to fuse cpIL-2 to
the extracellular domain of IL-2Ra (residues 1 to 165;
figure 1C). The corresponding gene encoding the cplL-
2:1L-2Ro amino acid sequence (Additional File 2: online
supplementary table S5), hereafter referred to as ALKS
4230, was synthesized and expression was carried out in
chinese hamster ovary (CHO) cells. After purification,
the resulting protein was >95 percent pure by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and characterized as a single, monomeric peak by
size exclusion chromatography, with an apparent molec-
ular weight of 55 kDa (Additional File 3: online supple-
mentary figure S1A-B).

To further confirm the design, the fusion protein was
crystallized and the 3.4 A X-ray crystal structure solved by
molecular replacement using the published structure of
the IL-2:IL-2Ra complex (17292; details on crystallization
and refinement of ALKS 4230 in Additional File 2: online
supplementary table S6 and in Additional File 1: online
supplementary methods).*® The backbone of ALKS 4230
showed a 0.88 A root-mean-square deviation when over-
layed with 1292 (figure 1D). In addition, electron density
was observed between the C-terminal Thrl53 and N-ter-
minal Ser26 of IL-2 in the engineered fusion protein
(figure 1E and Additional File 3: online supplementary
figure S1C-D). Overall, the X-ray structure confirmed
that the design of ALKS 4230 fusion protein achieved the
intended structure and conformation.

ALKS 4230 selectively activates the intermediate-affinity IL-
2R in vitro

Activation of the IL-2R complex triggers a cascade of
membrane-proximal signaling events including, but not
limited to, the phosphorylation of STAT5 (pSTAT)),
translocation of pSTAT5 dimers to the nucleus, and the
transcription of STAT5-regulated genes.”” * A phospho-
flow cytometry assay was used to measure the activation
of STAT5 by ALKS 4230 or rhIL-2 on two human cell

lines identified to have differential expression of IL-2Ro./
CD25.”! ** Stimulation with ALKS 4230 activated human
HH cells expressing intermediate-affinity receptor with
similar if not greater potency relative to rhIL-2 (0.72 nM
vs 1.6 nM, figure 2A), with reduced potency on NK-92 cells
expressing high-affinity receptor compared with rhIL-2
(0.87 nM vs 4.8 pM, figure 2B). To determine the cellular
selectivity profile for ALKS 4230 on primary human
cells, pSTAT5 was measured in cell populations from
healthy donor human PBMCs (Additional File 2: online
supplementary table S2). ALKS 4230 induced pSTAT5 in
NK cells with an EC,; of 0.45 nM while rhIL-2 induced
pSTATS with an EC, of 1.6 nM (figure 2C; table 1). The
similar potencies are consistent with both ALKS 4230 and
rhIL-2 signaling through the intermediate-affinity IL-2R
complex expressed on non-activated NK cells. The EC,
for ALKS 4230 and rhIL-2 were also similar for effector
memory CDS8" T cells (figure 2D; table 1), and for naive,
central/transitional memory CDS8" T cells and terminal
effector CD8" T cells (table 1). In contrast, the potencies
for ALKS 4230 and rhIL-2 differed greatly on CD4'CD25"
FOXP3" T . The EC,; for rhIL-2 was 0.0015 nM, about
400-fold lower than the EC,, of 0.59 nM observed for
ALKS 4230 (figure 2E; table 1) Therefore, ALKS 4230 is
much less potent in inducing STAT) activation in human
T,.,. than rhIL-2.

ALKS 4230 induces the selective activation and expansion of
effector lymphocytes isolated from human peripheral blood

In order to determine whether differences in activation
of STAT) in effector versus regulatory immune cell popu-
lations incubated with ALKS 4230 and rhIL-2 translate to
differences in human cellular responses, a cell prolifer-
ation assay was performed. PBMCs from healthy donors
(HD) and from patients diagnosed with advanced mela-
noma (MEL) or advanced RCC were cultured in the
presence of soluble anti-CD3 antibody and either ALKS
4230 or rhIL-2 for 5 days followed by an additional 7 days
with the same IL-2R agonist but without anti-CD3. A 0.5
nM concentration of ALKS 4230 and rhIL-2 was selected
for these studies based on the in vitro pSTAT) potency
data (figure 2). Samples from HD, MEL, or RCC grown
in the presence of rhIL-2 expanded an average of 57-fold,
55-fold, and 105-fold, while cells grown in the presence of
ALKS 4230 expanded an average of 5-fold, 14-fold, and
15-fold, respectively (Additional File 3: online supple-
mentary figure S2; phenotypic markers in Additional File
2: online supplementary table S3). The relative propor-
tions of Tregs, NK cells, and memory T cell populations
that expanded in the presence of ALKS 4230 or rhIL-2 in
vitro from each donor were compared. The proportion of
CD4'CD25'CD127"" T, expanded in the presence of
rhIL-2 were higher than when cultured in the presence of
ALKS 4230 for every donor sample, regardless of disease
status or cancer type, (figure 3A), and the difference in
the averages was statistically significant (figure 3B). ICOS
expression is induced on CD4" T cells upon T cell receptor
(TCR) activation as well as with IL-2 stimulation.'® There
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Figure 2 ALKS 4230 induced the activation of intermediate-affinity IL-2R on human cells. Cells were incubated with increasing
concentrations of ALKS 4230 or rhiIL-2 for 30 min and were analyzed by flow cytometry for the percent pSTAT5". (A) Human

HH cells (lacking IL-2Ra) and (B) human NK-92 cells (expressing IL-2Ra), were treated with ALKS 4230 or rhiL-2 for 30 min and
analyzed by flow cytometry. For C to E, equal amounts of blood were pooled from two each of healthy male and female donors

ages 19 to 48, then leukocytes were isolated and incubated for 30
Cells were analyzed by flow cytometry for the percent pSTAT5" cel
-

regs”

receptor; NK, natural killer; pSTAT5, phosphorylation of STAT5; rhiL-2, recombinant human IL-2

was a significantly higher percentage of ICOS" CD4" T,
when cultured with rhIL-2 (45%) than when cultured
with ALKS 4230 (25%, figure 3C).

NK cell populations were compared and were identi-
fied based on the expression of CD56 and CD16; with

min with increasing concentrations of ALKS 4230 or rhiL-2.
Is in (C) NK cells, (D) effector memory CD8* T cells, and (E)

Data are representative of one experiment with each sample being stimulated in triplicate. IL-2,interleukin-2; IL-2R, IL-2

T

’ Tregs’

regulatory T cells.

CD56"¢"CD16 NK cells being defined in the literature as
regulatory NK cells.”® A greater proportion of CD56'CD16°
NK cells were expanded with ALKS 4230 compared with
rhIL-2 for all donors (figure 3D), irrespective of disease
status or cancer type, with the difference in the averages

Table 1 Potency of STAT5 activation for ALKS 4230 and rhilL-2 on selected human and mouse lymphocyte populations
Human Mouse
ALKS 4230 rhiL-2 ALKS 4230 rhiL-2
Lymphocyte population EC,, (hm)* EC,, (hM)} EC,, (hM)} EC,, (nM)}
NK cells 0.45+0.09 1.6 9.5 12.0
Memory-phenotype CD8" T cells 12.6 7.8
Naive CD8* T cells 2.2+1.0 1.1
Central/Transitional memory CD8" T cells 1.1£01 2.0
Effector memory CD8" T cells 1.25+0.4 1.8
Terminal effector CD8" T cells 0.93+0.3 1.0
CD4* T 0.59+0.2 0.0015 12.0 0.011

regs

*Data was generated from three separate experiments, each performed in
TData was generated from one experiment performed in three replicates.
IL-2, interleukin-2; NK, natural Killer; rhIL-2, recombinant human IL-2; T

regs’

three replicates, and the error represents SD.

regulatory T cells.
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Figure 3 ALKS 4230 expanded fewer suppressive Tregs and expanded and activated NK cells to a greater extent than rhiIL-2 in
human samples. Selected lymphocyte subsets identified by flow cytometry were quantified in PBMCs expanded from healthy
donors (HD), individuals diagnosed with advanced melanoma (MEL), or renal cell carcinoma (RCC), with 0.5 nM rhiIL-2 or 0.5
nM ALKS 4230 (n=4 for each group). Proportions of CD4*CD25*CD127'°"- T ge from (A) individual samples and the (B) average
proportion by treatment. (C) Percentages of ICOS* Tregs were greater in rhlL-2 expanded cultures. NK cell proportions from (D)
individual samples and (E) grouped by treatment. Percentages of activated NK cells that expressed (F) CD25 and (G) CD69
were greater in ALKS 4230-expanded cultures. (H) The proportion of central memory CD8* T cells were similar in ALKS 4230
and rhiL-2-expanded cultures. The ratios of selected lymphocyte populations to T___ were calculated in PBMCs expanded from
healthy donors, and individuals diagnosed with advanced melanoma or RCC. (I) CD56*CD16 NK:T, and (J) central memory
CD8" T.T ratlos were all significantly greater in ALKS 4230-expanded cultures. Statistical S|gn|f|cance between treatment
groups Was determined by paired T tests. *p<0.01, **p<0.001, ***p<0.0001. ICOS*,inducible T cell costimulator-positive; IL-2,
interleukin-2; NK, natural killer; PBMCs, peripheral blood mononuclear cells; rhiL-2, recombinant human IL-2; T_, regulatory T

cells.

of ALKS 4230 compared with rhIL-2, with mean CD25*

being statistically significant (figure 3E). The expression
and CD69" percentages of 46% and 97% compared with

of CD25 and CD69, which are induced on activation and

have been reported to correlate with NK cell survival and
cytotoxic potential, respectively,' ** were also determined.
Significantly greater percentages of CD56"CD16NK cells
expressed CD25 and CD69 when cultured in the presence

27% and 75%, respectively (figure 3F-G). Together these
data show that greater NK cell activation is achieved when
culturing with ALKS 4230 than when culturing with rhIL-2
at equivalent concentrations. Finally, similar proportions
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of central memory CD8" T cells resulted from culturing
with ALKS 4230 and rhIL-2 (figure 3H).

As the ratios of effector cells to T, are considered to
be a relevant biomarker of response to various cancer
treatments and even prognostic of disease outcome,” *°
the ratios of NK cells and central memory CD8" T cells to
T, were examined. For each donor, regardless of disease
status or cancer type, the ratio of CD56°CD16 NK cells
to T, was significantly higher in response to ALKS 4230
treatment relative to treatment with rhlIL-2 (figure 3I).
Similarly, the ratio of central memory CD8" T cells to
T, was increased with ALKS 4230 treatment to a greater
extent than treatment with rhIL-2 (figure 3]). No statis-
tically significant differences were observed between the
healthy, the melanoma, or the RCC donor samples within

the ALKS 4230 or rhIL-2 expansion conditions.

Pharmacokinetic and pharmacodynamic responses to ALKS
4230 in mice

The pharmacokinetics of ALKS 4230 and rhIL-2 were
determined after SC administration in C57BL/6 mice
(Additional File 2: online supplementary table S7). After
a single SC dose of 20 pg or 50 pg, rhIl-2 was rapidly
absorbed, with peak serum concentrations (C ) of
38 nM and 124 nM, respectively, observed at 15 to 30
min post-dose, followed by a rapid decrease of serum
concentrations into the pM range within 4 to 7 hours. In
contrast, after a single SC dose of 8 pg, the absorption of
ALKS 4230 was prolonged, witha C__of 7.7 nM observed
4 hours post-dose and sustained serum concentration
levels in the nM range for at least 24 hours (figure 4A).
The elimination halflife (/%) and mean residence time
(MRT) of ALKS 4230 were 4-fold to 5-fold longer and
8-fold longer than those of rhIL-2, respectively (Addi-
tional File 2: online supplementary table S7). The relative
SC bioavailability (%F) of ALKS 4230 was 47%, as deter-
mined by comparison with a single IV dose of 3 pg (Addi-
tional File 2: online supplementary table S7).

In order to validate that the selectivity profile of ALKS
4230 in mice is similar to the observed profile using
primary human cells, in vitro STAT5 activation was
measured in immune cell populations present in spleens
of naive mice (markers used to define populations shown
in Additional File 2: online supplementary table S1).
rhIL-2 and ALKS 4230 showed similar potency on NK
cells (Additional File 3: online supplementary figure
S3A and table 1) and on memory-phenotype (MP) CD8"
(CD8'CD44°CD122%) T cells (Additional File 3: online
supplementary figure S3B and table 1). On CD4'CD25"
Foxp3'T, g TNIL-2 was 1000-fold more potent than ALKS
4230 (Addltlonal File 3: online supplementary figure
S3C-D and table 1). Thus, the observed selectivity profiles
were similar between mouse and human lymphocytes,
supporting the use of mice to analyze pharmacodynamic
responses to treatment with ALKS 4230 or rhIL-2.

The pharmacodynamic responses to ALKS 4230 and
rhIL-2 were evaluated in C57BL/6 mice. The primary
aim of this experiment was to compare immunological

responses at dose levels selected such that pulmonary
edema, a key indicator of tolerability, would be similar
between rhIL-2 and ALKS 4230. Pulmonary edema
resulting from capillary leak at higher doses of rhIL-2
in mice can be assessed objectively by an increase in wet
pulmonary weight.”* ** Due to the improved pharmaco-
kinetic profile of ALKS 4230, lower doses can drive the
desired pharmacodynamic responses. Thus, mice were
dosed SC daily for 5 days with: vehicle, rhIL-2 at 20 pg
or 50 pg, or ALKS 4230 at 8 pg or 12 pg. As intended,
the average wet pulmonary weights from the lower dose
treatment groups of ALKS 4230 and rhIL-2 were equiv-
alent (figure 4B). Additionally, the average wet pulmo-
nary weight from the higher dose ALKS 4230-treated
group was significantly lower than the higher dose rhlL-
2-treated group, and similar to the lower dose ALKS 4230
and rhlL-2-treated groups (figure 4B).

Coincident with analysis of lung tissues, the spleens were
harvested, and lymphocyte populations were analyzed by
flow cytometry. Neither dose of ALKS 4230 resulted in
increased numbers of CD4'CD25'CD127”“Foxp3™ T e’
while treatment with rhIL-2 resulted in an average 7-fold
and 5-fold expansion of T, relative to vehicle-treated
mice (figure 4C). Increased expression of the T cell acti-
vation marker ICOS on T, _in response to therapy has
been correlated with poor outcome in melanoma patients
treated with high-dose 1L-2." In mice, ICOS-expressing

. Possess superior fitness and survival, and exhibit
greater suppressive function compared with ICOS™ T, . 37
In this study, rhIL-2 treatment increased the numbers and
percentages of T, —expressing ICOS more than ALKS
4230 (Additional File 3: online supplementary figure S4A-
B). Expression of two additional markers associated with
T,,, suppressive function, glucocorticoid-induced TNFR-
related (GITR) protein and CD39, were analyzed, and the
proportions of T, —expressing these proteins were also
increased more by rhlL-2 than ALKS 4230 (Additional
File 3: online supplementary figures S4C-D). The average
protein expression levels represented by geometric mean
fluorescence intensity (gMFI) of ICOS, GITR, and CD39
were also dramatically increased in response to rhIL-2
but not ALKS 4230 (Additional File 3: online supplemen-
tary figures S4E-H), indicating that not only does rhIL-2
expand greater numbers of T, but that those T, may
be more immunosuppressive.

Contrary to the greater expansion of T by rhIL-2,
ALKS 4230 preferentially expanded CD8* T cell and NK
cell populations. The rhIL-2 treatment induced a 7-fold
to 8-fold expansion of NK cells, and a 5-fold expansion
of MP CD8" T cells in the 20 and 50 pg rhIL-2 treatment
groups, respectively (figure 4D). In contrast, treatment
with ALKS 4230 induced greater expansion of NK cells
(14fold and 17-fold in the 8 and 12 pg treatment groups,
respectively) and MP CD8" T cells (15-fold and 18-fold in
the 8 and 12 pg treatment groups, respectively; figure 4D).
Conventional CD4" T cell numbers were not increased
by rhIL-2, and an approximately two-fold reduction was
observed in mice treated with ALKS 4230 (figure 4E).
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Figure 4 ALKS 4230 treatment drove selective expansion of effector cells over Tregs compared with rhlL-2 in mice. (A)
Concentration-time profiles of IL-2 after a single SC dose of 20 or 50 pg rhiL-2 and of ALKS 4230 after a single IV or SC dose
of 3 pg or 8 ug, respectively (n=12 per group). For panels B to E, female C57BL/6 mice were dosed SC once a day for 5 days
with the indicated doses and analyzed on Day 6. (B) Wet pulmonary weights were induced to a greater extent by rhiL-2. *p<0.01
versus rhiL-2 50 pg (C) rhIL-2 induced Treg expansion unlike ALKS 4230. #p<0.0001 versus all. (D) ALKS 4230 expanded greater
numbers of MP CD8* T cells and NK cells relative to rhIL-2. *p<0.005 versus rhiL-2 20 g, rhiL-2 50 pg; #p<0.0001 (E) ALKS
4230 treatment resulted in lower numbers of conventional CD4* T cells. *p=0.01; #p<0.0001 (F) ALKS 4230 treatment resulted
in increased ratios of NK cells, MP CD8" T cells, and conventional CD4* T cells to Tregs, compared with rhiL-2. #p<0.0001 versus
rhiL-2 20 pg, rhiL-2 50 ug Percentages of MP CD8" T cells expressing (G) PD-1, (H) LAG-3, or () TIM-3. IL-2,interleukin-2; IV,

intravenous; NK, natural killer; rhlL-2,recombinant human IL-2; SC, subcutaneous; T

Reports of immune profiling of human tissues from
subjects with ovarian or bladder cancer have suggested
that increased ratios of the numbers of CD8" T cells to
T, are associated with improved outcomes.” ** A signif-
icant, dose-dependent increase in ratios of NK cells and
MP CD8" T cells to T, was observed in response to ALKS
4230 treatment, while no significant increase in these

ratios was observed in response to treatment with rhIL-2

regulatory T cells.

regs’

(figure 4F). Although ALKS 4230-treated mice exhib-
ited ~2-fold reduction in conventional CD4" T cells, the
ratios of conventional CD4" T cells to Tregs were higher
than those observed in mice treated with either dose of
rhIL-2 (figure 4F). Overall, relative to rhIL-2, treatment
with ALKS 4230 resulted in significant enhancement of
the ratios of NK cells and MP CD8" T cells to ngs at dose
levels with equivalent or better tolerability.
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The expression of PD-1, LAG-3, and TIM-3 on CDS§*
T cells is associated with T cell activation, and in some
contexts, functional exhaustion.®® * The rhIL-2 treat-
ment significantly increased the percentage of MP CD8"
T cells that expressed PD-1, LAG-3, or TIM-3 in compar-
ison to control mice, while these cell populations were
notincreased by treatment with either dose of ALKS 4230
(figure 4G-I). Maturation stages of NK cells in mice have
been characterized by surface expression of CD11b and
CD27, with the most mature and cytolytic NK cells being
described as CD11b*CD27."*! (Additional File 3: online
supplementary figure S5A-B). Mice treated with either
dose of ALKS 4230 had significantly higher numbers of
CD11b'CD27 NK cells compared with mice treated with
50 pg rhIL-2 (online supplementary figure S5C). Both
molecules expanded comparable numbers of activated,
but less mature CD11b"'CD27" NK cells (Additional File
3: online supplementary figure S5C). Additional markers
associated with NK cell activation and function were eval-
uated. The rhIl-2 and ALKS 4230 expanded a similar
proportion of NK cells that expressed KLRG1 (Additional
File 3: online supplementary figure S5D), although mice
treated with 50 pg rhlIL-2 exhibited a higher percentage
of NK cells expressing NKG2D or CD69 (Additional File
3: online supplementary figure S5E-F). The increase in
receptor expression levels (gMFIs) of KLRG1, NKG2D,
and CD69 were consistent with the differences in the
percentage of NK cells bearing these markers (Additional
File 3: online supplementary figure S5G-I).
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To further understand the impact of the differential
pharmacodynamic effects of rhIL-2 or ALKS 4230 on key
determinants of tolerability, the levels of serum proin-
flammatory cytokines produced in response to treatment
were evaluated in a follow-up study. Mice were treated SC
daily for 4 days with increasing doses of rhIL-2 or ALKS
4230, and a time course of serum cytokine levels was eval-
uated post-dose on Days 1 and 4. Treatment with rhIL-2
consistently induced more significant upregulation of
proinflammatory cytokines including IFNy, TNFao, 114,
IL-5, IL-6, CXCL1, and IL-10 compared with ALKS 4230,
which was especially apparent after the fourth day of treat-
ment (figure 5). These data show that the selectivity of
ALKS 4230 for the intermediate-affinity IL-2R translates
to a greater expansion of CD8" T cell and NK cell subsets
with a more favorable systemic proinflammatory cytokine
profile relative to rhIL-2 in mice. These characteristics are
predicted to translate into a clinical therapy with more
favorable benefitrisk attributes than rhIL-2.

ALKS 4230 is efficacious in a mouse syngeneic tumor model

via multiple routes of administration and dosing frequencies

The BI16F10 melanoma lung colonization model was
utilized to evaluate the efficacy of rhIL-2 or ALKS 4230
after SC administration at multiple dose levels. Treat-
ment with 20 pg, 50 pg, or 75 pg of rhIL-2 resulted in
61%, 70%, and 58% inhibition of tumor growth, respec-
tively (figure 6A). Treatment with 8 pg, 20 pg, and 30 pg
ALKS 4230 resulted in 79%, 98%, and 100% inhibition
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Figure 5 rhIL-2 treatment induced greater levels of systemic inflammatory cytokines in mice than ALKS 4230. Serum

cytokine production was assayed in female C57BL/6 mice treated SC daily for 4 days with either rhiIL-2 (20 pg, 50 pg, and
75 ug) or ALKS 4230 (8 ug, 20 ug, and 30 ug) at 2, 4, 6, and 24 hours post-dose on Day 1 and Day 4 (n=4 animals per time
point). (A) IFNy, (B) TNFa, (C) IL-4, (D) IL-5, (E) IL-6, (F) CXCL1, and (G) IL-10. IFNy, interferon gamma; IL-2, interleukin-2; IL-6,
interleukin-6; rhiL-2, recombinant human IL-2; SC, subcutaneous; TNFa, tumor necrosis factor alpha.
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Figure 6 ALKS 4230 treatment resulted in greater inhibition of B16F10 lung tumor growth compared with rhlL-2, and could

be administered IV or SC with less frequent dosing (n=10 female B6D2F1 mice/group). (A) SC treatment with ALKS 4230 (8

Mg, 20 ug, 30 pg) resulted in complete inhibition of lung tumor growth in the murine B16F10 lung tumor colonization model.
*p<0.05 versus rhIL-2 50 pg; 1p<0.001 versus rhiL-2 20 ug, rhiL-2 75 pg; $p<0.001 versus rhiL-2 20 pg; ¥p<0.0001 versus rhiL-
2 75 ug; #p<0.0001 versus all. (B) IV (4 ug, 10 yg, 15 pg) and SC (8 ug, 20 g, 30 ug) ALKS 4230 inhibited tumor growth in the
B16F10 lung tumor colonization model. #p<0.001 (C) ALKS 4230 administered IV with different dosing frequencies inhibited
B16F10 lung tumor growth. 1p<0.0005 versus vehicle; #p<0.0001 versus vehicle; (D) ALKS 4230 administered SC with different
dosing frequencies inhibited B16F10 lung tumor growth. *p<0.001 versus vehicle; **p<0.005; #p<0.0001 versus vehicle. IL-2,
interleukin-2; IV, intravenous; PBS, phosphate-buffered saline; rhiL-2,recombinant human IL-2; SC, subcutaneous.

of tumor growth, respectively. Thus, rhIl-2 treatment
reached a maximum of 70% tumor growth inhibition
at the middle dose level with no additional benefit at a
higher dose whereas ALKS 4230 treatment exhibited a
clear dose response, achieving 100% inhibition of tumor
growth at the highest dose level.

To better understand the relationship between route of
administration and antitumor activity, additional exper-
iments were carried out using this model. Mice were
treated daily with multiple dose levels of ALKS 4230 IV (4
pg, 10 pg, 15 pg) or SC (8 pg, 20 pg, 30 pg). The SC dose
levels were adjusted to twice those of IV to account for
lower exposure, due to the 47% bioavailability previously
observed for SC administration (figure 4A and Additional
File 2: online supplementary table S7). Daily treatment
with 4 pg, 10 pg, and 15 pg ALKS 4230 IV resulted in
56%, 95%, and greater than 99% inhibition of tumor
growth, respectively (figure 6B). Similarly, treatment

with 8 pg, 20 pg, and 30 pg ALKS 4230 SC resulted in
50%, 99%, and 100% inhibition of tumor growth, respec-
tively (figure 6B). Thus, equivalent dose-dependent
tumor growth inhibition was observed following IV and
SC administration of ALKS 4230, with the two higher
dose levels resulting in 95% to 100% inhibition of tumor
growth. These data show that IV and SC administration
of ALKS 4230 result in equivalent antitumor efficacy in
mice, supporting that both IV and SC routes of adminis-
tration merit future testing.

The effect of dosing frequency on efficacy for IV or SC
administration of ALKS 4230 was investigated in order to
inform selection of optimized dosing regimens for subse-
quent preclinical and clinical evaluation of ALKS 4230.
An intermediate dose level of 6 pg/day IV was chosen
as a comparator for the different dosing frequencies.
Three additional dose levels were chosen with the aim of
matching exposure, but with less frequent dosing (12 pg
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Q2D, 18 pg Q3D, and 30 pg Q5D). All four dosing regi-
mens resulted in significant inhibition of tumor growth
relative to vehicle (71% to 86%), with no significant differ-
ences observed between treatment groups (figure 6C).

For comparison of SC dosing regimens, a 12 pg/day
SC dose level was chosen to approximate the exposure
of the 6 pg IV daily dose evaluated in the IV study. Addi-
tional SC dose levels were chosen to match exposure with
less frequent dosing as before (12 pg daily, 36 pg Q3D,
60 pg Q5D, and 84 pg Q7D). All four dosing regimens
resulted in significant inhibition of tumor growth relative
to vehicle (53% to 75%), with all groups showing similar
inhibition, except for the Q7D regimen, which achieved
significantly greater inhibition relative to the Q3D group
(figure 6D). These data demonstrate that equivalent
antitumor efficacy in this model can be achieved when
ALKS 4230 is administered using a less-frequent, periodic
dosing schedule via either IV or SC routes of administra-
tion, suggesting that the ALKS 4230 dosing regimen can
be tailored for optimal compatibility with other agents for
evaluation of combination efficacy.

DISCUSSION

High-dose IL-2 is approved and used for the treatment
of metastatic melanoma and RCC, but adverse events,
including capillary leak syndrome, limitits therapeutic use
to a select subset of patients treated inpatient at special-
ized centers. Of those that are eligible and receive treat-
ment, the overall response rates are 28% for metastatic
melanoma and 23% for metastatic RCC.” ® In an effort
to evaluate efficacy and minimize IL-2-associated adverse
effects driven by C ., outpatient SC administration of
lower dose IL-2 plus interferon-o. was assessed head-to-
head with the approved inpatient IV dosing regimen
in metastatic RCC patients.” Although the SC dosing
regimen was better tolerated, with a higher percentage
of patients completing the treatment cycle, there was a
reduction in response rate (10% vs 23%) compared with
the approved IV dosing regimen.® This may be due to the
fact that lower circulating serum concentrations of IL-2,
resulting from the SC route of administration, induce
signaling through the high-affinity IL-2R. Thus, T, could
be preferentially stimulated with this route of administra-
tion. In support of this hypothesis, low-dose IL-2 therapy
is being evaluated to treat type 1 diabetes,” lupus,” and
other autoimmune diseases,"* with the goal of activating
T, to promote immune tolerance. Even when dosed to
achieve high circulating serum concentrations to drive
activation and expansion of effector cells, the antitumor
efficacy of IL-2 may still be limited by its preferential
expansion of immunosuppressive T, . This is supported
by the previous finding that increases in ICOS™ T T, in
patients recelvmg high-dose IL-2 therapy correlate with
poor outcome.'? Thus, an engineered IL-2R agonist that
achieves the selective activation of the intermediate-
affinity IL-2R expressed on effector cells without the need
to administer high doses to overcome sequestration of

IL-2 by ngs,ls * or immunosuppression by activated L
has the potential to drive efficacious immune responses
against tumors.

This body of work describes the design of ALKS 4230
and its potential as a novel immunotherapeutic agent
that selectively activates the intermediate-affinity IL-2R.
It has been reported that the three subunits of the high-
affinity IL-2R, IL- 2R0c IL-2RB, and y. are pre-associated
on the cell surface.* Whether the receptor complex is
pre-associated or not, the selectivity achieved by ALKS
4230 is due to the fact that the molecule, a fusion protein
of circularly permuted IL-2 to the extracellular portion of
IL-2Ra, is sterically prevented from binding to IL-2Ra of
the high-affinity complex. Binding to the intermediate-
affinity IL-2R complex is not impeded and may even
occur on cells expressing the high-affinity IL-2R. This
is supported by the finding that the in vitro potency of
ALKS 4230 is similar between effector cellsand T, from
either mouse or human origin, suggesting that ALKS
4230 is signaling through intermediate-affinity receptor
complexes present on the surface of T, . Despite the
potential for STAT5 phosphorylation in T, no expan-
sion of T is observed and only modest increases in
ICOS, GITR or CD39 expression are observed even after
repeated doses of ALKS 4230 in mice at dose levels that
significantly expand NK cells and MP CD8" T cells.

Increased ratios of CD8" T cells to T, correlated with
better response to treatment in patients with urothelial
carcinoma,”™ and decreased baseline ratios of CD8" T
cells to T, = correlated w1th worse outcomes in patients
with serous ovarian cancer.*” In comparison with rhIL-2,
dosing of ALKS 4230 in mice results in increased NK cell
and memory CD8" T cell expansion without T __ expan-
sion, resulting in greater effector cell to T ratlos The
ability to drive greater responses by NK Cells ‘as evidenced
by the expansion of CD11b'CD27 NK cells in mice or
the higher frequency of CD25 and CD69 expression in
human NK cells, may translate to greater antitumor
responses. In addition, ALKS 4230 drove the expansion
of greater numbers of CD8" T cells but did not induce the
expression of PD-1, LAG-3, and TIM-3 proteins, markers
that have been associated with CD8" T cell exhaus-
tion.”™* In support of the relevance of these differences,
ALKS 4230 treatment resulted in greater antitumor effi-
cacy than rhIL-2 in the mouse B16F10 lung colonization
model. Thus, the activation and expansion of effector
cells without expansion of T, in response to ALKS 4230
correlates with improved efficacy relative to rhIL-2, which
expands both effector lymphocytes and T, in concert.
In addition to the desirable cellular responses elicited
by ALKS 4230, the profile of systemic proinflammatory
cytokines produced on repeated administration of ALKS
4230 is distinct, with rhIL-2 treatment inducing markedly
higher levels of cytokines typically associated with cyto-
kine release syndrome, including IL-6, TNFa, and IFNy.48
Levels of other proinflammatory cytokines such as IL-5,
which is associated with eosinophilia induced by high-
dose 11-2," were also lower in response to ALKS 4230.
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These differences in systemic proinflammatory cytokine
levels support the primary goals of enhancing efficacy
while improving tolerability.

In addition to its selectivity profile, ALKS 4230 has
several distinctive properties that contribute to its poten-
tial as an immunotherapeutic. In ALKS 4230, circular
permutation allows the IL-2 portion to retain its native
three-dimensional structure while enabling direct fusion
to IL-2Ro. with a short linker. ALKS 4230 adopts the
same structure as the native complex of IL-2 and IL-2Ra
(figure 1D) through the use of glycine-serine linkers,
which are widely used in therapeutic protein engi-
neering.” IL-2Ra is a natural binding partner of IL-2, and
thus the binding interface between circularly permuted
IL-2 and IL-2Ra becomes part of the hydrophobic core of
the resulting globular protein, ALKS 4230. This contrib-
utes to the stability and homogeneity of the molecule
in solution, as compared with aldesleukin, which when
resuspended is a large molecular weight microaggregate.
The homogeneity of ALKS 4230 is confirmed by its migra-
tion as a monomer by size exclusion chromatography
(Additional File 3: online supplementary figure S1).

ALKS 4230 is expressed in eukaryotic cells and is
Neglycosylated at two asparagine residues (Asnl87 and
Asn206), which also contributes to the improved biophys-
ical properties of ALKS 4230 and increased molecular
weight. After dosing in mice, the larger molecular weight
of ALKS 4230 results in decreased clearance and trans-
lates to a longer half-life compared with rhIL-2, enabling
less frequent dosing. In contrast, the circulating concen-
tration of rhlL-2 rapidly falls below the level required to
sufficiently activate CD8" T cells and NK cells, but remains
above the threshold for activation of T for an extended
period. These data indicate that the selectivity profile
and favorable pharmacokinetics of ALKS 4230 facilitate a
dosing paradigm that achieves NK and CD8" T cell activa-
tion without undesired T, activation. ALKS 4230 admin-
istered IV and SC drove equivalent antitumor efficacy in
the B16F10 tumor model when given at doses predicted
to achieve similar exposure. Furthermore, efficacy in
response to ALKS 4230 treatment was equivalent when
comparing once-weekly dosing with daily administration
in the BI6F10 melanoma lung tumor colonization model.
This demonstrates that ALKS 4230 can be delivered by
either IV or SC administration and with less frequent
dosing, while achieving equivalent efficacy. Taken
together, ALKS 4230 is a novel immunotherapeutic agent
engineered to harness the immune-stimulating activities
of rhIl-2 and improve its tolerability, while limiting its
immuno-regulatory role of promoting T, function.

CONCLUSIONS

ALKS 4230 is an IL-2 fusion protein that is engineered
to be unable to bind to the high-affinity IL-2R while
retaining the ability to bind to the intermediate-affinity
IL-2R. Although ALKS 4230 can induce modest activa-
tion of ngs in vitro, it does not induce significant Treg

activation or expansion in vivo. By virtue of its design,
ALKS 4230 potently activates NK cells and MP CD8" T
cells in vivo and exhibits greater antitumor efficacy in
mice compared with rhIL-2. The combination of selective
lymphocyte expansion, along with its improved pharma-
cokinetic profile, makes ALKS 4230 a compelling immu-
notherapeutic for evaluation as a monotherapy or in
combination with other anticancer therapies including
immune checkpoint inhibitors. Thus, ALKS 4230 is being
investigated clinically in patients with advanced cancers
(NCT02799095, NCT03861793, and NCT04144517).
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