Figure 5 Immune cell expansion by MS~IL-15

50 p

, over 28 days. Enumeration of NK, CD8", CD44"CD8*, and y5 T cells at

0,2,5,7,14, 21, and 28 days in the spleen, lymph nodes, and PBMCs of mice (n=3/point/group) treated with subcutaneous
MS~IL-15, v (=) or intraperitoneal 5 ug IL-15 once a dayx5 (@). The dotted line represents the mean value of the pretreatment
controls (n=5). PBMCs were quantified using complete blood count. Points are mean+SD. IL, interleukin; MS, microspheres; NK,

natural killer; PBMC, peripheral blood mononuclear cells.

d(n)=Dxr"!(1-r), where D is the initial amount of I1L-15
in the depot and r=—(24hours)xIn2/t, ,. In the present
case, after injection of MS~IL-15,  ~using a release t, ,
of 168 hours, the calculated IL-15,, released over day 1 is
4.7 pg, and on day 5 is 3.2 pg, giving an average IL-15,,
released over 5 days of ~4ng/day.

For analyses of PD effects from cell number versus time
plots (figure 5), a horizontal line was created from the
pretreatment control value extending to the end of the
28-day study period. The duration of expansion was esti-
mated as the closest measured time point to which the

experimental data intersected the control horizontal line.
The extent of cell expansion was estimated as the AUC
over 28 days (AUC,, ,) between the horizontal control
and the experimental line. Table 2 tabulates the values
for duration and AUC,, , from figure 5 and online supple-
mental figure S9A. When preferred, the fold increase
of cell expansion can be estimated as the experimental
AUng d/ control AUC28 4 over the time of interest.

Several features of the AUC approach to measure total
cell expansion are worthy of note. First, the proliferation

AUC,, , values are deceptively lower than conventionally
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Table 2 Duration of immune cell expansion and AUC,,

in PBMCs, lymph nodes, and spleen

Predose control, cells*

Duration, day

AUC, cells* dayt

IL-15 IL-15
S5pg once a S5ug once a
Marker Tissue Mean+SD dayx5 MS~|L'15M dayx5 MS~IL-155_Ow_
NK1.1* Spleen 0.93+0.16 14 14 10 19
In 0.24+0.03 14 14 0.71 1.5
PBMC 0.21+0.04 14 14 5.4 12
cDs* Spleen 6.34+1.32 14 14 51 82
In 13.6+3.67 14 14 94 130
PBMC 0.65+0.16 21 21 8.0 7.1
CcD44"cD8* Spleen 1.32+0.20 28 28 46 69
In 1.95+1.85 28 28 70 104
PBMC 0.13+0.03 28 28 6.5 7.0
TCRy&* Spleen 0.55+0.09 14 14 3.9 10
In 0.66+0.08 14 14 4.2 8.1
PBMC 0.04+0.01 21 14 0.48 0.48
Ki67* NK1.1* Spleen 0.14+0.05 7 7 6.8 6.0
In 0.05+0.01 7 7 1.1 1.5
PBMC 0.03+0.01 14 14 2.3 2.5
Ki67*CD44"CD8*  Spleen 0.47+0.16 7 7 15 18
In 0.65+0.21 7 7 16 26
PBMC 0.03+0.01 21 14 1.6 1.1
Ki67* TCRyd* Spleen 0.26+0.05 14 14 3.5 8.6
In 0.36+0.07 14 14 2.3 6.1
PBMC 0.020+0.005 21 21 0.54 0.6

*Control values are cellsx107® for spleen and lymph nodes (In), and cells/pLx1072 for PBMCs.
+AUC values are cellsx10 8xday for spleen and In, and cells/uLx10~®xday for PBMCs.
AUC, area under the curve; IL, interleukin; MS, microspheres; PBMC, peripheral blood mononuclear cell.

reported because the AUC,, , of parental cells includes
the entire contraction phase; over the period of prolif-
eration, the per cent Ki67' of NK and CD44"CD8" T
cells were 70%—-90% of the parent (online supplemental
figure S9A). Second, AUC, , of long-lived subsets, such as
CD44"CD8' T cells, may be deceptively high because the
contraction phase may be longer than that of the parent.
Third, with exception of NK cells, the AUC28 B of target
immune cell proliferation and expansion in PBMGs
correlated with those from spleen and lymph nodes with
R=99.3% and 98.8%, respectively. AUC,, , of NK cells in
PBMCs were ~10-fold higher than expected compared
with spleen and lymph nodes, which reduced the correla-
tion; interestingly, NTKR-255 also shows very high expan-
sion of NK cells in peripheral blood.” Therefore, T cell
expansion in mouse PBMCs can be legitimately used
as surrogates to avoid sacrificing mice and performing
numerous surgical procedures.

The duration of immune cell expansion of 5pg IL-15
once a dayx5 vs MS~IL-15,  in spleen, lymph nodes,
and PBMCs are all quite similar, showing ~14 days for NK,
CD8", and y3 T cells, and ~28 days for CD44"CD8" T cells.

As measured by Ki67", proliferation of NK, CD8", and
CD44™CD8" T cells in all tissues usually peaks at ~2days
then drops to control by 7 days, although proliferation
of yo T cells reaches control levels at 14 days (online
supplemental figure S9A). As expected, proliferation of
CD44'°¥CD8"-naive T cells, B cells, and CD4" T cells were
not significant. On average, the AUC,, , of immune cell
proliferation and expansion for MS~IL-15 . is ~150% of
that for 5 pg IL-150nce a dayx5b.

Frutoso et al® observed hyporesponsiveness of NK cells
but not CD8" T cells after a second injection of IL-15, RLI,
or RLI-Fc. On a second injection of MS~IL-15_, 28 days
after the first, we also observed low (40%) prolifeiration of
NK cells. CD8" T cells were not affected when measured
at a single time 2 days postadministration as reported,”
but the AUC,,, of CD8" T cells was attenuated by about
50%.

50 py

PD effects of single and sequential doses of IL-15 and super-
agonist RLI

We determined the PD effects in PBMGCs after single
doses of 5-50pg IL-15 (figure 6 and online supplemental
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Figure 6 PD effects of single and sequential doses of IL-15 and the super-agonist RLI in PBMCs. (A) AUC
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target immune cells. Mice (n=4-5/group) were administered single intraperitoneal doses of 5-50 ug IL-15, 10 pg RLI, MS~IL-15_
o Or two doses of 2 ug RLI separated by 48 hours. PBMCs were collected over 28 days, and target immune cells analyzed

for duration and AUC Inset: AUC

28d" 28d

vs IL-15 dose for NK (@), Ki67* NK (O), CD44"CD8* (M), and Ki67* CD44"CD8" (o).

Data points are fitted to the logarithmic equation derived in Sl. Here, the relative fold-change in time-over-target with an X-fold

increase in dose=1+In(X)/In(dose /Cmn -

The dotted line shows the trace for the CD44"CD8" T cell dose response when the

response between 0 and 5 pg IL-15 is used to define a linear slope. (B) PD effects of IL-15 after subcutaneous administration

of 5 pg to mice (n=5/group) on d0, then sequentially each day on d0-1, d1-2, d1-3, and d1-4. Analysis of AUC

of Kie7*

28d

proliferating NK and CD44"CD8"* T cells in PMBCs began on d0. Cell numbers were directly measured using an Attune NxT.

Data show the mean+SD of the AUC

28d

for individual mice. AUC, area under the curve; IL, interleukin; MS, microspheres; NK,

natural killer; PBMC, peripheral blood mononuclear cells; PD, pharmacodynamic.

figure S10). As shown in figure 6A, incremental doses of
IL-15 caused incremental proliferation and expansion
of target effector cells, but never to the extent of MS~IL-
15, . The 25pg dose of 1L-15 is dose-equivalent to the
1L- 15 ,» released from MS~IL—1550 g OVET 1 week, and the
50 pg supra high dose is equivalent to the total amount of
IL-15 on MS~IL-15,, . In all cases, the PD responses of
the single doses examlned are much lower than the long-
acting MS~IL-15, .

The magnltude of the PD effect by an IL-15 agonist
depends on a sufficient level of target engagement for a
sufficient period of time,m_12 and wasted cytokine excess
over receptor saturation increases C _ but not signal
intensity. As dose is increased, G increases linearly
whereas the time during which receptors are effectively
saturated increases logarithmically (online supplemental
section XII). Figure 6A, inset, shows that AUC, ,
proliferation and expansion of immune cells versus IL- 15
concentrations fit very well to a logarithmic relationship;
in contrast, as illustrated for CD44"CD8" T cells, when
the response between 0 and 5 pg IL-15 is used to define a
linear slope the fit is very poor. Hence, the observed PD
effects of single varying doses of IL-15 are not correlated
with C _, but rather with the time receptors are occupied
with sufficient IL-15 to expand immune cells.

We likewise inquired whether the high immune cell
expansion after five daily doses of bpg IL-15 occurred
abruptly during the study period, or increased steadily
with repeated doses. Mice were administered doses of

5pg IL-15 for 1-5 successive days (online supplemental
figure S11). Here, the AUC,, , of proliferating NK and
CD44"CD8" T cells were linear (R*-0.93) with the
frequency of doses (figure 6B), as expected if each dose
increased the time of exposure over some adequate target
concentration. Taken together, the results indicate that
optimal time-over-target cannot be achieved by single
doses of different IL-15 quantities but can by multiple
sequential doses of IL-15 or by a single administration of
the long-acting MS~IL-15,, .

We also examined the PD effects of the super-agonist
RLI, a single chain fusion of IL-15, and the 77 aa
IL-15Ra sushi connected by a 20-amino acid linker. As an
IL-15Ro-independent agonist, RLI binds with ~100-fold
higher affinity to the intermediate affinity IL-2RB/yc than
IL-15**" and has ~6-fold longer t, , in mice (table 1).%
As shown in figure 6A, 10 pg of RLI—equimolar to 6 pg
IL-15—produces a PD effect >25pg IL-15, and two doses
of only 2pg RLI separated by 2 days produces expansions
superior to 10 pg of RLI or 50 pg IL-15. As with IL-15, the
duration of receptor occupancy by RLI appears to play a
more important role than dose intensity.

MS~IL-15 with an alternative linker and in vivo release rate

In early experiments, we also prepared and partially char-
acterized an MS~IL-15 with the same MeSO, modulator
as in MS~IL-15 placed on a gem-dimethyl substituted
linker®® designated MS_ ~IL-15. The in vitro release

t , extrapolated to pH 7.4, 37°C was 1000 hours, close

1/2
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to that of MS~IL-15. However, in C57BL/6] mice the t, /o
of released IL-15,, was 50 hours—still longer than any
reported IL-15 agonist—but showed no second phase of
CL. As calculated above for MS~IL-15,, ,we estimated the
IL-15,, released from MS ~IL-15,, over day 5 to be an
average of ~8 pg/day. When MSGDM IL 15, was injected
in mice, analysis of duration and AUC,, of immune cell
expansion was very similar, if not identical, to MS~IL-15,

., (online supplemental figure S12 and table S2); thus, 1t
appears thatat, , of 50 hr provides sufficient exposure to
achieve optimal PD effects. Regardless, the present work
focused on studies of MS~IL-15 because the longer t, , of
released IL-15,, over 5 days more resembled that of the
target 5-day CIV of IL-15.

Tolerability and safety of MS~IL-15

Toxicity and injection site reactions of subcutaneously
administered MS_  ~I[-15 were assessed in mice. A
complete summary of the study is provided in SI. Briefly,
male C57BL/6] mice (n=6/group) were administered
0.1mL of blank MS, MS |\ ~IL-15,, ,or MS, ~IL-15,,
on days 1 and 15 via subcutaneous injections and animals
were observed for 28 days. There were no IL-15-related
clinical pathologies, organ weight abnormalities, macro-

scopic findings, bodyweight changes, or dose-dependent

Right
i.t. Anti-CD40 Left
A
IL-15
0 30
> 20 > 20
o [
10 10
0 0
0 10 20 30 40 50 0 10 20 30
Days Days
B Ms-IL-154,,
30 30
> 20 E20
o o
10 10
o T 1 T 1 0
0 10 20 30 40 50 0 10 20 30
Days Days

40

microscopic differences between MS_  ~IL-15

GDM 150 pg and
MS,~IL-15,,, . Slight injection site swelling and
minimal to moderate subcutaneous granulomatous
inflammation was observed in all groups and there was
a single occurrence of mild myofiber degeneration/
regeneration with MS_ ~IL-15 ., . Hence, MS_ ~IL-15
administered day 1 and day 15 Contalnmg 150 or 500 pg
IL-15/animal/injection—releasing 6-fold to 20-fold more
IL-15 than the standard single dose of MS~IL-15,, used

in this study—was generally well tolerated by mice.

Effect of MS~IL-15 and agonistic anti-CD40 on the TRAMP-C2

prostatic cancer model

In a previous study, a combination of IL-15, systemically
administered at 2.5 pg/mouse 5 days/weekx2, and anti-
CD40 showed high synergistic antitumor activity in the
primarily CD8" T cell-driven murine TRAMP-C2 pros-
tatic cancer model.** Figure 7 shows the effects of subcu-
taneously administered IL-15 (figure 7A) or MS~IL- 1560 "
(figure 7B) and IT administered anti-CD40 agonist in a
bilateral syngeneic murine TRAMP-C2 model (Chen et al
2021, submitted). Here, the right tumor in each animal was
injected with anti-CD40, and animals received ten intraperi-
toneal doses of 2.5 pg IL-15 over 14 days or a single subcuta-
neous dose of MS~IL-15,; . The combination of MS~IL-15

50
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© -
275 ) - 1lL-15 N *|:
; 50- - - Combination *
(7}
°\° 25_
0 T L] - 1
50 0 20 40 60
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Figure 7 Antitumor effects of IL-15 and MS~IL-15 in the TRAMP-C2 prostate tumor model. (A) RTV of C57BL/6J mice (n=6/
group) bearing TRAMP-C2 tumors on both flanks were treated with intraperitoneal 2.5ug IL-15 (days 1-5, 8-13), IT anti-CD40
mAb (20 ug/10 pyL on days 0, 3, 7, and 10) in the right-flank tumor or the combination of IL-15 plus anti-CD40; the Kaplan-
Meier plot shows per cent of surviving mice. The control group was injected with PBS. (B) Same as top panel except using a

single dose of subcutaneous MS~IL-15_,

" instead of multiple doses of IL-15. The control group was injected subcutaneously

with empty MS. Data shown as relative median tumor volume +SE of the median. Two-way analysis of variance and log-rank
(Mantel-Cox) tests were used to determine statistical differences. *P<0.05, ***p<0.001. IL, interleukin; IT, intratumoral; MS,
microspheres; mAb, monoclonal antibody; PBS, phosphate-buffered saline; RTV, relative median tumor volume.
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e And anti-CD40 resulted in significant expansion in the
absolute number of peripheral CD8' T cells, CD44"CD8"
T cells, and tumorspecific tetramer'CD8" cells compared
with either monotherapy (online supplemental figure S13).
Growth of both tumors in mice injected with single agent
anti-CD40, IL-15, or MS~IL-15, " showed modest tumor
growth inhibition. However, growth of tumors in mice
receiving both unilateral IT anti-CD40 and systemic IL-15 or
MS~IL-15,, were suppressed for long periods. As shown in
figure 7B none of the mice in the single agent MS~IL-15,
e O anti-CD40 groups survived, whereas 50% of the mice 1n
the MS~IL-15, /anti-CD40 combination group were alive
at day 60, all belng tumor free. Hence, the combination of
systemic MS~IL-15,, ~and unilateral IT anti-CD40 produce
a potent effect on the tumor injected with anti-CD40 as well
as the non-injected tumor.

Effect of MS~IL-15 and anti-CCR4 (mogamulizumab) on the
MET-1 murine model of ATL)

It has been reported that IL-15 caused a NK cell-driven
prolongation of survival of MET-1 tumor-bearing mice
and thereby increased efficacy of anticancer mAbs
through ADCC.*® Since the CC-chemokine receptor
CCR4 is expressed on the surface of leukemic cells in
most ATL cases,”’ the MET-1 ATL model in NOD/SCID
mice that lack T and B cells® was used to test MS~IL-15
in combination with anti-CCR4. After intraperitoneal
injection of MET-1 cells when serum-soluble human
IL-2Ro—a surrogate tumor marker’*—reached 1000 pg/
mL, mice were treated with a single dose of MS~IL-
15, L CVery weekx4 anti-CCR4, or the combination of
MS~IL- 15,’0 with every weekx4 anti-CCR4 (figure 8A).
We confirmed the expression of CCR4 and CD25 on
the MET-1 leukemia cells (figure 8B). Treatment with

MS~IL-15,; ~ markedly increased the NKp46 cells in
blood compared with the phosphate-buffered saline
A
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Figure 8 Treatment of MET-1-bearing NOD/SCID mice with MS~IL-15_ and anti-CCR4 antibody. (A) Experimental scheme
of the xenograft model of human MET-1 leukemia. Ten days after |ntraper|tonea| injection of leukemia cells (2x10” MET-1

cells) in NOD/SCID mice (n=3 for anti-CCR4 to 9/group), animals were treated with PBS or subcutaneous MS~IL-15_, oug ; after

2 days, 100 pg of CCR4 antibody was given intraperitoneally QWkx4. (B) Expression of CD25 and CCR4 on MET-1 tumor.

(C) Representative flow cytometric analysis of NKp46 in blood on day 5 after MS~IL-15 injection. (D-E) NKp46 cells in blood on
day 5. (F) Kaplan-Meier curves illustrating the survival of mice that received PBS, MS~IL-15, , anti-CCR4, or the combination
of MS~IL-15,, and anti-CCR4. The survival of the mice was recorded until day 100 post-therapy. Two-way analysis of variance
and log-rank (Mantel-Cox) tests were used to determine statistical differences. *P<0.05, **p<0.01, ***p<0.001, ***p<0.0001. IL,
interleukin; IT, MS, microspheres; NK, natural killer; PBS, phosphate-buffered saline; QWk, every week.
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and anti-CCR4 groups (figure 8C-E). At 100-day post-
treatments, 50% of the mice receiving combination of
MS~IL-15, ~and anti-CCR4 survived, whereas all others
expired (ﬁgure 8F). Hence, the combination of MS-IL-15
and anti-CCR4 was highly effective at prolonging the
survival of mice-bearing MET-1 leukemia.

DISCUSSION
Since the discovery of IL-15 in 1994,39 10 extensive efforts
have been expended toward its development as an
immuno-oncology agent.” * Foremost in achieving this
goal have been endeavors to control the effects of IL-15
on NKand CD8" T cells, which link the cytokine to its ther-
apeutic effects. More recently, the effects of IL-15 on yd
T cells have received much interest because of their dual
effects on both innate and adaptive immune responses,
and potential importance in cancer immunotherapy.*' *
Optimal immune cell expansion requires IL-15 exposure
atalevel above a threshold concentration for a protracted
period—a critical time-over-target.'”* Since lower
concentrations or times are not optimally efficacious, and
higher concentrations or times may contribute to toxic-
ities, an appropriate balance of agonist level and dura-
tion of exposure is essential. A major impediment to the
success of IL-15 as an immunotherapeutic is that it has
a short in vivo halfife of only 2.5hours in the human;
the high dose of a single injection necessary to achieve
sufficient sustained exposure is accompanied by a high
C,,.. and associated toxicities.'® Hence, extensive efforts
have been directed toward developing long-acting IL-15
agonists that remain within a narrow therapeutic window
for long periods and achieve an optimal time-over-target.
In one approach, IL-15 super-agonists have been devel-
oped thatincrease potency and extend t, ,, by incorporation
of IL-15Ra and, in some cases, an Fc fragment—those in
current clinical development include N-803, hetlL-15, and
RLL' When administered intravenously to humans, these
super-agonists have elimination t, ,s of ~1.5to 7.5hours,
whichare notsignificantly different than the 2.5 ht, , ofintra-
venously administered IL-15. However, when administered
subcutaneously, the effective t, s are modestly increased to
4-24hours because of slow absorption from their injection
sites.” ¥ * In addition to slow absorption, some of the larger
super-agonists are also poorly absorbed resulting in very low
and potentially problematic bioavailability. For example,
subcutaneously administered N-803—a large IL-15Ro-Fc
complex with IL-15 N72D—has only 3% bioavailability
which indicates that 97% of the agonist is disposed of at
the injection site; the high residual IL-15 activity may recruit
immune cells that cause the injection site rashes commonly
seen with this agonist.” Although IL-15 has been attached
to other long-ived Fc or IgG fragments, longeracting
agonists have not materialized.'* In another approach, high
MW PEG has been attached to IL-15 to provide NKTR-255
which when administered intravenously to humans gave a
of ~24hours®; this makes NKTR-255 one of the I1-15

1 /2
agonist front—runners, but the ¢t , is far from what is often

achievable by PEGylation. In an alternative tactic, IL-2 has
been PEGylated—for example, bempegaldesleukin and
THOR-707—to bias binding toward IL-2RB/yc such that
the effects on immune cells mimic those of IL—1546; these
agonists also have modest t, , values of ~12hours. Finally, the
most effective approach to maintain optimal levels of IL-15
over time has been to administer IL-15 via 5-day or 10-day
CIV, which show remarkable increases of CD8" T cells, NK
cells, and CD56"8" NK cells as well as impressive expansion
of y8 T cells."” ' However, CIV administration is a generally
unacceptable and impractical mode of administration.

The primary objective of the present work was to
develop a subcutaneously administered long-acting IL-15
that would, insofar as possible, mimic the PK of CIV and
expand target immune cells levels over an extended
period. We first prepared and characterized hydrogel MS
covalently attached to the N-terminus of IL-15 by a B-elim-
inative linker that slowly releases the agonist. We then
studied the PKs of subcutaneously administered MS~IL-15
as well as its effect on expansion of target NK and CD8"
T cells. Lastly, we demonstrated that a single dose of
MS~IL-15 is extremely effective in immunotherapy of
cancer in both NK and CD8" T cell-driven murine tumor
models. Thus, with MS~IL-15 we have developed a slow
releasing depot of IL-15 which after a single subcutaneous
injection causes an effective and persistent increase of NK
and CD44™CD8" T cells and high activity as an immuno-
therapeutic agent.

To prepare MS~IL-15, we first attached an azido-linker-
aldehyde to the N-terminus of IL-15 by reductive amination
using a stoichiometry that favors mono-alkylation versus
multi-alkylation. Then, we attached the azido-linker-IL-15
to cyclooctyne-activated MS by strain-promoted azide-
alkyne cycloaddition. The IL-15 in the MS~IL-15 depots
exceeded 95% purity and was stable under physiological
and storage conditions for prolonged periods. On B-elim-
inative cleavage of the linker, IL-15, , is released from the
MS~IL-15, which was equipotent to IL-15 in a cell-based
IL-2RB/yc dimerization assay.

On subcutaneous administration of MS~IL-15
containing 50pg of IL-15 (MS~IL-15,, ) to mice, the
released IL-15,, maintained the ~200to 300 pM plasma
concentration of IL-15 effective in CIV'®* with a t
of about 1 week for 5 days—far longer than any IL-15
agonist thus far reported.'® It was serendipitous that the
5-day duration of high exposure of the released agonist
was a similar duration as that of the 5-day CIV we sought
to emulate.”” Interestingly, after ~5days there was an
abrupt decrease in t , to about ~30hours, which was
maintained for a several week period. The biphasic PKs
were not observed in immune-deficient NSG mice and we
did not detect anti-IL-15 antibodies that might increase
CL. Similar time-dependent increases in CL observed
with the super-agonist hetIL-15°" and CIV infusion of
IL-15"* have been attributed to formation of a dynamic
IL-15 sink that consumes the cytokine, and the present
study supports this hypothesis.
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Most reported studies of IL-15 in mice use a paucity
of measurements over time to quantitate expansion of
immune cells. We measured target immune cell expan-
sion in spleen, lymph nodes, and PBMCs over a 28-day
period which—although tedious—covers the complete
duration of immune cell expansion observed with MS~IL-
15, .- To quantfy proliferation and expansion, we
developed an approach that measures the duration and
extent that cells remained over controls. Here, we quan-
tified the AUC of cell expansion over the 28-day study
period, which is analogous to that commonly used in
pharmacology to measure drug exposure over time. This
approach allowed us to quantitatively compare long dura-
tion PD effects elicited by MS~IL-15 that would be diffi-
cult to accomplish by conventional methods. We showed
that AUC,, , correlated well among tissues examined,
and that MS~IL-15 elicits very prolonged and very robust
PD effects on its target immune cells. Hence, measure-
ments of AUC,, , provides compelling benefits over other
approaches for quantitation of immune cell expansion by
long-acting IL-15 agonists.

A single dose of MS~IL-15,, =~ resulted in protracted
cell expansion of ~14days for NK, CD8", and yd T cells,
and a very long 28 days for CD44"CD8" T cells. Indeed,
the duration and expansion of immune cells elicited by
MS~IL-15,, — far exceeded alternative dose-equivalent
administrations of free IL-15. For example, the PD effects
of MS~IL-15,;  greatly surpassed those from a single dose
of 25 pg IL-15—the estimated amount of IL-15, , released
from MS~IL-15,, —over 5days—as well as 50 pg IL-15—
the total amount of IL-15 present on MS~IL- 1500 " . Also,
the average AUC,,  values of proliferation and expansion
of immune cells by MS~IL-15, exceeded those from five
dailyinjections of 5pg IL-15 by “150%. Interestingly, MS, |

wIL-15,,  with a monophasic t, , of 50 hr showed 51m11ar
PD effects as the longer acting MS~IL-15,, ~and may
represent the minimal exposure time of IL-15 to provide
an optimal PD effect. Hence, compared with various
dose-equivalent schedules of IL-15, MS~IL-15 conjugates
provide remarkably long and intense PD effects.

We also determined AUC,, , of immune cell expansion
after injections of varying amounts and frequencies of
IL-15 and the super-agonist RLI. The AUC,, , of immune
cell expansion after single doses of varying amounts of
IL-15 did not increase linearly as expected if expansion
was directly related to dose and C . Rather, proliferation
and expansion of NK and CD44"CDS" T cells increased
logarithmically with dosage, indicating that increasing
doses affected the time over which the cytokine remained
at a concentration needed for receptor occupancy and
activation. With the super-agonist RLI—which has a
higher affinity for IL-2RB/yc receptor and longer t, ,
than IL-15—two doses of only 2 pg separated by 2 days—
equimolar to only 1.2png IL-15x2—produced expansions
superior to a single dose of 10pg RLI or 50pg IL-15.
Finally, the dose-linear AUC, , of immune cell expansion
after sequential single doses of 5pg IL-15 was also consis-
tent with linearly increasing the time of exposure. Taken

together, these data show that the PD effects of different
doses of IL-15 are not directly correlated with C__, but
rather with the time receptors are occupied with sufficient
IL-15 to expand immune cells. Hence, the necessary time-
over-target for optimal expansion cannot be achieved by
single doses of IL-15 because of its short t ,, but can by
multiple sequential doses or by the slow, steady release of
IL-15 from a single subcutaneous administration of long-
acting MS~IL-15,, .

These results all support the view that optimal in vivo
proliferation of immune cells requires IL-15 exposure at
a level above some minimal threshold concentration for
some minimal period of time. However, cytokine stimu-
lation that is too sustained or too frequent may be detri-
mental to immune cell expansion or function,” *” * and
the optimal in vivo exposure time or level is yet to be deter-
mined. For example, Elpek e al’’ found that transient
treatment of mice with potent IL-15/IL-15R0 complexes
increased the number and effector functions of activated
NK cells, whereas prolonged stimulation led to accumula-
tion of mature NK cells with impaired function. Likewise,
Frutoso et al”® reported NK cell hyporesponsiveness to
IL-15 agonists in mice whereby a second dose adminis-
tered as long as 50 days after the first resulted in a large
attenuation in NK-cell proliferation. On a second treat-
ment of mice with MS~IL-15 1 month after the first, we
also observed NK cell hyporesponsiveness. However,
there are substantial interspecies differences in NK cell
subsets and cell surface receptors in mice and humans,
so the IL-15-induced NK hyporesponsiveness in mice
need not translate to humans.*® % Indeed, in non-human
primates and humans immune cell responsiveness and
effector functions do not appear significantly impaired
after multiple doses of N-808,% °! RLL* %2 NKTR-255,%
or by CIV IL-15," 1°* especially if a suitable rest interval
is allowed between doses or treatment cycles. In view of
the apparent species differences of NK cell hyporespon-
siveness and exhaustion, we did not consider it necessary
to resolve these issues in mice and did not pursue further
studies of multiple doses of MS~IL-15.

Finally, MS~IL-15 was assessed as an immunothera-
peutic agent in two murine tumor models. First, it was
tested in combination with IT-administered agonistic
anti-CD40 in a bilateral TRAMP-C2 model of prostatic
cancer (Chen, submitted), primarily driven by cytotoxic
CDS8' T cells.** A single subcutaneous injection of MS~IL-
15,, ., and IT CD40 agonist in one of the tumors showed
modest growth inhibition when individually admin-
istered, but evoked robust antitumor activity in both
tumors when administered as a combination. Second, in
the MET-1 model of ATL,* driven by NK cells, a single
dose of MS~IL-15,, ~caused a very large expansion of NK
cells. Smg]e—agent MS~IL- 15,, ,, or anti-CCR4 provided
modest increases in survival, but a combination of both
significantly prolonged survival. Clearly, MS~IL-15 should
be pursued as an immunotherapeutic agent in human
cancers, especially in combination with other agents that
may be synergistic with the cytokine.
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In summary, the MS~IL-15 prodrug provides a very long-
acting IL-15—longer than any known IL-15 agonist—and
the PD effects are likewise longer lasting than any IL-15
agonist yet reported. The IL-15 released from the MS has
a low G and causes protracted high expansion of NK
cells and y& and CD44"CD8" T cells. MS~IL-15 shows
robust anticancer activity in NK and cytotoxic CD8" T cell-
driven responses, especially when administered in combi-
nation with other immunotherapeutic agents. From our
perspective, important future work entails studies of
MS~IL-15 in non-human primates and then in human
clinical trials. Also, further studies on the MS delivery
system should address (a) determining the optimal t, ,
of IL-15 release from the depot—sufficient but not exces-
sive to produce optimal PD effects, (b) investigating the
effects of an MS prodrug of a more potent, longer-acting
super-agonist, such as the IL-15Ro-independent agonist
RLI, and (c) applying the technology to other cytokines
that could benefit from half-ife extension. Since the PKs
of MS~IL-15 are largely due to the nature of the -elimi-
native linker connecting IL-15 to the carrier, and the rate
of release is species-independent, we are optimistic that
results obtained here will translate from mouse to man.
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