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Introduction: IL-15 agonists hold promise as immunotherapeutics due to their

ability to induce the proliferation and expansion of cytotoxic immune cells

including natural killer (NK) and CD8+ T cells. However, they generally have

short half-lives that necessitate frequent administration to achieve efficacy. To

address this limitation, we have developed a half-life extension technology using

hydrogel microspheres (MS). Here, the therapeutic is tethered to MSs by a

releasable linker with pre-programed cleavage rates. We previously showed the

MS conjugate of single-chain IL-15, MS~IL-15, effectively increased the half-life of

IL-15 to approximately 1 week and enhanced the pharmacodynamics. We sought

to determine whether the same would be true with a MS conjugate of the IL-15

agonist, receptor-linker IL-15 (RLI).

Methods: We prepared a long acting MS conjugate of RLI, MS~RLI. The

pharmacokinetics and pharmacodynamics of MS~RLI were measured in

C57BL/6J mice and compared to MS~IL-15. The antitumor efficacy of MS~RLI

was measured when delivered subcutaneously or intratumorally in the CT26

tumor model and intratumorally in the orthotopic EO771 tumor model.

Results:MS~RLI exhibited a half-life of 30 h, longer than most IL-15 agonists but

shorter than MS~IL-15. The shorter than expected half-life of MS~RLI was shown

to be due to target-mediated-disposition caused by an IL-15 induced cytokine

sink. MS~RLI resulted in very potent stimulation of NK and CD44hiCD8+ T cells,

but also caused significant injection-site toxicity that may preclude

subcutaneous administration. We thus pivoted our efforts toward studying the

MS~RLI for long-acting intra-tumoral therapy, where some degree of necrosis

might be beneficial. When delivered intra- tumorally, both MS~IL-15 and MS~RLI

had modest anti-tumor efficacy, but high anti- metastatic activity.

Conclusion: Intra-tumoral MS~RLI and MS~RLI combined with systemic

treatment with other agents could provide beneficial antitumor and anti-
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metastatic effects without the toxic effects of systemic IL-15 agonists. Our

findings demonstrate that intra-tumorally administered long-acting IL-15

agonists counter two criticisms of loco-regional therapy: the necessity for

frequent injections and the challenge of managing metastases.
KEYWORDS

interleukin-15, prolonged release formulation, immunotherapy, natural killer cells,
intra-tumoral therapy, management of metastases
Introduction

Interleukin-15 (IL-15) has emerged as a promising

immunotherapeutic agent for the treatment of cancer, and other

immune-related disorders (1–4). IL-15 plays a crucial role in

facilitating the survival, differentiation, as well as activation and

expansion of Natural killer (NK) cells, cytotoxic CD8+ T cells, and

gd T cells without expanding immunosuppressive regulatory T cells

(Tregs) or mediating activation-induced cell death (5, 6). As such,

IL-15 is a popular and attractive candidate for immunotherapy.

The biologically active form of IL-15 in the body is the non-

covalent heterodimeric IL-15/IL-15Ra complex (7). The single

chain IL-15 polypeptide is not found in nature, because it is

coordinately expressed with and stably bound to the so-called

“IL-15Ra“. Numerous IL-15 agonists, consisting of the soluble IL-

15Ra domain covalently or non-covalently fused to IL-15, have

been reported to have superior pharmacokinetic (PK) and

biological activity than the single chain IL-15 polypeptide (8–11).

Several IL-15 agonists have shown promising results in preclinical

and early-phase clinical trials (Figure 1), and one, N-803 (Anktiva),

has recently been approved for treatment of BCG-unresponsive non

muscle invasive bladder cancer. However, a prevalent issue among

all IL-15 agonists is their short apparent half-lives. For instance,
02
receptor-linker IL-15 (RLI) (12, 13), the heterodimeric IL-15/IL-

15Ra complex, hetIL-15 (10, 14), and N-803 (15, 16) have apparent

half-lives of 8 h or less in mice, ~12 h in nonhuman primates (NHP)

and up to 30 h in humans. Therefore, these IL-15 agonists require

frequent and inconvenient dosing schedules.

We have developed a general approach to increase the residence

time of drugs through the covalent attachment of a releasable linker

to non-circulating ~50 µm diameter tetra-PEG hydrogel

microspheres (MS) (18–21). Drug release occurs via a b-
elimination reaction, and the release rate is controlled by a rate

modulating (Mod) electron-withdrawing group (Figure 2). MS

conjugates can be injected subcutaneously (SC) or intratumorally

(IT) through a 29G needle to serve as a localized drug depot that can

sustain drug release for weeks to months (22, 23). In addition, b-
eliminative linkers are engineered into the polymers of the MS

hydrogels to enable gel dissolution subsequent to drug release (24).

We previously reported a MS hydrogel conjugate of IL-15 with a

long apparent half-life (t1/2) (25). The MS depot provided

continuous release of IL-15 with an initial half-life of ~5 days,

and improved PK, pharmacodynamics (PD) and efficacy. We

sought to determine if an analogous MS conjugate of the IL-15

agonist RLI (11) could also extend the apparent half-life and

improve PD over the free drug. Herein, we present the synthesis,

in vitro and in vivo characterization, and antitumor efficacy of a

MS~RLI prodrug. We describe the effects of MS~RLI on its target

immune cells when administered SC, and the anti-tumor and anti-

metastatic effects when administered IT. We propose that the

sustained release facilitated by the conjugation to the MSs is an

attractive approach for loco-regional delivery of IL-15 agonists. The

prolonged IT release of an MS~IL-15 agonist in combination with a

second agent, administered systemically or locally, should improve

the antitumor and anti-metastatic effects minimizing systemic toxic

effects of the IL-15 agonist.
Materials and methods

Complete, detailed descriptions and procedures used for the

synthesis and characterization of MS~RLI, PK studies and PD

studies are provided in the Supplemental Information.
FIGURE 1

IL-15 agonists. i) IL-15, ii) NKTR-255 is PEGylated IL-15 (17), (iii) RLI
has a 20 amino acid linker connecting C-terminus of the IL-15Ra
Sushi domain to the N-terminus of IL-15, (iv) hetIL-15 is the non-
covalent heterodimeric IL-15/IL-15Ra complex similar to the
endogenous cytokine, and (v) N-803 is an Fc-IL-15Ra sushi domain/
IL-15N72D fusion. Figure reproduced with permission from Ref (28).
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Materials

RLI (>95% pure) was produced at ATUM (Newark, CA) based

on previously reported methods (11). MS~IL-15 was prepared

according to published procedures (25). All other reagents were

purchased from commercial vendors and used as received.
Synthesis of MS~RLI

Reductive alkylation using NaCNBH3 was used to conjugate

N3-PEG4-linker(MeSO2)-CHO to RLI. The excess reagents were

removed using prepacked PD-10 columns (GE Healthcare). The

azido-linker-RLI was attached to bicyclononyne(BCN)-derivatized

MSs via strain promoted azide-alkyne cycloaddition (SPAAC).

Then, N3-PEG7 (Sigma Aldrich) was used to cap the unreacted

BCN groups. Finally, the MS~RLI conjugate was extensively washed

and equilibrated in 25 mM Citrate, 500 mM NaCl, 30 mM

methionine and 0.05% tween-20, pH 6.0 and stored at 4°C.
Cell-based assay

A U2OS cell-based assay kit for IL-2/IL-15Rbg binding was

performed according to the manufacturer’s (DiscoverX, Part

#93-0998E3CP5).
In vivo PK and PD studies

For PK studies, MS~RLI was administered SC to either male

C57BL/6J mice or male NSG mice. Alternating groups of animals

were bled and blood samples were collected in EDTA collection

tubes containing HALT protease inhibitor. Plasma was prepared

and stored at –80°C until analysis. Plasma samples were thawed on

ice prior to analysis by either a hIL-15/IL-15Ra complex specific

ELISA (R&D Systems, hIL-15/IL-15Ra complex DuoSet ELISA,

Catalog #DY6924) or ELLA protein simple kit (Catalog SPCKB-PS-

000500). For PD studies, MS~RLI was administered SC to male

C57BL/6J mice. Mice were bled over a 28 day period. EDTA whole

blood was collected and immunophenotyped by flow cytometry.
CT26 syngeneic model

CT26 tumors were established in the flank of female BALB/c

mice by injection of 1 x105 in 100 µL of serum-free medium. When
Frontiers in Immunology 03
the tumor volume reached ~100mm3 mice were randomized into

groups (n=7-8/group) and mice were administered empty MSs IT,

10 µg MS~RLI IT, or empty MSs IT plus 10 µg MS~RLI SC. The

experiment was performed two times. In the second experiment,

mice (n=4/group) were sacrificed on day 5 and EDTA whole blood,

tumors and spleens were harvested for immunophenotyping.

Kaplan-Meier mouse survival plots were generated based on the

mouse survival, monitored based on humane end point criteria. The

tumor volume was measured by calipers and calculated by the

equation: V = 1/2(long dimension)(short dimension)2.
EO771 orthotopic model of Triple Negative
Breast Cancer (TNBC)

EO771 tumors were established by orthotopic injection of 3x105

EO771 cells into the 4th mammary pad of C57BL/6 mice. A single

50 µL IT dose of MS~IL-15 (1.2 mg or 6 mg) or MS~RLI (2 mg or 10
mg) was administered when the tumors reached ~40 mm3; empty

MS (50 µL) were used as the negative control. Blood was collected 6

days before treatment, one day after MS administration and at the

end of the experiment. Tumor volume was measured by calipers

and calculated by the following equation: L*W*H*p/6. All mice

were sacrificed on day 15 of the treatment. Tumor-infiltrating

immune cells and splenocytes were analyzed by flow cytometry.

Lungs were embedded in paraffin and the metastatic lesions were

evaluated by hematoxylin/eosin staining.
Flow cytometry

For PD studies in naïve mice, EDTA whole blood was incubated

with a fixable viability dye, followed by incubation with CD16/32

antibody and subsequently surface stained with previously

determined optimized Ab concentrations (Supplementary

Table 1). Red blood cells (RBCs) were lysed and peripheral blood

mononuclear cells (PBMCs) were fixed using a 1-Step Fix/Lyse

solution (Invitrogen). A 1x permeabilization buffer (Invitrogen) was

used to permeabilize PBMCs for intracellular staining.

For immunophenotyping of tumor bearing animals, EDTA

whole blood was stained as described above, but RBCs were lysed

with 1x RBC lysis buffer (Invitrogen) and for intracellular staining,

cells were fixed and permeabilized using the Foxp3 Transcription

Factor Staining Buffer Set (Invitrogen). Splenocytes were obtained

from harvested spleens following mechanical disruption and

filtering through a 40-µm cell strainer. RBCs were lysed using 1x

RBC Lysis Buffer. Tumor infiltrating lymphocytes (TILs) were
FIGURE 2

General approach to half-life extension. A b-elimination reaction slowly releases a covalently attached drug from a long-lived carrier.
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obtained from excised tumors by mechanical and enzymatic

digestion and the lymphocytes were purified using Lympholyte-

Mammal Cell Separation Media gradient (Cedarlane). Single cell

suspensions (1x106 cells) were stained with previously determined

optimized Ab concentrations (Supplementary Table 1). Cells were

fixed and stained intracellularly using the Foxp3 Transcription

Factor Staining Buffer Set.

Stained single cell suspensions were read using a Attune NxT

flow cytometer (BD Biosciences) and analyzed using FlowJo

cytometry analysis software (TreeStar, Ashland, OR). A

representative gating strategy is shown in Supplementary

Figure 1. CD8+ and memory CD8+ T cells were identified as

CD3+CD8+ and CD3+CD8+CD44hi, respectively; NK cells were

identified as CD3-NK1.1+ or CD3-CD49b+NKp46+. Treg cells

were identified as CD3+CD4+CD25+Foxp3+. Cells with

proliferative capacity were defined as Ki67+.
Statistics

The statistical testing method used is reported in each figure

legend. One-way ANOVA followed by Tukey ’s multiple

comparison test were used for analysis of immunophenotyping

data. Tumor volumes were plotted as mean ± standard error of the

mean and compared using two-way ANOVA or mixed-effects

model. Kaplan-Meier survival was analyzed by Mantel-Cox. All

statistical testing was performed using GraphPad Prism v.9.5.1. A p

value of less than or equal to 0.05 was considered statistically

significant in all analyses.
Results

Preparation and in vitro characterization
of MS~RLI

We first sought to prepare a long-acting RLI by attaching the

agonist to hydrogel MS via a b-eliminative releasable linker. To
Frontiers in Immunology 04
preclude spontaneous deamidation at N77 we introduced the N77A

substitution into the protein sequence (26). Then, we prepared the

MS~RLI prodrug following the successful strategy used for the

analogous MS~IL-15 (Figure 3) (25).

First, site-specific reductive alkylation of RLI using NaCNBH3

was used to attach an azido-linker carbamate of aminopropyl

aldehyde to the N-terminus (27). Small scale reactions showed

that a linker/RLI of 2:1 was optimal to give the highest balanced

yield of monoalkylated N3-linker-RLI (Supplementary Figure 3).

Then, 18 mg of RLI was treated with 2 equivalents of N3-linker-

aldehyde and 10 mMNaCNBH3 at pH 6.0. A PEG-shift SDS-PAGE

assay (22) showed ~45% unreacted RLI, ~55% RLI having one PEG

and ≤5% with more than one PEG; thus, ≥90% of the alkylated

product was the desired monoalkylated RLI. Without further

purification, the N3-linker-RLI was coupled to BCN-derivatized

tetra-PEG MS by SPAAC, and unreacted BCN groups were capped

with N3-PEG7. The MS were extensively washed to remove

unbound RLI and exchanged into pH 6.0 buffer containing 30

mM Met, and stored at 4°C. The packed slurry of 1 mL contained

4.2 mg/mL RLI (184 nmol) and had a PEG content of 3.5 mg/mL.

Thus, the packed MS slurry contained 52 nmol RLI/mg PEG

indicating the MS were loaded to 52%.

We characterized MS~RLI in vitro to ensure the release rate was

suitable and that the released aminopropyl-RLI (RLIAP) was

biologically active. At pH 9.4, the base-catalyzed b-elimination of

the MS~RLI resulted in complete release of RLIAP, with a t1/2,pH9.4

of 7 h corresponding to 700 h at pH 7.4 (Supplementary Figure 4).

The MS gel contained GDMDMSmodulators in the crosslinks, and

the in vitro time to reverse gelation (tRG) at pH 9.4 was 28 h,

corresponding to 2,800 h at pH 7.4 (Supplementary Figure 4). The

purity of RLI on the MS~RLI assessed by HPLC quantitation of

released protein vs time at pH 9.4 was ≥93% (25) (Supplementary

Figure 5). Finally, using an engineered U2OS cell line expressing the

human IL-2/IL-15Rb/gc the RLIAP released from the MS at pH 7.4

retained an EC50 equipotent to native RLI, demonstrating that

coupling to and the release of RLI from MS does not affect

receptor engagement (Supplementary Figure 6). These results

showed that MS~RLI slowly releases RLIAP with a long in vitro
FIGURE 3

Synthesis of MS~RLI and RLIAP release. Note that upon b-elimination the aminopropyl moiety of the linker is transferred to the protein to give
aminopropyl-RLI (RLIAP) as the final product.
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half-life, that the released RLIAP retained full bioactivity, and that

the MS~RLI was completely suitable for in vivo studies.
MS~RLI increases the apparent half-life
and exposure of RLIAP

To evaluate the PK properties of MS~RLI in mice, plasma

concentrations of RLIAP were determined after a single SC dose

(Figure 4). The C vs t plot of MS~RLI10µg in C57BL/6J

immunocompetent mice showed a terminal half-life of ~30 h for

the released RLIAP. This is a 10-fold increase in half-life over free

RLI (3 h), but much lower than expected from the 700 h half-life for

in vitro cleavage; in our experience, MS~drug conjugates show in

vivo half-lives of release that are ~2- to 3-fold lower than the in vitro

release (19). Moreover, although the MS~RLI conjugate uses the

same linker (Mod = MeSO2-) as MS~IL-15, it shows a much faster

rate of release (t1/2 30 vs 168 h). We hypothesized that, as proposed

for other IL-15s, the higher than expected clearance of RLI might be

due to the rapid formation of an immune cell cytokine sink (28).

Therefore, the PK of MS~RLI10µg was determined in NSG mice

lacking IL-2/IL-15Rgc and deficient in NK, B and T cells. The C vs t

plot of the RLIAP released from MS~RLI10µg in NSG mice showed

sustained plasma concentrations for at least one month with a

remarkably long half-life of ~700 h (Figure 4). This >20-fold

increase of t1/2 in immunodeficient mice is consistent with

presence of an immune-cell cytokine sink at the onset, which may

increase by the generation of additional lymphocyte targets.

Summarizing, the above results show that a) the in vivo apparent

half-life of RLIAP was extended 10-fold compared to RLI, b) the

observed half-life was much shorter than expected from the same

linker used with MS~IL-15, and c) the short half-life of released

RLIAP is due to an immune cell cytokine sink.

We next sought to construct a PK model that supports the PK

data. The standard equation describing the plasma concentration of

a drug released from a depot in a first-order process with rate
Frontiers in Immunology 05
constant k1 and subsequently eliminated from the plasma in a first-

order process with rate constant k2 (Equation 1) was modified to

include a time-dependent elimination rate constant (Equation 2)

wherein a basal non-target mediated elimination rate, kbasal, (renal

filtration, for example) is augmented by an immune cell-mediated

elimination rate, kIC, that is a function of the number of immune

cells present. It is assumed that upon stimulation by the released

cytokine the immune cells initially present (N0) begin expanding

with a doubling time Td, such that the rate of elimination of the

cytokine from the plasma increases with time.

C(t) = Dose • F=Vd • k1=(k2 – k1) • (e
−k1t – e−k2t) (1)

k2(t) = kbasal + N0 • kIC •S(2
t=Td) (2)

For mixed immune cell populations having different doubling

times, for example NK cells and T cells, the total cytokine sink is

taken as the sum of the different cell populations each with its own

Td. The simple form of the model assumes that each immune cell

type is equivalent in its ability to clear cytokine.

As NSG mice are NK and T cell-deficient (N0 = 0), the value of

k2 that best fits the data from NSG mice is taken as kbasal. This then

allows a determination of the cytokine release rate (t1/2 = 700 h) and

basal plasma clearance (0.75 mL/h) from fitting the data to a dose of

10 µg (0.44 nmol). Basal plasma clearance was parsed into Vd/F =

21.6 mL and t1/2(basal) = 20 h based on the observed Tmax = 72 h.

This Vd/F is in good agreement with the value of 26 mL reported for

intraperitoneal administration of RLI in C57BL/6J mice (13). Thus,

the high release rate of MS~RLI in immune-competent mice could

be closely simulated by a target-mediated drug disposition model

(TMDD), where the amount of target increases exponentially over

time due to RLI-stimulated NK and T cell expansion – a

“cytokine sink”.
MS~RLI induces high and prolonged CD8+

and NK cell expansion in naïve mice

We next determined the effects of MS~RLI on the target

immune cells – NK, CD8+ and CD44hiCD8+ T cells –comparing

them to those of MS~IL-1550µg. We studied the effects of 1- to 10 µg

MS~RLI on the expansion of immune cells compared to the optimal

50 µg dose of MS~IL-15 (Supplementary Figure 7). The effects at the

lower doses, 1-to 2.5 µg, were near-indistinguishable from control.

The highest 10 µg dose (~8.8-fold lower equivalents than MS~IL-

1550µg) more effectively expanded NK cells but showed comparable

expansion of CD44hiCD8+ T cells. Although we did not observe a

saturating target immune cell response and 10 µg MS~RLI was well

tolerated (Supplementary Figure 8), higher doses resulted in

injection site toxicities preventing longitudinal PD measurements

(vide infra). Thus, we chose MS~RLI10µg as a standard dose for

subsequent studies to avoid toxicities and synchronize effects with

MS~IL-1550µg on CD44hiCD8+ T cells.

Next, we quantitated the effects of MS~RLI10µg on the target

immune cells and compared them to those of MS~IL-1550µg and a

bolus injection of free RLI. Figures 5A, B shows the longitudinal
FIGURE 4

Log-linear plasma C vs t plot of RLIAP released from MS~RLI in
C57BL/6J and NSG mice. NSG mice (●) and C57BL/6J mice (■)
were administered MS~RLI10µg on Day 0 and RLIAP plasma
concentrations were determined by ELISA. Data represented as
mean ± SD.
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immune cell expansion, and Table 1 quantitates the expansion over

time by the area under the curve (AUC) method previously

reported (25). First, we compared MS~RLI10µg to 10 µg free RLI.

MS~RLI10µg caused the same or slightly longer duration of

expansion of target immune cells, a ~2-fold increase in the

CD44hiCD8+ T cell AUC28d, a high 10-fold expansion in the NK

cell AUC28d, and a ~12-fold increase in the Ki67+ NK cell AUC28d.

Next, we compared MS~RLI10µg to the long-acting MS~IL-1550µg.

MS~RLI10µg had a similar expansion of CD44hiCD8+ T cells

compared to MS~IL-1550µg, but a 2-fold higher NK cell AUC28d,

and a 3-fold higher AUC28d for Ki67+ NK cells. Finally, a second

dose of MS~RLI at day 35 failed to induce proliferation of both NK

and CD44hiCD8+ T cells; other agonists predominantly cause only

NK hypo-responsiveness (Supplementary Figure 9) (29). Therefore,

long-acting MS~IL-15 and MS~RLI both exhibit potent and

prolonged immunostimulatory effects on NK cells and
Frontiers in Immunology 06
CD44hiCD8+ T cells. However, achieving these PD responses

requires lower doses of MS~RLI.
Local toxicity of MS~RLI

The injection site toxicity of MS~RLI was assessed in both

immunocompetent and immunodeficient mice. When dosed SC in

immunocompetent C57BL/6J mice, at ≥ 20 µg MS~RLI resulted in

≥90% (26/30) of mice forming observable injection site lesions

lasting 7- to 14 days post dose administration. We suspected that

high local concentrations of RLI was inducing a strong local

immune cell activation at the injection site. Indeed, the 10 µg

dose of MS~RLI used here for PD studies showed only 2.5% (1/40)

of mice showing injection site toxicity; no lesions (0/10) were

observed with an equimolar bolus dose of RLI which does not
FIGURE 5

MS~RLI10µg treatment increases the number of CD44hiCD8+ T cells and NK cells compared to free RLI. (A) Absolute cell number and (B) Percentage
of proliferating CD44hiCD8+, and NK cells. Mice (n=5/group) were administered a single IP dose RLI (10 µg), a single SC dose of MS~IL-1550µg or
MS~RLI10µg. Data represented as mean ± SD (n=5/group).
TABLE 1 Duration of immune cell expansion and AUC28d in PBMCs.

Cell Marker Duration, days AUC, cells/ml *10-3 *d

10 µg
RLI

50 µg
MS~IL-15

10 µg
MS~RLI

10 µg
RLI

50 µg MS~IL-15
10 µg
MS~RLI

CD3–NK1.1+ 14 14 14 1.0 5.5 11

CD8+ 21 21 21 4.3 4.3 6.8

CD44hiCD8+ 28 28 28 2.0 5.3 4.5

Ki67+ CD3–NK1.1+ 7 14 14 0.61 2.1 7.3

Ki67+ CD8+ 14 14 14 1.2 3.0 3.5

Ki67+CD44hiCD8+ 7 14 14 0.65 1.7 2.3
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remain at the injection site. H&E staining of the injection site in

mice receiving ≥20 µg MS~RLI revealed a range of histologic

findings including mononuclear inflammation, epidermal

hyperplasia and transmural coagulative necrosis of the dermis,

subcutis and brown adipose tissue. There were no observable

injection site lesions in immunodeficient NSG mice (n=0/10) at

30 µg MS~RLI, indicating the observed lesions result from the high,

prolong exposure from MS~RLI. Thus, while 10 µg MS~RLI

appears safe and effective, ≥20 µg MSI~RLI causes severe

injection site reactions consequent to immune cell activation by

the slow-releasing depot – a therapeutic index of only ~2.
Intra-tumoral administration of MS~RLI
and MS~IL-15 have anti-metastatic activity

In view of the skin necrosis and consequent low therapeutic

index for SC MS~RLI, we studied the effects of IT administration.
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Since the skin toxicity limited the SC dose to 10 µg MS~RLI, we

focused on the same dose IT. Initially, we examined the effects of IT

MS~RLI on both CT26 colon carcinoma and EO771 TNBC to

assess which was most appropriate for IT studies; the effects of

systemic RLI on CT26 (30) and peritumoral hetIL-15 on EO771

(31) have been reported. CT26 tumor bearing mice well tolerated

both SC and IT 10 µg MS~RLI with no signs of body weight loss

(Supplementary Figure 10). However, SC MS~RLI had no effect on

tumor growth, whereas IT administration resulted in 40% tumor

growth inhibition (TGI) and increase in survival (Figure 6). We also

observed that both SC and IT MS~RLI caused a ~2-fold increase in

the total number of NK cells and high levels of proliferating NK

cells in the tumor, blood and spleen (Supplementary Figure 11);

here, the systemic effect of the high 10 mg IT MS~RLI is likely a

manifestation of exposure after released RLIAP exited the tumor. In

our early studies of EO771 tumors, the same 10 mg dose of IT

MS~RLI caused a similar TGI as in CT26 tumors. Since both

tumors had similar responses to IT MS~RLI, we chose to focus
FIGURE 6

Anti-tumor effect of MS~RLI in CT26 tumor bearing mice. (A) Mean tumor volume vs. time post treatment; mice were administered empty MSs IT, 10
µg MS~RLI IT, or empty MSs IT plus 10 µg MS~RLI SC. Data is pooled from 2 independent experiments (n=11/group). (B) Kaplan Meier plot of overall
animal survival. The median survival times for the control (18 d), SC MS~RLI (20 d) and IT MS~RLI (27 d) are based on the tumor volume reaching
2,000 mm3 or animal death. Tumor growth volumes were analyzed by two-way ANOVA, ***p<0.001. Kaplan Meier plot was analyzed by Mantel-Cox
test, *p<0.05.
FIGURE 7

Anti-tumor effects of MS~RLI and MS~IL-15 in EO771 tumor-bearing C57BL/6 mice. Mice (n=5/group) were treated with empty MSs, MS~RLI (2 or 10
µg) or equimolar MS~IL-15 (1.2 µg or 6 µg). (A) Tumor growth curves. Tumor volumes are represented as mean ± SEM and statistical significance
was calculated by 2 way mixed-effects analysis, *p<0.05. (B) Histologic analysis of metastatic lung lesions on D15 (bar indicates mean). The statistical
significance was calculated by one-way ANOVA followed by Tukey’s multiple comparisons test. All MS~RLI and MS~IL-15 treated groups differ from
the empty MS control (****p<0.0001). *p<0.05. Representative images from the histology slides are found in Supplementary Figure 17.
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on EO771 so we could benefit from the information reported from

studies of peritumoral administration of the IL-15 agonist hetIL-

15 (31).

We studied the effects of single IT doses of MS~RLI andMS~IL-

15 on the hetIL-15-sensitive EO771 (31). Mice bearing ~40 mm3

EO771 orthotopic tumors were treated with single IT doses of 2 or

10 µg MS~RLI or equimolar doses of 1.2 or 6 µg MS~IL-15

(Supplementary Figure 12). IT MS~IL-15 and MS~RLI were well

tolerated with no observed body weight loss (Supplementary

Figure 13). Treatment with 10 µg IT MS~RLI resulted in a

moderate ~42% TGI and a 76% reduction in terminal tumor

weight, whereas equimolar MS~IL-15 gave only ~20% TGI and

insignificant ~30% tumor weight reduction (Figure 7A;

Supplementary Figure 14). Despite the fact that only the high

dose MS~RLI showed significant TGI, histological analysis of

lung tissues showed a significant reduction in the number of

metastatic lesions in mice treated with 1.2 µg MS~RLI IT or 2 µg

MS~IL-15 IT (Figure 7B). Complete blood count of tumor-bearing

animals on days -6, 2, and 14, showed in general no significant

changes in circulating white blood cell populations. A ~2-fold

increase in the %CD8+ T cells in splenocytes was observed after

IT MS~RLI and IT MS~IL-15 treatment (Supplementary Figures 15

and 16). Taken together, these results show that IT administration

of the long-acting MS~RLI/IL-15 conjugates caused moderate

tumor reduction and high anti-metastatic effects.
Discussion

We previously reported a long-acting delivery system for IL-15

that was composed of hydrogel MS tethered to IL-15 by a releasable

linker, designated as MS~IL-15 (25). The aminopropyl-appended

IL-15 released from SC MS~IL-15, IL-15AP, showed a long initial

half-life of ~168 h and extraordinary effects on expansion of NK and

CD44hiCD8+ T cells. The increased half-life and efficacy provided

by MS~IL-15 prompted analogous studies of MS conjugates

containing more potent IL-15 agonists. Herein, we describe the

preparation and properties of a long-acting MS conjugate of the IL-

15 agonist, RLI.

The MS~RLI conjugate was prepared by the two-step procedure

used for MS~IL-15. First, an azido-linker-aldehyde was attached to

the N-terminus of RLI via reductive alkylation. Then, the azido-

linker-RLI was attached to cyclooctyne-activated MSs by SPAAC.

The purity of RLI on the MSs was >90% and MS~RLI released

RLIAP with a half-life of ~700 h that maintained its functionality to

bind IL-2/IL-15Rbgc.
After SC administration of MS~RLI in immunocompetent

mice, the released RLIAP showed an apparent half-life of 30 h,

some 6-fold lower than its in vitro half-life or the in vivo half-life of

IL-15AP released from MS~IL-15. The longer in vivo half-life of

MS~IL-15 compared to MS~RLI is likely due to there being no

consumption of the released IL-15AP for 5 days, as the single chain

IL-15 did not induce a “cytokine sink” as effectively as

heterodimeric IL-15/IL-15Ra complex. SC administration of

MS~RLI in immunodeficient mice resulted in an in vivo half-life

of released RLIAP of ~700 h, in excellent agreement with the half-life
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for in vitro release. The high release rate of MS~RLI in immune-

competent mice could be closely simulated by a TMDD model,

similar to that reported for the IL-15 agonist XmAb24306 (32),

where the amount of target immune cells increases exponentially

over time due to RLI-stimulated NK and T cell expansion – an

expanding “cytokine sink”.

When administered SC, MS~RLI is ~10- and 20-fold more

effective at increasing CD44hiCD8+ T cells and NK cells,

respectively, than MS~IL-15 – in accord with the higher potency

of RLI. These findings, combined with others, re-enforce that the

heterodimeric IL-15/IL-15Ra complex has superior in vivo activity

compared to single chain IL-15. However, after 1- to 2-weeks most

mice treated with ≥20 mg SC MS~RLI showed ulcerating lesions at

injection sites – histologically confirmed as severe transmural

coagulative necrosis – reminiscent of the injection-site necrosis

reported with a slow-release IL-2 in dextran MSs (33). The skin

lesions were not seen in immunodeficient NSG mice, in agreement

with the hypothesis that they were due to local immune-activation/

inflammation caused by the continuous high local exposure to

RLIAP slowly released from the depot. Interestingly, skin reactions

did not occur with free RLI injections, or with 40-fold higher doses

of MS~IL-15 (25). Regardless of mechanism, the toxicity of

MS~RLI occurs at a precarious 2-fold higher concentration than

its most effective safe dose.

In view of the skin necrosis and low therapeutic index for SC

MS~RLI, we pivoted our efforts toward studying the utility of

MS~RLI for long-acting IT therapy, where some degree of

necrosis might be beneficial. A significant advantage of IT

administration is that low doses can achieve high local

concentrations in the setting of low systemic exposure. However,

the rapid escape of most locally injected therapies requires the use of

multiple sequential doses for efficacy, and undermines potential

advantages of IT therapy; for example, the IT half-life of a protein of

~13 kDa such as single-chain IL-15 is only ~1 h (34, 35).

Recently, it has been shown that multiple IT injections of IL-15

in MC38 colon carcinoma tumors suppressed tumor growth during

the period of IL-15 administration, after which they rapidly grew

(36). Also, the Pavlakis group (31) showed that multiple peri-

tumoral injections of hetIL-15, the heterodimeric IL-15/IL-15Ra
(7, 10) in EO771 TNBC tumors resulted in significant tumor

regression, increased host survival and prevention or elimination

of metastasis. We posit that instead of multiple IT injections of IL-

15 agonists over time, injection of long-acting MS~RLI or MS~IL-

15 conjugate would provide prolonged exposure to the

continuously released cytokine, resulting in enhanced

pharmacologic and immunologic responses.

The effect of single-agent IL-15 agonists on the growth

inhibition of preclinical model tumors is not uniform, ranging

from minimal or no to highly potent responses (30, 37–41).

Likewise, single agent IL-15 agonists have not been very

successful in treating human tumors, and the initial trials of

single-chain IL-15 in high doses required to induce immune

changes resulted in dose-limiting toxicities with no clinical

response (42); the consensus is that maximal efficacy of IL-15 will

require combinations with other anti-cancer agents, such as the

tumor specific monoclonal antibodies CTLA-4 and PD-L1 (6, 43).
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Nevertheless, an important potential utility of IT IL-15 agonists is as

anti-metastatic agents that can be administered in smaller local

doses. Notably, IL-15-/- mice injected IV with cancer cells showed

high levels of metastasis, whereas IL-15-/- mice treated with IL-15

showed virtually no metastasis (44). Also, it has been well

established that systemically administered IL-15 agonists – single-

chain IL-15 (45, 46), hetIL-15 (47), N-803 (48) and RLI (13, 49) – all

have potent anti-metastatic effects, and recently it was reported that

multiple peritumoral injections of hetIL-15 showed impressive anti-

metastatic activity and a long-lasting specific anti-tumor immunity

(31). Here, we show that a single IT injection of MS~RLI or IT

MS~IL-15 resulted in moderate tumor growth inhibition but strong

reduction of lung metastases. The antimetastatic effects of IL-15

agonists have been proposed to involve NK cells (49–51). Work on

an orthotopic TNBC mouse model determined that systemic hetIL-

15 acts both at the level of cancer cell dissemination in the blood

and at the distal tissue sites to decrease detectable metastases (47).

At very low SC doses, both MS~RLI and MS~IL-15 did not affect

immune cells significantly. Higher doses of these IL-15 agonists

administered IT showed significant anti-metastatic effects. Thus,

use of IT MS~RLI or MS~IL-15 alongside with other agents could

be advantageous for treating the primary tumor and preventing

remote metastatic lesions.

We posit that there are multiple circumstances where IT

administration of MS~IL-15 agonists in combination with

systemic or local administration of other agents could provide

dual benefits of anti-tumor and anti-metastatic effects, without

the toxicities associated with systemic IL-15. First, therapies

requiring frequent IT doses of IL-15 would be simplified to a

single or very few doses. For example, the optimal efficacy of

near-infrared photoimmunotherapy (NIR-PIT) requires at least

four injections of IT IL-15 over 6 days to achieve the needed

exposure (36). Second, local MS~IL-15 agonists would be a safe

alternative for potentially toxic systemic IL-15 doses when used in

combination with synergistic agents such as checkpoint inhibitors

(30); indeed, the higher IT concentrations compared to systemic

administration could also confer higher efficacy. Last, IT MS~IL-15

agonists could enable safe use with a second agent that has

overlapping toxicities. For example, the combination of IT

MS~IL-15 with synergistic agents like IL-12 (52), CAR T and NK

cells (53, 54), and T cell engagers (55) could enhance antitumor

activity without potential for severe, systemic overlapping toxicities

such as cytokine release syndrome. To allow such combinations,

MS~IL-15 agonists would be deposited into the tumor along with

concurrent systemic treatment with the second drug; the tumor

would be exposed to both agents whereas other tissues are exposed

only to the systemically administered agent (56).

In summary, SC administration of a long-acting MS conjugate

of the IL-15 agonist RLI releases RLI continuously, resulting in an

apparent half-life of 30 h in immunocompetent mice – long

compared to most IL-15 agonists (28), but shorter compared to

the apparent half-life in NSG mice. The half-life decrease in normal

mice occurs because of a rapidly expanding cytokine sink composed
Frontiers in Immunology 09
of lymphocytes expressing the IL-15Rbg. The released cytokine

shows very potent stimulation of NK and CD44hiCD8+ T cells but

causes serious skin lesions at doses ~2-fold higher than its most

effective dose. Loco-regional IT injection of MS~RLI causes

expected local effects of IL-15 agonists and a strong anti-

metastatic effect. Should the latter translate to humans, we

propose that combinations of an effective IL-15 agonist such as

MS~IL-15 with systemic or local treatment of a second agent could

serve the dual purpose of improved antitumor and anti-metastatic

activities achieving better efficacy, and less toxic effects compared to

combinations with systemic IL-15 agonists. Importantly, the anti-

metastatic effects of IT-administered long-acting IL-15 agonists

overcome two of the major criticisms of loco-regional therapy:

the need for frequent injections, and the complexity of managing

metastasis (57, 58).
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Ethics statement

This research complies with all relevant ethical regulations for

animal testing and research. The orthotopic EO771 experiments

were approved by the NCI Animal Care and Use Committee and

were performed in accordance with its guidelines. Animal handling

and care for the pharmacodynamic experiments were conducted by

Explora Biolabs (San Francisco, California) and followed protocols

approved by their Institutional Animal Care and Use Committee.

All other animal handling and care was conducted by Murigenics

(Vallejo, California) and followed protocols approved by the

Institutional Animal Care and Use Committee of Murigenics and

complied with the Guidelines for Care and Use of Laboratory

Animals issued by the USA National Institute of Health.
Author contributions

JH: Conceptualization, Formal analysis, Investigation,

Supervision, Writing – original draft, Writing – review & editing.

RF: Formal analysis, Investigation, Writing – review & editing,

Methodology, Conceptualization. DS: Conceptualization, Formal

analysis, Writing – review & editing, Investigation, Methodology.

GH: Formal analysis, Investigation, Writing – review & editing. SK:

Formal analysis, Investigation, Writing – review & editing. GA:

Conceptualization, Formal analysis, Supervision, Writing – original

draft, Writing – review & editing. BF: Conceptualization, Formal

analysis, Supervision, Writing – review & editing. GP:

Conceptualization, Formal analysis, Supervision, Writing – review
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1458145
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Hangasky et al. 10.3389/fimmu.2024.1458145
& editing. DS: Conceptualization, Formal analysis, Supervision,

Writing – original draft, Writing – review & editing.
Funding

The author(s) declare that financial support was received for the

research, authorship, and/or publication of this article. This work

was supported in part by funding from the Intramural Research

Program, National Institute of Health, National Cancer Institute of

Health, Center for Cancer Research to BF. Some flow cytometry

data was collected at the UCSF Helen Diller Family Comprehensive

Cancer Center for Cell Analysis, which is supported by the National

Cancer Institute of the National Institutes of Health under Award

Number P30CA082103.
Conflict of interest

JH, RF, GH, GA and DVS are employees and hold options or

stock in ProLynx Inc. BF and GP are inventors on US Government-

owned patents related to hetIL-15.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Frontiers in Immunology 10
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Author disclaimer

The content of this publication does not necessarily reflect the

views or policies of the Department of Health and Human Services,

nor does mention of trade names, commercial products, or

organizations imply endorsement by the U.S. Government.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.

1458145/full#supplementary-material
References
1. Robinson TO, Schluns KS. The potential and promise of IL-15 in immuno-
oncogenic therapies. Immunol Lett. (2017) 190:159–68. doi: 10.1016/j.imlet.2017.08.010

2. Waldmann TA, Miljkovic MD, Conlon KC. Interleukin-15 (dys)regulation of
lymphoid homeostasis: Implications for therapy of autoimmunity and cancer. J Exp
Med. (2020) 217:e20191062-74. doi: 10.1084/jem.20191062

3. Yang Y, Lundqvist A. Immunomodulatory effects of IL-2 and IL-15; implications
for cancer immunotherapy. Cancers (Basel). (2020) 12:3586–606. doi: 10.3390/
cancers12123586

4. Bergamaschi C, Stravokefalou V, Stellas D, Karaliota S, Felber BK, Pavlakis GN.
Heterodimeric IL-15 in cancer immunotherapy. Cancers (Basel). (2021) 13:837–57.
doi: 10.3390/cancers13040837

5. Ku CC, Murakami M, Sakamoto A, Kappler J, Marrack P. Control of homeostasis
of CD8+ memory T cells by opposing cytokines. Science. (2000) 288:675–8.
doi: 10.1126/science.288.5466.675

6. Waldmann TA, Dubois S, Miljkovic MD, Conlon KC. IL-15 in the combination
immunotherapy of cancer. Front Immunol. (2020) 11:868. doi: 10.3389/
fimmu.2020.00868

7. Bergamaschi C, Bear J, Rosati M, Beach RK, Alicea C, Sowder R, et al. Circulating
IL-15 exists as heterodimeric complex with soluble IL-15Ralpha in human and mouse
serum. Blood. (2012) 120:e1–8. doi: 10.1182/blood-2011-10-384362

8. Rubinstein MP, Kovar M, Purton JF, Cho JH, Boyman O, Surh CD, et al.
Converting IL-15 to a superagonist by binding to soluble IL-15R{alpha}. Proc Natl
Acad Sci U.S.A. (2006) 103:9166–71. doi: 10.1073/pnas.0600240103

9. Stoklasek TA, Schluns KS, Lefrancois L. Combined IL-15/IL-15Ra
Immunotherapy maximizes IL-15 activity in vivo. J Immunol. (2006) 177:6072–80.
doi: 10.4049/jimmunol.177.9.6072

10. Chertova E, Bergamaschi C, Chertov O, Sowder R, Bear J, Roser JD, et al.
Characterization and favorable in vivo properties of heterodimeric soluble IL-15.IL-
15Ralpha cytokine compared to IL-15 monomer. J Biol Chem. (2013) 288:18093–103.
doi: 10.1074/jbc.M113.461756

11. Mortier E, Quemener A, Vusio P, Lorenzen I, Boublik Y, Grotzinger J, et al.
Soluble interleukin-15 receptor alpha (IL-15R alpha)-sushi as a selective and potent
agonist of IL-15 action through IL-15R beta/gamma. Hyperagonist IL-15 x IL-15R
alpha fusion proteins. J Biol Chem. (2006) 281:1612–9. doi: 10.1074/jbc.M508624200

12. Antosova Z, Podzimkova N, Tomala J, Augustynkova K, Sajnerova K,
Nedvedova E, et al. SOT101 induces NK cell cytotoxicity and potentiates antibody-
dependent cell cytotoxicity and anti-tumor activity. Front Immunol. (2022) 13:989895.
doi: 10.3389/fimmu.2022.989895

13. Bessard A, Sole V, Bouchaud G, Quemener A, Jacques Y. High antitumor activity
of RLI, an interleukin-15 (IL-15)-IL-15 receptor alpha fusion protein, in metastatic
melanoma and colorectal cancer. Mol Cancer Ther. (2009) 8:2736–45. doi: 10.1158/
1535-7163.MCT-09-0275

14. Bergamaschi C, Watson DC, Valentin A, Bear J, Peer CJ, Figg
C.OMMAS.R.X.X.X. WD, et al. Optimized administration of hetIL-15 expands
lymphocytes and minimizes toxicity in rhesus macaques. Cytokine. (2018) 108:213–
24. doi: 10.1016/j.cyto.2018.01.011

15. Romee R, Cooley S, Berrien-Elliott MM, Westervelt P, Verneris MR, Wagner JE,
et al. First-in-human phase 1 clinical study of the IL-15 superagonist complex ALT-803
to treat relapse after transplantation. Blood. (2018) 131:2515–27. doi: 10.1182/blood-
2017-12-823757

16. Liu B, Jones M, Kong L, Noel T, Jeng EK, Shi S, et al. Evaluation of the biological
activities of the IL-15 superagonist complex, ALT-803, following intravenous versus
subcutaneous administration in murine models. Cytokine. (2018) 107:105–12.
doi: 10.1016/j.cyto.2017.12.003

17. Kuo P. (2018). NKTR-255: Accessing IL-15 Therapeutic Potential through
Robust andSustained Engagement of Innate and Adaptive Immunity, in: CHI 2nd
Annual Emerging Immuno-Oncology Targets Conference, Boston, MA.

18. Ashley GW, Henise J, Reid R, Santi DV. Hydrogel drug delivery system with
predictable and tunable drug release and degradation rates. Proc Natl Acad Sci U.S.A.
(2013) 110:2318–23. doi: 10.1073/pnas.1215498110

19. Santi DV, Schneider EL, Reid R, Robinson L, Ashley GW. Predictable and
tunable half-life extension of therapeutic agents by controlled chemical release from
macromolecular conjugates. Proc Natl Acad Sci U.S.A. (2012) 109:6211–6. doi: 10.1073/
pnas.1117147109

20. Henise J, Hearn BR, Ashley GW, Santi DV. Biodegradable tetra-PEG hydrogels
as carriers for a releasable drug delivery system. Bioconjug Chem. (2015) 26:270–8.
doi: 10.1021/bc5005476

21. Henise J, Yao B, Ashley GW, Santi DV. Facile preparation of tetra-polyethylene
glycol hydrogel microspheres for drug delivery by cross-flow membrane emulsification.
Eng Rep. (2021) 3:e12412. doi: 10.1002/eng2.12412

22. Schneider EL, Hearn BR, Pfaff SJ, Fontaine SD, Reid R, Ashley GW, et al.
Approach for half-life extension of small antibody fragments that does not affect tissue
uptake. Bioconjug Chem. (2016) 27:2534–9. doi: 10.1021/acs.bioconjchem.6b00469
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1458145/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1458145/full#supplementary-material
https://doi.org/10.1016/j.imlet.2017.08.010
https://doi.org/10.1084/jem.20191062
https://doi.org/10.3390/cancers12123586
https://doi.org/10.3390/cancers12123586
https://doi.org/10.3390/cancers13040837
https://doi.org/10.1126/science.288.5466.675
https://doi.org/10.3389/fimmu.2020.00868
https://doi.org/10.3389/fimmu.2020.00868
https://doi.org/10.1182/blood-2011-10-384362
https://doi.org/10.1073/pnas.0600240103
https://doi.org/10.4049/jimmunol.177.9.6072
https://doi.org/10.1074/jbc.M113.461756
https://doi.org/10.1074/jbc.M508624200
https://doi.org/10.3389/fimmu.2022.989895
https://doi.org/10.1158/1535-7163.MCT-09-0275
https://doi.org/10.1158/1535-7163.MCT-09-0275
https://doi.org/10.1016/j.cyto.2018.01.011
https://doi.org/10.1182/blood-2017-12-823757
https://doi.org/10.1182/blood-2017-12-823757
https://doi.org/10.1016/j.cyto.2017.12.003
https://doi.org/10.1073/pnas.1215498110
https://doi.org/10.1073/pnas.1117147109
https://doi.org/10.1073/pnas.1117147109
https://doi.org/10.1021/bc5005476
https://doi.org/10.1002/eng2.12412
https://doi.org/10.1021/acs.bioconjchem.6b00469
https://doi.org/10.3389/fimmu.2024.1458145
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Hangasky et al. 10.3389/fimmu.2024.1458145
23. Schneider EL, Henise J, Reid R, Ashley GW, Santi DV. Subcutaneously
administered self-cleaving hydrogel-octreotide conjugates provide very long-acting
octreotide. Bioconjug Chem. (2016) 27:1638–44. doi: 10.1021/acs.bioconjchem.6b00188

24. Henise J, Fontaine SD, Hearn BR, Pfaff SJ, Schneider EL, Malato J, et al. In vitro-
in vivo correlation for the degradation of tetra-PEG hydrogel microspheres with
tunable b-eliminative crosslink cleavage rates. Int J Polymer Sci. (2019) 2019:Article
ID 9483127. doi: 10.1155/2019/9483127

25. Hangasky JA, ChenW, Dubois SP, Daenthanasanmak A, Muller JR, Reid R, et al.
A very long-acting IL-15: implications for the immunotherapy of cancer. J Immunother
Cancer. (2022) 10:e004104-18. doi: 10.1136/jitc-2021-004104

26. Nellis DF, Michiel DF, Jiang MS, Esposito D, Davis R, Jiang H, et al.
Characterization of recombinant human IL-15 deamidation and its practical
elimination through substitution of asparagine 77. Pharm Res. (2012) 29:722–38.
doi: 10.1007/s11095-011-0597-0

27. Kinstler O, Molineux G, Treuheit M, Ladd D, Gegg C. Mono-N-terminal poly
(ethylene glycol)-protein conjugates. Adv Drug Delivery Rev. (2002) 54:477–85.
doi: 10.1016/S0169-409X(02)00023-6

28. Hangasky JA, Waldmann TA, Santi DV. Interleukin 15 pharmacokinetics and
consumption by a dynamic cytokine sink. Front Immunol. (2020) 11:1813.
doi: 10.3389/fimmu.2020.01813

29. Frutoso M, Morisseau S, Tamzalit F, Quemener A, Meghnem D, Leray I, et al.
Emergence of NK cell hyporesponsiveness after two IL-15 stimulation cycles. J
Immunol. (2018) 201:493–506. doi: 10.4049/jimmunol.1800086

30. Desbois M, Le Vu P, Coutzac C, Marcheteau E, Beal C, Terme M, et al. IL-15
trans-signaling with the superagonist RLI promotes effector/memory CD8+ T cell
responses and enhances antitumor activity of PD-1 antagonists. J Immunol. (2016)
197:168–78. doi: 10.4049/jimmunol.1600019

31. Stellas D, Karaliota S, Stravokefalou V, Angel M, Nagy BA, Goldfarbmuren KC,
et al. Tumor eradication by hetIL-15 locoregional therapy correlates with an induced
intratumoral CD103(int)CD11b(+) dendritic cell population. Cell Rep. (2023)
42:112501. doi: 10.1016/j.celrep.2023.112501

32. Lu D, Yadav R, Holder P, Chiang E, Sanjabi S, Poon V, et al. Complex PK-PD of
an engineered IL-15/IL-15Ralpha-Fc fusion protein in cynomolgus monkeys: QSP
modeling of lymphocyte dynamics. Eur J Pharm Sci. (2023) 186:106450. doi: 10.1016/
j.ejps.2023.106450

33. Koten JW, Van Luyn MJ, Cadee JA, Brouwer L, Hennink WE, Bijleveld C, et al.
IL-2 loaded dextran microspheres with attractive histocompatibility properties for local
IL-2 cancer therapy. Cytokine. (2003) 24:57–66. doi: 10.1016/s1043-4666(03)00267-9

34. Momin N,Mehta NK, Bennett NR,Ma L, Palmeri JR, ChinnMM, et al. Anchoring of
intratumorally administered cytokines to collagen safely potentiates systemic cancer
immunotherapy. Sci Transl Med. (2019) 11:aaw2614-41. doi: 10.1126/scitranslmed.aaw2614

35. Wang F, Su H, Wang Z, Anderson CF, Sun X, Wang H, et al. Supramolecular
filament hydrogel as a universal immunomodulator carrier for immunotherapy
combinations. ACS Nano. (2023) 17:10651–64. doi: 10.1021/acsnano.3c01748

36. Fukushima H, Furusawa A, Kato T, Wakiyama H, Takao S, Okuyama S, et al.
Intratumoral IL15 improves efficacy of near-infrared photoimmunotherapy. Mol
Cancer Ther. (2023) 22:1215–27. doi: 10.1158/1535-7163.MCT-23-0210

37. Miyazaki T, Maiti M, Hennessy M, Chang T, Kuo P, Addepalli M, et al. NKTR-
255, a novel polymer-conjugated rhIL-15 with potent antitumor efficacy. J Immunother
Cancer. (2021) 9:e002024-36. doi: 10.1136/jitc-2020-002024

38. Zhang M, Wen B, Anton OM, Yao Z, Dubois S, Ju W, et al. IL-15 enhanced
antibody-dependent cellular cytotoxicity mediated by NK cells and macrophages. Proc
Natl Acad Sci U.S.A. (2018) 115:E10915–24. doi: 10.1073/pnas.1811615115

39. Rhode PR, Egan JO, Xu W, Hong H, Webb GM, Chen X, et al. Comparison of
the superagonist complex, ALT-803, to IL15 as cancer immunotherapeutics in animal
models. Cancer Immunol Res. (2016) 4:49–60. doi: 10.1158/2326-6066.CIR-15-0093-T

40. Yu P, Steel JC, Zhang M, Morris JC, Waitz R, Fasso M, et al. Simultaneous inhibition
of two regulatory T-cell subsets enhanced Interleukin-15 efficacy in a prostate tumor model.
Proc Natl Acad Sci U.S.A. (2012) 109:6187–92. doi: 10.1073/pnas.1203479109

41. Bergamaschi C, Pandit H, Nagy BA, Stellas D, Jensen SM, Bear J, et al.
Heterodimeric IL-15 delays tumor growth and promotes intratumoral CTL and
dendritic cell accumulation by a cytokine network involving XCL1, IFN-gamma, CXCL9
and CXCL10. J Immunother Cancer. (2020) 8:e000599-613. doi: 10.1136/jitc-2020-000599
Frontiers in Immunology 11
42. Conlon KC, Lugli E, Welles HC, Rosenberg SA, Fojo AT, Morris JC, et al.
Redistribution, hyperproliferation, activation of natural killer cells and CD8 T cells, and
cytokine production during first-in-human clinical trial of recombinant human
interleukin-15 in patients with cancer. J Clin Oncol. (2015) 33:74–82. doi: 10.1200/
JCO.2014.57.3329

43. Leidner R, Conlon K, McNeel DG, Wang-Gillam A, Gupta S, Wesolowski R,
et al. First-in-human phase I/Ib study of NIZ985, a recombinant heterodimer of IL-15
and IL-15Ralpha, as a single agent and in combination with spartalizumab in patients
with advanced and metastatic solid tumors. J Immunother Cancer. (2023) 11:e007725-
41. doi: 10.1136/jitc-2023-007725

44. Gillgrass A, Gill N, Babian A, Ashkar AA. The absence or overexpression of IL-
15 drastically alters breast cancer metastasis via effects on NK cells, CD4 T cells, and
macrophages. J Immunol. (2014) 193:6184–91. doi: 10.4049/jimmunol.1303175

45. Yu P, Steel JC, Zhang M, Morris JC, Waldmann TA. Simultaneous blockade of
multiple immune system inhibitory checkpoints enhances antitumor activity mediated
by interleukin-15 in a murine metastatic colon carcinoma model. Clin Cancer Res.
(2010) 16:6019–28. doi: 10.1158/1078-0432.CCR-10-1966

46. Tang F, Zhao LT, Jiang Y, Ba de N, Cui LX, He W. Activity of recombinant
human interleukin-15 against tumor recurrence and metastasis in mice. Cell Mol
Immunol. (2008) 5:189–96. doi: 10.1038/cmi.2008.23

47. Stravokefalou V, Stellas D, Karaliota S, Nagy BA, Valentin A, Bergamaschi C,
et al. Heterodimeric IL-15 (hetIL-15) reduces circulating tumor cells and metastasis
formation improving chemotherapy and surgery in 4T1 mouse model of TNBC. Front
Immunol. (2022) 13:1014802. doi: 10.3389/fimmu.2022.1014802

48. Kim PS, Kwilas AR, XuW, Alter S, Jeng EK, Wong HC, et al. IL-15 superagonist/
IL-15RaSushi-Fc fusion complex (IL-15SA/IL-15RaSu-Fc; ALT-803) markedly
enhances specific subpopulations of NK and memory CD8+ T cells, and mediates
potent anti-tumor activity against murine breast and colon carcinomas. Oncotarget.
(2016) 7:16130–45. doi: 10.18632/oncotarget.v7i13

49. Desbois M, Beal C, Charrier M, Besse B, Meurice G, Cagnard N, et al. IL-15
superagonist RLI has potent immunostimulatory properties on NK cells: implications
for antimetastatic treatment. J Immunother Cancer. (2020) 8:e000632-45. doi: 10.1136/
jitc-2020-000632

50. Zhang M, Yao Z, Dubois S, Ju W, Muller JR, Waldmann TA. Interleukin-15
combined with an anti-CD40 antibody provides enhanced therapeutic efficacy for
murine models of colon cancer. Proc Natl Acad Sci U.S.A. (2009) 106:7513–8.
doi: 10.1073/pnas.0902637106

51. Kobayashi H, Dubois S, Sato N, Sabzevari H, Sakai Y, Waldmann TA, et al. Role
of trans-cellular IL-15 presentation in the activation of NK cell-mediated killing, which
leads to enhanced tumor immunosurveillance. Blood. (2005) 105:721–7. doi: 10.1182/
blood-2003-12-4187

52. Cini JK, Dexter S, Rezac DJ, McAndrew SJ, Hedou G, Brody R, et al. SON-1210 -
a novel bifunctional IL-12/IL-15 fusion protein that improves cytokine half-life, targets
tumors, and enhances therapeutic efficacy. Front Immunol. (2023) 14:1326927.
doi: 10.3389/fimmu.2023.1326927

53. Franks SE, Wolfson B, Hodge JW. Natural born killers: NK cells in cancer
therapy. Cancers (Basel). (2020) 12:2131–52. doi: 10.3390/cancers12082131

54. Zhang S, Zhao J, Bai X, Handley M, Shan F. Biological effects of IL-15 on
immune cells and its potential for the treatment of cancer. Int Immunopharmacol.
(2021) 91:107318. doi: 10.1016/j.intimp.2020.107318

55. Li J, Clark R, Slaga D, Avery K, Liu K, Schubbert S, et al. IL-15/IL-15Ralpha-Fc
fusion protein XmAb24306 potentiates activity of CD3 bispecific antibodies through
enhancing T cell expansion. Mol Cancer Ther. (2024) 23(9):1305–16. doi: 10.1158/
1535-7163.MCT-23-0910

56. Henise J, Hangasky JA, Charych D, Carreras CW, Ashley GW, Santi DV. A
platform technology for ultra-long acting intratumoral therapy. Sci Rep. (2024)
14:14000. doi: 10.1038/s41598-024-64261-8

57. Marabelle A, Andtbacka R, Harrington K, Melero I, Leidner R, de Baere T, et al.
Starting the fight in the tumor: expert recommendations for the development of human
intratumoral immunotherapy (HIT-IT). Ann Oncol. (2018) 29:2163–74. doi: 10.1093/
annonc/mdy423

58. Melero I, Castanon E, Alvarez M, Champiat S, Marabelle A. Intratumoural
administration and tumour tissue targeting of cancer immunotherapies. Nat Rev Clin
Oncol. (2021) 18:558–76. doi: 10.1038/s41571-021-00507-y
frontiersin.org

https://doi.org/10.1021/acs.bioconjchem.6b00188
https://doi.org/10.1155/2019/9483127
https://doi.org/10.1136/jitc-2021-004104
https://doi.org/10.1007/s11095-011-0597-0
https://doi.org/10.1016/S0169-409X(02)00023-6
https://doi.org/10.3389/fimmu.2020.01813
https://doi.org/10.4049/jimmunol.1800086
https://doi.org/10.4049/jimmunol.1600019
https://doi.org/10.1016/j.celrep.2023.112501
https://doi.org/10.1016/j.ejps.2023.106450
https://doi.org/10.1016/j.ejps.2023.106450
https://doi.org/10.1016/s1043-4666(03)00267-9
https://doi.org/10.1126/scitranslmed.aaw2614
https://doi.org/10.1021/acsnano.3c01748
https://doi.org/10.1158/1535-7163.MCT-23-0210
https://doi.org/10.1136/jitc-2020-002024
https://doi.org/10.1073/pnas.1811615115
https://doi.org/10.1158/2326-6066.CIR-15-0093-T
https://doi.org/10.1073/pnas.1203479109
https://doi.org/10.1136/jitc-2020-000599
https://doi.org/10.1200/JCO.2014.57.3329
https://doi.org/10.1200/JCO.2014.57.3329
https://doi.org/10.1136/jitc-2023-007725
https://doi.org/10.4049/jimmunol.1303175
https://doi.org/10.1158/1078-0432.CCR-10-1966
https://doi.org/10.1038/cmi.2008.23
https://doi.org/10.3389/fimmu.2022.1014802
https://doi.org/10.18632/oncotarget.v7i13
https://doi.org/10.1136/jitc-2020-000632
https://doi.org/10.1136/jitc-2020-000632
https://doi.org/10.1073/pnas.0902637106
https://doi.org/10.1182/blood-2003-12-4187
https://doi.org/10.1182/blood-2003-12-4187
https://doi.org/10.3389/fimmu.2023.1326927
https://doi.org/10.3390/cancers12082131
https://doi.org/10.1016/j.intimp.2020.107318
https://doi.org/10.1158/1535-7163.MCT-23-0910
https://doi.org/10.1158/1535-7163.MCT-23-0910
https://doi.org/10.1038/s41598-024-64261-8
https://doi.org/10.1093/annonc/mdy423
https://doi.org/10.1093/annonc/mdy423
https://doi.org/10.1038/s41571-021-00507-y
https://doi.org/10.3389/fimmu.2024.1458145
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Leveraging long-acting IL-15 agonists for intratumoral delivery and enhanced antimetastatic activity
	Introduction
	Materials and methods
	Materials
	Synthesis of MS~RLI
	Cell-based assay
	In vivo PK and PD studies
	CT26 syngeneic model
	EO771 orthotopic model of Triple Negative Breast Cancer (TNBC)
	Flow cytometry
	Statistics

	Results
	Preparation and in vitro characterization of MS~RLI
	MS~RLI increases the apparent half-life and exposure of RLIAP
	MS~RLI induces high and prolonged CD8+ and NK cell expansion in na&iuml;ve mice
	Local toxicity of MS~RLI
	Intra-tumoral administration of MS~RLI and MS~IL-15 have anti-metastatic activity

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Author disclaimer
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


