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Interleukin-15 (IL-15) emerges as a promising immunotherapeutic candidate, but the therapeutic utility remains
concern due to the unexpected systematic stress. Here, we propose that the mRNA lipid nanoparticle (mnRNA-
LNP) system can balance the issue through targeted delivery to increase IL-15 concentration in the tumor area
and reduce leakage into the circulation. In the established Structure-driven TARgeting (STAR) platform, the
LNPX and LNP™ can effectively and selectively deliver optimized IL-15 superagonists mRNAs to local and

lungs, respectively, in relevant tumor models. As a result, such superagonists exhibited well-balanced efficacy
and side-effects, demonstrating the better anti-tumor activity, less systematic exposure, and less cytokine related
risks. We finally verified the selective delivery and well tolerability of LNP*"" in non-human primates (NHPs),
confirming the potential for clinical application. This finding provides new potentials for cancers treatment on
lung cancers or lung metastasis cancers.

1. Introduction

The critical role that Interleukin-15 (IL-15) plays in innate and
adaptive immunity has had profound implications in the field of
immunology [1,2]. The biological effects of IL-15 are mediated through
interaction with a receptor complex comprising three distinct chains:
CD122 (IL-2/IL-15Rp), CD132 (IL-2/1L-15Ryc), and the
high-affinity-specific chain IL-15Ra [3]. Currently, IL-15 has garnered
considerable attention as a promising immunotherapeutic candidate for
cancer treatment [4,5], exemplified by the advancement of the IL-15
analogue and agonist complex agent nogapendekin alfa (N-803) [6-9],
as well as the ongoing clinical trials of similar agents [10-12]. However,
potential side effects still remain due to the mechanism by which IL-15
superagonists activate T/NK cells [13-15]. Such potential adverse ef-
fects was believed from the shared activities of IL-15 and IL-2, evidenced
by the increase in IL-15 in autoimmune disorders [16], and high level of
IL-15/IL-15Ra positively associated with leukemia [17-20]. During the

treatment process, therapeutic enhancement of CD8 T cells, NK cells,
and in some cases CD4 T cells was observed at all doses and any routes of
administration of IL-15 [21,22]. Of note, higher doses and frequent
administrations not only result in more pronounced responses, but also
cause clinical side effects such as anorexia, diarrhea, weight loss, and
transient grade 3-4 neutropenia [23-26]. All these symptoms can be
ascribed to the overreaction of immune system [27-32], which is the key
mechanism for IL-15 exerts its efficacy. Moreover, the first indication for
the N-803 approved by the Food and Drug Administration (FDA) for the
treatment of bladder cancer was based on intravesical administration
[33], which can relatively balance therapeutic efficacy and potential
adverse effects compared with systemic injection. Likewise, we suppose
that this balance could also be achieved through targeted delivery to
endow maximum IL-15 concentration in the target area but reduce
leakage into the circulation.

The mRNA technology may become one of the options for achieving
the above goal via targeted delivery and expression. The success of
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Fig. 1. The preparation and characterization of LNP'°®?! and LNP'""¢, and LNP specifically deliver mRNA to muscle and lung via local and intravenous
administration. (A) Schematic diagram of LNP construction and targeted mRNA delivery to muscle and lung. (B) The chemical structures of ionizable lipids used in
LNP and LNPM"8, (C) LNPY*°?! and LNP'"™¢ encapsulating Fluc mRNA possessed uniform particles with high encapsulation efficiency (>90 %), Data are presented
as mean + s.e.m. (n = 3, biologically independent samples). (D) Images of Cryo-electron microscopy showed that LNP***®! and LNP*""¢ had similar morphology
(Scale bar = 100 nm). (E) LNP*® and LNP"“"8 exhibited well stability at 4 °C over 28 days (n = 3 biologically independent samples). (F) LNP**? significantly
reduced liver leakage of mRNA compared to SM102 LNP via i.m. injection (0.05 mg/kg/leg). (G) Specific delivery of Fluc mRNA by LNP""8 to lung via iv.
administration (0.25 mg/kg). The percentage and total flux of luciferase expression in muscles and other major organs were analyzed by living image software (n = 3
biologically independent animals). Data are shown as mean =+ s.e.m. A two-tailed unpaired t-test was used to determine the significance of the comparisons of data

indicated in F (n.s. no significance, *P < 0.05).

mRNA technology in COVID-19 vaccines has propelled it into a global
research focus, marking a rapid advancement [34]. Through sequence
design, mRNA can encode a wide range of proteins, offering extensive
application prospects [35-39]. Delivered through lipid nanoparticles
(LNP), mRNA technology has been successfully applied to the defense
and treatment of multiple diseases, making this delivery platform one of
the most important factors in clinical translation [40-46]. However,
targeted delivery of mRNA-LNP to specific organs and cells remains
challenging, which could be partially satisfied by high-throughput
screening, component optimization, and antibody modification [41,
47-54]. Through rational design, we previously have synthesized hun-
dreds of ionizable cationic lipids and established a Structure-driven
TARgeting (STAR) platform, in which tissue-selective mRNA-LNP was
fully validated (PCT/CN2023,/137998). Notably, LNP®! and LNP"'"8
from STAR LNPs library could specifically deliver mRNA into local tis-
sues and lungs, respectively, which may meet the needs of tumor ther-
apy by delivering mRNA encoding IL-15 superagonists, especially in
designed tissues.

To this end, we firstly evaluated the structural activity of IL-15
superagonist mRNAs. The STR-2 mRNA, designed proteins from N-ter-
minal to C-terminal of immunoglobulin G Fc fragment, IL-15Ra sushi
domain, and IL-15, showed superior efficacy compared to the bench-
mark N-803. Then, sequence-optimized mRNAs (STR-2-D43 and STR-2-
D61) with aspartic acid mutations were verified in subcutaneous and
lung metastasis tumor models. In multiple mice model, the optimal IL-15
superagonist mRNAs delivered by LNPY? via intratumoral and LNP'"8
via intravenous injection, could significantly inhibit tumor growth.
Moreover, the mRNA-LNP system minimized IL-15 leakage to major
organs, reducing adverse effects such as weight loss and cytokine-related
immune activation. More importantly, the mRNA-LNP'"8 exhibited
excellent delivery efficiency and biosafety in non-human primates,
demonstrating great potential for clinical translation. These findings
suggest that targeted mRNA-LNPs offer a promising option for IL-15-
based cancer treatment, especially for lung cancers and metastatic
tumors.

2. Materials and methods

A detailed description of the materials and methods involved in this
study is provided in the Supplemental Information.

3. Results
3.1. Validation of targeted mRNA-LNPs

To improve the therapeutic window of IL-15, we propose that mRNA-
LNP system may satisfy the goal via targeted delivery. On the one hand,
the structure and sequence of IL-15 superagonists can be refined and
optimized in the form of mRNA to enhance their anti-tumor activity.
Targeted LNPs, on the other hand, could satisfy limited higher concen-
trations of IL-15 around the tumor area but minimize leakage into the
circulation to reduce unintended side effects. We previously synthesized
a library of ionizable cationic lipids through rational design for mRNA-
LNP targeted delivery, named Structure-driven TARgeting (STAR).
Among them, two distinct lipids, A1-Ep10-O18A and A1-Ep10-NNCC11
(Scheme S1-S2, Figs. S1-54) were endowed to form LNP and mediate

high efficacy and specificity for local (LNP'*?) and lung (LNP''"8)
mRNA delivery through local and intravenous (i.v.) injection, respec-
tively (Fig. 1A and 1B).The particle size of LNPXl was 84.93 + 2.72
nm, and that of LNP*"™ was 53.23 + 1.36 nm, both with uniform
polydispersity index (PDI), and the encapsulation efficiency (EE) was
determined to be 94.72 % + 3.58 % and 99.77 % =+ 0.05 %, respectively
(Fig. 1C). The Cryo-TEM images revealed a highly consistent
morphology for both LNP® and LNP"™"8 samples (Fig. 1D). Further-
more, stability testing indicated negligible changes in particle size and
PDI for both LNPs after 28 days of storage at 4 °C (Fig. 1E), affirming
their substantial stability and suitability for in vivo investigations.
Through local injection, intramuscular (i.m.), mRNA-LNP%! exhibited
enhanced efficiency and reduced hepatic leakage compared with com-
mercial FDA-approved SM102 LNP (Fig. 1F), that the percentage of
muscle expression was 97.61 % for LNP**! and 88.69 % for the SM102
LNP. These results convincingly demonstrated that LNP**?! enhanced
local targeting and reduced hepatic extravasation after local injection.
Similarly, through i.v. delivery, the expression of firefly luciferase (Fluc)
was identified in the lungs by mRNA-LNP™""8 (Fig. 1G). Bioluminescence
in the lungs accounted for 98.18 % of overall bioluminescence, with
negligible leakage (0.71 %) in the liver. Such result underscores the
remarkable ability of LNP™ to specifically target the lungs. Overall,
the results indicated that both LNP*°?! and LNP""™8 had the potential to
specifically deliver IL-15 superagonist mRNA in desired tissues.

3.2. The structural optimization of mRNA encoding IL-15 superagonist

The sushi domain of IL-15Ra has been recognized for stabilizing IL-
15 [55], by which the N-803 was approved by the FDA in 2024 [33].
Despite this achievement, the structural organization of the
IL-15-IL-15Ra complex still leaves room for improvement. To address
this, we established distinct structures for IL-15-IL-15Ra (sushi) com-
plexes (IL-15 superagonists) (Fig. 2A). In the IL2Rbeta-STAT5 based
luciferase-reporter system, TF-1 cells were co-cultured with cell medium
containing either N-803 or secreted IL-15 superagonists, and the lumi-
nescence was detected post 24 h (Fig. 2B). The data revealed that STR-2
(C-terminal IL-15) exhibited reduced EC50 values than N-803 and STR-1
(C-terminal Fc) (Fig. 2C). Considering IL-2RB-STATS signaling is the key
signaling pathway of IL-15 downstream activation in its target
cell-lymphocytes [56], this result indicated that STR-2 might have
better potency than N-803. This was supported by subsequent data
derived from peripheral blood mononuclear cells (PBMCs) of both lung
cancer patients and healthy individual (Fig. 2D-F). After co-cultured
with STR-2 supernatant (Fig. 2D), a significantly elevated level of
PSTATS and interferon gamma (IFNy) was observed (Fig. 2E and 2F). In
addition, both STR-1 and STR-2 supernatant groups presented a signif-
icant elevated proliferation rate than N-803 group (Fig. 2G), indicating
an excellent activity enhancement of mRNA modality. Moreover, the
proliferation of target cells (CD8" T and CD56™ NK cells) was observed
in all treated groups, with STR-2 appearing to be better (Fig. 2H and 2I).
These findings suggested that structural optimization of IL-15 super-
agonist was critical, and C-terminal IL-15 design was more attractive.

3.3. The anti-tumor efficacy of STR-2 in subcutaneous tumor models

To further test the anti-tumor activity of STR-2, we applied mRNA-
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Fig. 2. Structural optimization of mRNA encoding IL-15 superagonists to achieve superior antitumor effects. (A) A schematic illustration depicting the
structural optimization and validation procedure of IL-15 superagonists. (B) Schematic diagram of IL-15 signaling reporter cell (IL-2Rp-STATS5 signaling TF-1 reporter
cell) design. (C) The lower EC50 value indicated that STR-2 activated more effectively the IL-2R3-STATS5 signal in TF-1 cells compared to N803 and STR-1. (D)
Schematic diagram of sample preparation for in vitro activity testing of IL-15 superagonists. (E-F) IL-15 superagonists significantly elevated the levels of pSTAT5 (E)
and IFNy (F) of PBMC from both lung cancer patients and healthy individual after co-culture for 72 h. (G-I) STR-1 and STR-2 effectively promoted the overall (G),
CD8" T cell (H) and CD56" NK cell (I) proliferation of PBMC from both lung cancer patients and healthy individuals (N-803: 4.5 nM, mRNA-encoded IL-15
superagonists: 0.1 nM). (J) Schematic representation of anti-tumor effects by STR-2 LNPX°°®, Tumor growth curves (K) and body weight change profiles of mice (L)
were employed to access anti-tumor efficacy and bio-safety, respectively. Data are presented as mean + s.e.m. (n = 5 biologically independent animals). (M)
Pharmacokinetic profiles demonstrated that N-803 had lager AUC than STR-1, revealing more leakage of N-803 in circulation. Data are shown as mean + s.e.m. (n =
5 biologically independent animals). (N) The schematic diagram of optimized mRNA STR-2 for treating B16F10 tumor by LNpLocal, (0) Compared with vehicle and N-
803, STR-2 remarkably inhibited tumor growth of mice (vehicle: empty LNP, N-803: 0.2 mg/kg, SRT-2: 2 mg/kg; i.t. on day 0 and day 8). Data are illustrated as mean
+ s.e.m. (n = 5 biologically independent animals). (P) Average body weight of bearing-tumor mice on day 0-10. Data are presented as mean + s.e.m. (n = 5
biologically independent animals). A two-tailed unpaired t-test was used to determine the significance of the comparisons (*P < 0.05; **P < 0.01; ***P < 0.001;

****P < 0.0001).

<

LNP delivery system in subcutaneous heterotopic tumor models
(Fig. 2J). Through intratumoral (i.t.) injection, STR-2 exhibited similar
efficacy in inhibiting tumor growth compared to the group treated with
N-803 in the CT26 tumor model, and the anti-tumor effect was dose-
dependent (Fig. 2K, Fig. S5A, and Table S1). Importantly, the N-803
group displayed significant reduction in body weight at high dose (1
mg/kg), and the mean animal weight loss was nearly 20 %, whereas
mRNA-LNP groups maintained consistent body weight cross all tested
doses (Fig. 2L). Given that rapid weight loss was a reliable predictor of
clinical deterioration, many institutional animal care and use commit-
tees adopted the recommendation to consider euthanasia for animals
that loss 20 % of their body weight [57], this result indicated systemic
distress and significant sickness in N-803 group at high dose. It is worth
mentioning that the dosage of mRNA-LNP (2 mg/kg) was twice that of
N-803 (1 mg/kg), revealing the well-balanced efficacy and systematic
stress in vivo via mRNA modality. Pharmacokinetics studies demon-
strated that N-803 group (0.2 mg/kg) had higher drug concentrations in
the plasma and larger area under the curve (AUC) compared to the 10
times higher dose mRNA-LNP groups (2 mg/kg) (Fig. 2M), which was
believed to resulted in side effects associated with systemic exposure to
IL-15 superagonists. Again, the superior anti-tumor efficacy of STR-2
was further supported in the B16F10 tumor model (Fig. 2N and 20).
Herein, dose of 0.2 mg/kg N-803 was used due to systematic stress. As
expected, no significant decrease in body weight was observed in the
10-fold higher dose (2 mg/kg) of the mRNA groups (Fig. 2P), and
showed more pronounced efficacy in inhibiting tumor growth (Fig. S5B,
and Table S2).

3.4. Sequence optimization of mRNA encoding STR-2

Previously study reported that mutating amino acid (AA) into
aspartic acid (Asp, D) in IL-15 agents could potentially improve its re-
ceptor binding affinity and downstream signaling activity [58], which
inspired us to further optimize the sequence of STR-2 for seeking better
efficacy. We first performed codon optimization on STR-2 and obtained
STR-2-DO (without D mutation). A series of mutated STR-2 sequences
were then generated by one-by-one “to D’ AA mutation from the
N-terminus to the C-terminus in the IL-15 portion, resulting in 108
different mutants (Fig. 3A, Table S3). For example, STR-2-D61 indicates
that the 61st not-D-AA of the IL-15 portion is mutated to D. Then the 108
mutants were evaluated to initiate IL-2RB-STATS5 signaling in reporter
cells. Five of them (STR-2-D43, STR-2-D56, STR-2-D61, STR-2-D65 and
STR-2-D106) showed strong ability (Fig. 3B, Fig. S6, and Table S4).
Furthermore, all the five variants showed similar or better binding af-
finity to IL-2Rp/y complex compared to STR-2-DO (Fig. S7), indicating a
potential ‘enrichment to target’ capability. All of them demonstrated
better activity than N-803 in inducing proliferation of CD8" T cells and
NK cells subclasses in PBMCs co-culture system, with the STR-2-D61
showed the best (Fig. 3C). We also noticed that STR-2-D43 showed
moderate activity in reporter cells and PBMC in vitro activation, but the
highest expression level in the HEK293T (Fig. S8), suggesting that it may

be able to satisfy the anti-tumor activity at lower dosage of mRNA for
potentially reducing a formulation related systematic stress.

Then, we tested the in vivo anti-tumor activity of STR-2-D61 and STR-
2-D43 delivered by LNP'°®!, The experiments were performed using
subcutaneously transplanted MC38 tumor model in C57BL/6 mice.
When tumors reached a volume range of 80-120 mm?, the mice were
randomly grouped and i.t. administered on specific days (day 0, day 3,
day 7, day 10, and day 14) (Fig. 3D). N-803 showed limited effectiveness
in inhibiting tumor growth, whereas the mRNA-encoding groups
exhibited significant antitumor activity (Fig. 3E and 3H). No statistically
reduction of body weight was observed, indicating the well-tolerated
property (Fig. 3F). To illustrate the superiority of mRNA-LNP modality
more clearly, we analyzed several blood indicators in tumor-bearing
mice. Although N-803 treatment presented confined anti-tumor activ-
ity, the increasing level of the total number of white blood cells, IL-6
levels, eosinophils, and basophil subpopulations were significantly
observed (Fig. 3G, and Fig. S9). Considering lymphocytes contribute to
most of the IL-15 related anti-tumor activity [59] and IL-6 was one of the
key factor to cytokine related side effects and the main factor in cytokine
storm [60,61], these phenomena may explain why mRNA-LNP group
presented restricted side effect compared with N-803 treatment group in
vivo. Furthermore, the levels of red blood cells, hemoglobin, and plate-
lets in the mRNA-LNP groups were all detected within the normal range
(Fig. S10), verifying the hematological safety of this strategy.

3.5. IL-15 mRNA-LNP"™ well-balanced the safety and anti-tumor
efficacy

To further expand the antitumor potential of IL-15 mRNA-LNP
approach, we intend to investigate the possibility of systemic delivery,
which is very challenging due to uncontrollable side effects of IL-15
related agents mentioned above. First, we analyzed the leakage of IL-
15 when i.v. delivered using the mRNA-LNP approach (Fig. 4A). The
STR-2-D61 mRNA was delivered by LNP'"8 and LNP“"®", respectively.
We here named LNP@ administered via intravenous injection as
LNPYVe" because LNP® can mediate liver-targeted mRNA delivery
upon intravenous injection (Fig. S11). Then serum protein concentra-
tions were detected. Four hours post injection, an extremely high con-
centration (~2 x 10° pg/mL) of IL-15 was detected in the plasma from
STR-2-D61 LNP""®" group, and then the concentration was maintained
over 100 h. As contrast, the protein concentration was below the limit of
detection (50 pg/mL) 24 h after injection in the plasma of STR-D61
LNP"™8 group, and the peak concentration was very low (~2 x 103
pg/mL). Further detection of Comprehensive Metabolic Panel (CMP)
presented that an increased blood level of aspartate transaminase (AST)
and alanine transaminase (ALT) in LNP*"® group was observed (Fig. 4B
and 4C). AST and ALT are released into the bloodstream when hepato-
cytes are injured or die (as in cases of hepatitis). The elevated levels of
either enzyme are the most common abnormalities observed in liver
induced by IL-15 [62]. Moreover, the Hematoxylin and eosin (H&E)
staining demonstrated that LNPY®" group had portal inflammation with
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Fig. 3. Further optimized sequence of mRNA to enhance the antitumor efficacy. (A) The schematic illustration of STR-2 mRNA sequence optimization and
evaluation. (B) The schematic diagram for assessing the activation ability of IL2ZR3-STATS5 signal in TF-1 reporter cells, as well as the EC50 heat map of 108 different
STR-2 mutants generated by one-by-one “to D" AA mutation. (C) Top STR-2 mutants exhibited stronger ability to induce CD8" T and NK cells proliferation than N-
803. Data are presented as mean + s.e.m. (n = 5 biologically independent samples). (D) The schematic representation of STR-2-D43 and STR-2-D61 mRNAs delivered
by LNPY™¢! tg assess the anti-tumor effects in MC38-tumor bearing mice. Tumor growth profiles (E,H), body weight change (F), and Complete Blood Count (G)
revealed that mRNA-LNP modality had remarkable antitumor advantages and better bio-safety (vehicle: empty LNP, i.t., N-803: 0.2 mg/kg, i.v., STR-2-D43: 2 mg/kg,
i.t, STR-2-D61: 2 mg/kg, i.t., administration on day 0, 3,7,10 and 14). Data are shown as mean + s.e.m. (n = 5 biologically independent animals). A two-tailed
Enpaired t-test was used to determine the significance of the comparisons (n.s. no significance, *P < 0.05).
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Fig. 4. IL-15 mRNA-LNP"“"8 significantly improved the in vivo bio-safety of IL-15 by reducing its leakage in circulation. (A) Schematic illustration showed
the process of mice administration, sampling and STR-2-D61 protein level evaluation. STR-2-D61 LNP "®" exhibited higher protein level in blood compared to STR-2-
D61 LNP™"8, implying more leakage in circulation (i.v.). Data are presented as mean + s.e.m. (n = 3 biologically independent animals). (B) Schematic presentation
of in vivo bio-safety of LNP*"'*" and LNP"""8, The mice were administered i.v. with LNP'*" and LNP"""8 encapsulating STR-2-D61 mRNA (1 mg/kg). (C, D) At 6 h, 24
h, and 5 days, the liver-toxicity was evaluated by measuring the levels of AST and ALT in serum, and H&E staining was applied to further estimate the liver injury. In
the LNPV®" i.v. treatment group, obvious portal inflammation accompanied with necrosis and lymphocyte infiltration was observed (arrows) (Scale bar = 100 pm).
(E) The levels of inflammation cytokine (IL6, TNF-a and IFN-y) in mice serum were detected by ELISA. Data are presented as mean + s.e.m. (n = 3 biologically
independent animals). A two-tailed unpaired t-test was used to determine the significance of the comparisons (n.s. no significance, *P < 0.05; **P < 0.01; ***P <

0.001; ****P < 0.0001).

piecemeal to moderate necrosis and lymphocytes infiltration in liver circulation, including IL-6, TNFa, and IFN-y, but no noticeable change
(Fig. 4D), affirming the pathologically damage. Besides, LNPM'e treated by LNPM"¢ (Fig. 4E). All these results demonstrated that
significantly elevated the levels of inflammatory cytokines in the STR-2-D61 LNP™"8 might be able to balance the safety and efficacy in
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Fig. 5. The STR-2 variants LNP'""8 demonstrated extremely superior ability to inhibit lung metastatic tumor. (A) The schematic diagram of STR-2-D61
LNP""¢ for lung metastatic tumor therapy. Mice were inoculated intravenously with luciferase-expressing B16F10 and randomly divided into two groups. After
6 h, mice were i.v. injected twice with STR-2-D61 LNP""¢ at an mRNA dose of 1 mg/kg (B, C) Tumor growth of each group was monitored using IVIS system on day
6, 11, 14, and the data were quantitatively analyzed (n = 5 biologically independent animals). (D) The lung images indicated vehicle group had more obvious tumor
lung metastasis compared to STR-2-D61 at day 14. (E) The antitumor effects of STR-2-D43 LNP'“"¢ against lung metastatic tumor was also evaluated through similar
experiments as described above. (F-H) The IVIS imaging and lung tissue photographs demonstrated that STR-2-D43 LNP"“"¢ dramatically inhibited lung metastasis of
tumor (n = 5 biologically independent animals). (I, K) The STR-2-D43 LNP"""8 not only significantly increased the proportion of CD161+ NK cells in blood, but also
enhanced the infiltration of CD3+T cells and CD8" T cells in the lung. (J) H&E staining demonstrated that STR-2-D43 group had a close-to-healthy lung tissue (Scale
bar = 100 pm). Data are illustrated as mean + s.e.m. (n = 5 biologically independent animals).

treatment of lung cancer or lung metastasis by reducing IL-15 leakage.

To verify this, anti-tumor activity of STR-2-D61 LNP™"8 was
explored in B16F10 lung metastatic tumor models. The C57BL/6 mice
were firstly i.v. injected with luciferase-expressed B16F10 cells, then
were treated by STR-2-D61 LNPY"8 at indicated days (Fig. 5A). At given
time-points, mice were imaged by in vivo imaging system (IVIS).
Compared with control group, STR-2-D61 LNP™"8 showed notable
reduction or complete elimination of luciferase expression (Fig. 5B and
5C). This was also confirmed by isolated lung tissue images, in which
lots of tumor lesions were observed in the vehicle group (Fig. 5D).

Similar experiment was performed with STR-2-D43 LNP''"¢ as well
(Fig. 5E). STR-2-D43 LNP'""8 treated mice exhibited remarkable tumor
inhibition detected by IVIS (Fig. 5F-H). The lung sections of hematox-
ylin and eosin (H&E) staining confirmed the anti-tumor efficacy that
STR-2-D43 LNP'™8 group showed a close-to-healthy lung tissue
(Fig. 5J). We further analyzed the numbers of cytotoxic T cells and
natural killer (NK) cells in blood. The proportion of CD161+ (mouse NK
cell marker) cells in blood were obviously increased in STR-2-D43
LNP"™8 group compared to vehicle group (Fig. 5I). Considering NK
cell is one of the key target cells of IL-15 superagonist and plays key roles
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Fig. 6. Investigation on the delivery efficiency and bio-safety of mRNA-LNP"" in non-human primates (NHPs). (A) Schematic illustration of experimental
protocol design in Macaca fasciculiris. One of female was treated with 1 x PBS, while the other female and male were administrated with Fluc mRNA-LNP"""8, The
experimental groups were administered twice via i.v. at 0 h (0.25 mg/kg) and 24 h (0.125 mg/kg), respectively. After another 6 h, major organs and blood were
collected to explore the delivery efficiency and safety of mRNA-LNP"""8, (B-D) The expression of Luc mRNA in major organs showed that LNP'""8 effectively
delivered mRNA to lung with high specificity (94.46 % and 86.90 %). (E) Immunohistochemistry (IHC) analysis was employed to further verify the Luc mRNA
expression in the lungs (Scale bar, 100 pm). (F-I) The blood parameters were served as assessment indicators to validate the bio-safety of mRNA-LNP*""8 in vivo. ALB:

albumin, BUN: blood urea nitrogen, UA: urea, LYM: lymphocyte.

in tumor killing, this result indicated that the mRNA-LNP™"" system
could successfully activate its target cells. We also noticed the obvious
increasing of lung infiltration of CD3+T cell and CD8™ T cell in STR-2-
D43 group (Fig. 5K), which is another evidence of mRNA-LNPM"8 sys-
tem induced activation on target cell. All of these results illustrated that
STR-2 variants LNP*"™8 achieved outstanding anti-tumor efficacy in lung
metastasis tumor model by mobilization of local CD8+T cells and NK
cells.

3.6. Targeted delivery and safety evaluation of LNP"" in NHP

To further evaluate the potential of clinical application using mRNA-
LNP modality, a few experiments were conducted in non-human primate
(NHP). We selected mRNA-LNP'""8 systems with i.v. administration into
Macaca fascicularis, in which one female was treated by 1 x PBS,
another female and a male were treated by Fluc mRNA-LNP-"¢
(Fig. 6A). Two injections were completed at O h and 24 h, respectively.
After another 6 h, NHPs were sacrificed and major tissues were imaged
by IVIS. Compared with the control group, very strong luciferase
expression in lungs were detected in both NHPs with almost
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undetectable expression in the liver and spleen. The expression percent
of the lungs reached 94.46 % and 86.90 %, respectively (Fig. 6B-D).
Immunohistochemistry (IHC) analysis also confirmed that Fluc was
expressed in the lungs, with significantly higher compared to the control
group (Fig. 6E). These results fully demonstrated the efficiency and
specificity of mRNA-LNP™™ in NHPs. Meanwhile, we assessed the
safety by analyzing several blood parameters, including albumin (ALB),
blood urea nitrogen (BUN), urea (UA), and lymphocytes (LYM). All in-
dicators are within normal range, no obvious difference compared with
control group was observed (Fig. 6F), indicating well-tolerated feathers
of mRNA-LNP" in liver, kidney and immune system. Overall, these
results demonstrated that LNP*" exhibited a promising lung targeting
efficacy and safety in NHPs, resulting great potentials for clinical
translation.

4. Discussion

As the National Cancer Institute’s immunotherapy workshop in 2007
recognized the potential to revolutionize cancer treatment, the IL-15 has
been widely acknowledged. Multiple clinical studies have been
exploring the feasibility of IL-15 related agents as a potential anti-tumor
therapy [63,64]. However, its dual effects from T/NK cell interaction
raise concerns about on-target side effects, leading to inadvertent infil-
tration and attacks on non-tumor organs [65,66]. This issue arises from
the activation of effector T cells and natural killer (NK) cells, whose
cytokine production can exacerbate these effects [66]. Therefore,
IL-15-based systemic therapies face challenges for dosage limitation
during treatment. Considering these evidences, it is reasonable that
maximizing IL-15 concentration in the tumor region and minimizing
leakage into circulation may provide an attractive strategy for cancer
treatment. In this work, the proof-of-concept (POC) experiments were
performed based on our established mRNA-LNP platform (named STAR
LNP) via targeted delivery of IL-15 superagonist mRNA for cancer
therapy.

We optimized IL-15 superagonist structures and found that STR-2,
with a C-terminal IL-15 structure, showed the best efficacy. We intro-
duced D mutations to create STR-2-D61 and STR-2-D43 mRNAs, which
demonstrated even better activity. Targeted delivery using LNP**® and
LNPM"8 effectively delivered mRNA to the target area and minimized
systemic leakage, balancing efficacy and stress. Anti-tumor experiments
confirmed that mRNA-LNP provided superior therapeutic effects with
lower systemic exposure and negligible side effects compared to N-803,
even at higher doses. We validated the delivery efficacy, specificity, and
safety of mRNA-LNP""8 in mice and non-human primates, suggesting
potential for clinical translation in lung cancer therapy. Overall, this
work offers a promising strategy for IL-15-based cancer therapy using
targeted mRNA-LNP, balancing efficacy and systemic stress, and
expanding the therapeutic window of IL-15 agents.
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