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Abstract

Interleukin-15 (IL-15) emerges as a promising immunotherapeutic candidate in oncology because
of'its pivotal role in modulating both innate and adaptive immunity. However, the therapeutic utility
remains concern due to the unexpected toxicity. We propose here that the mRNA lipid nanoparticle
(mRNA-LNP) system can balance the issue through targeted delivery to increase IL-15
concentration in the tumor area and reduce leakage into the circulation. Utilizing the Structure-
driven TARgeting (STAR) platform, we acquired intellectual property LNP vectors for effective
and selective mRNA delivery to local (LNP@) and to pulmonary (LNP'""2). Then the promising
IL-15 superagonists mRNAs were obtained through structural optimization and sequence screening,
showing better activity compared with benchmarker N-803. Subsequently, the anti-tumor efficacy
of IL-15 superagonists mRNAs were evaluated by intratumoural (i.t.) injection and intravenous (i.v.)

injection via LNPM and LNP"""¢, respectively. As a result, such superagonists exhibited better

Page 1 of 47



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

anti-tumor activity, less systematic exposure, and less cytokine related risks than N-803. We finally
verified the selective delivery and well tolerability of LNP""" in non-human primates (NHPs),
confirming the potential for clinical application. This finding may open up new possibilities for the

treatment of lung cancers and lung metastasis cancers.

Introduction

The critical role that Interleukin-15 (IL-15) plays in innate and adaptive immunity has had profound
implications in the field of immunology (/, 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/IL-15Ryc), and the high-affinity-specific chain IL-15Ra (3). IL-15 currently 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 (/0-12).
However, potential toxicity remains due to the mechanism by which IL-15 superagonists activate
T/NK cells (13-15). Such potential toxicity was believed from the shared activities of IL-15 and IL-
2, such as the increase in IL-15 observed in autoimmune disorders (/6), and detection of high level
of IL-15/IL-15Ra positively associated with leukemia (/7-20). During treatment, therapeutic
enhancement of CD8 T cells, NK cells, and in some cases CD4 T cells was observed at all doses
and routes of administration of IL-15 (21, 22). Of note, higher doses and more frequent
administrations have resulted in more pronounced responses but also cause clinical toxicities, such
as anorexia, diarrhea, weight loss, and transient grade 3-4 neutropenia (23-26). Therefore, the initial
indication for the N-803 New Drug Application (NDA) submitted for the treatment of bladder
cancer was based on intravesical administration (27), which can relatively balance therapeutic

efficacy and potential toxicity compared with systemic injection. Likewise, we believe that this
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balance could also be achieved through targeted delivery to achieve maximum IL-15 concentration
in the target area but reduce leakage into the circulation.

The mRNA technology may become one of the options for above goal via targeted delivery
and expression. The success of mRNA technology in COVID-19 vaccines has propelled it into a
global research focus, marking a rapid advancement (28). Through sequence design, mRNA can
encode a wide range of proteins, offering extensive application prospects (29-32). 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 (33-38). 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 (34, 39-41). Through rational design, we have
synthesized hundreds 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, LNPLoca and LNP""¢ from STAR LNPs library could
specifically deliver mRNA into muscle and lung, respectively. Therefore, these two LNPs may
meet the needs of tumor therapy by delivering mRNA encoding IL-15 superagonists, especially in
designed tissues.

Herein, we firstly evaluated the structural stability and activity of several IL-15 superagonists
in the form of mMRNA. Among them, the STR-4 mRNA, with a structure of immunoglobulin G Fc
fragment (Fc) — IL-15Ra sushi domain — IL-15 design, showed the best efficacy that was even
better with established benchmark N-803. Followed, the sequence-optimized mRNAs (STR-4-D43
and STR-4-D61, both derived from STR-4 sequence by introducing aspartic acid mutation in
specific sites) were performed for anti-tumor experiments in subcutaneous tumor model and lung
metastasis tumor models. Delivered by LNPM%!via i.t. injection and LNP'"¢ via i.v. injection, both

mRNAs showed significant tumor inhibition. Moreover, the mRNA-LNP modality showed well-
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balanced efficacy and safety via minimizing IL-15 leakage to major organs, reducing unexpected
toxicity. In order to test the potential of clinical translation, we finally verified the robust delivery
efficiency and well-safety of mRNA-LNPM""¢ on non-human primate (NHP). These findings
suggest that targeting mRNA-LNPs may provide another promising option for the IL-15 based

cancer treatment, especially in lung cancers or lung metastatic tumors.

Results

Validation of targeted mRNA-LNPs

To improve the therapeutic window of [L-15, we propose that mRNA-LNP system may satisty 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 concentrations of IL-15 around the tumor area but
minimize leakage into the circulation to reduce unintended side effects (Fig. 1A). We previously
have prepared a library of ionizable cationic lipids through rational design and patented the LNP
platform, named Structure-driven TARgeting (STAR). Notably, two distinct LNPs from STAR
LNP library demonstrated the high efficacy and specificity for muscle (LNP™¢¥) and lung (LNPu"¢)
mRNA delivery (Fig. 1B). The particle size of LNP°@ was 84.93 + 2.72 nm, and that of LNP""e
was 53.23 £ 1.36 nm, both with uniform polydispersity index (PDI) (Fig. 1C). The Cryo-TEM
images revealed a highly consistent shape for both LNP™¢@ and LNP""¢ samples (Fig. 1, D and
E). The encapsulation efficiency (EE) for LNP @ and LNP'"¢ was determined to be 94.72 + 3.58
and 99.77 £+ 0.05, respectively. Furthermore, stability testing indicated negligible changes in
particle size and PDI for both LNPs after 28 days of storage at 4°C (Fig. 1, F and G), affirming
their substantial stability and suitability for in vivo investigations. Through intramuscular (i.m.)
injection, mMRNA-LNPLoc@ exhibited enhanced efficiency and reduced hepatic leakage compared

with positive SM102 LNP the widely-validated mRNA vector (Fig. 1H). The quantification
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analysis revealed that the percentage of muscle expression was 97.61% for LNPY< and 88.69%
for the SM102 LNP (Fig. 1I). These results convincingly demonstrated that LNP™ enhanced
local targeting and reduced hepatic extravasation after i.m. injection (Fig. 1, I and J). Similarly,
through intravenous (i.v.) delivery, the expression of firefly luciferase (Fluc) was identified in the
lungs by mRNA-LNPM (Fig. 1, K and L). Bioluminescence in the lungs accounted for 98.18%
of overall bioluminescence, with negligible leakage (0.71%) in the liver (Fig. 1M). Such result
underscores the remarkable ability of LNP"¢ to specifically target the lungs. Overall, the results
indicated that both LNPMcal and LNP'"¢ had the potential to specifically deliver IL-15 superagonist

mRNA and broaden the therapeutic window.

The structural optimization of mRNA encoding IL-15 superagonist

The sushi domain of IL-15Ra has been recognized for stabilizing [L-15(42), by which the N-803
was progressed to NDA submission in the Food and Drug Administration (FDA) in 2022. Despite
this achievement, the structural organization of the IL-15-IL-15Ra complex remains unexplored.
To address this, we established a classification system comprising four distinct categories for IL-
15-1L-15Ra (sushi) complexes (Fig. 2A). Among them, STR-1 and STR-2 represent direct fusion
of IL-15 to IL-15Ra (sushi) on N-terminus and C-terminus, respectively. STR-3 and STR-4 involve
the addition of the immunoglobulin G (IgG) Fc fragment to STR-1 and STR-2, potentially
improving pharmacokinetic parameters. /n vitro analyses of protein-level assay revealed that STR-
2 and STR-4 (unbound C-terminal IL-15) exhibited reduced ECso values than N-803 in IL-2R-
STATS signaling system (Fig. 2B). Considering IL-2RB-STATS signaling is the key signaling
pathway of IL-15 downstream activation in its target cell — lymphocytes (43) , this result indicated
that STR-2 and STR-4 might have better potency than N-803. This claim was supported by
subsequent data derived from peripheral blood mononuclear cells (PBMCs) of lung cancer patients.

After co-cultured with mRNA expressed STR-2 and STR-4 supernatant, a significantly elevated
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level of pSTATS and interferon gamma (IFNy) was observed in lung cancer patients’ PBMCs co-
culture system, compared to samples co-cultured with N-803 (Fig. 2, C and D). In addition, in a
co-culture system with PBMCs from healthy donors, all mRNA direct-expressed supernatant group
presented a significant elevated proliferation rate than N-803 group (Fig. 2E), 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 and STR-4
appearing to be better (Fig. 2F). These findings suggested that structural optimization of IL-15

superagonist was critical, and unbound C-terminal IL-15 design was more attractive.

The anti-tumor efficacy of STR-2 and STR-4 in subcutaneous tumor models

To further test the anti-tumor activity between STR-2 and STR-4, we applied mRNA-LNPLeca!
delivery system in subcutaneous heterotopic tumor models (Fig. 3A). Through intratumoral (i.t.)
injection, STR-2 and STR-4 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. 3B, D and table S1). Importantly, the N-803 group displayed significant reduction in body
weight, indicating systemic distress and significant sickness, whereas the groups treated with
mRNA-encoded IL-15 superagonists (STR-2 and STR-4) maintained consistent body weight
throughout the study (Fig. 3C). It is worth mentioning that the dosage of mRNA-LNP (2 mg/kg)
was twice that of N-803 (1 mg/kg), indicating that the mRNA-LNPY“< encoded IL-15
superagonists could well-balance the efficacy and in vivo toxicity. Pharmacokinetics studies
demonstrated 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. 3E), which was believed to resulted in toxicity associated with systemic exposure to IL-15
superagonists. Then the superior anti-tumor efficacy of STR-2 and STR-4 were further supported

in the BI6F10 tumor model (Fig. 3, F and G). Considering the toxicity of N-803, a dose of 0.2
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mg/kg is used here. As expected, no significant decrease in body weight was observed in the 10-
fold higher dose (2 mg/kg) of the mRNA groups (Fig. 3H). Additionally, the STR-4 showed more
pronounced efficacy in inhibiting tumor growth compared to STR-2 and N-803 (Fig. 3, G and 1,

table S2). Therefore, we selected STR-4 in the followed processes.

Sequence optimization of mRNA encoding STR-4
Previously study reported that mutating amino acid (AA) into aspartic acid (Asp, D) in IL-15 agents
could potentially improve its receptor binding affinity and downstream signaling activity (44),
which inspired us to further optimize the sequence of STR-4 for seeking better efficacy. We first
performed codon optimization on STR-4 and obtained STR-4-D0 (without D mutation). A series
of mutated STR-4 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. 4A). For
example, STR-4-D61 indicates that the 61 not-D-AA of the IL-15 portion is mutated to D. Then
the 108 mutants were evaluated to initiate IL-2RB-STATS signaling in reporter cells (Fig. 4B). Five
of them (STR-4-D43, STR-4-D56, STR-4-D61, STR-4-D65 and STR-4-D106) showed strong
ability (Fig. 4C, fig. S1, and table S3). Furthermore, all the five variants showed similar or better
binding affinity to [L-2RB/y complex compared to STR-4-D0 (fig. S2), indicating a potential
‘enrichment to target’ capability. All 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-
4-D61 showed the best (Fig. 4, D and E). We also noticed that STR-4-D43 showed only moderate
activity in reporter cells and PBMC in vitro activation, but the highest expression level in the
HEK?293T (fig. S3), suggesting that it may be able to satisfy the anti-tumor activity at lower dosage
of mRNA for potentially reducing a formulation related toxicity.

We thus tested the in vivo anti-tumor activity of STR-4-D61 and STR-4-D43 delivered by

LNP'e<dl The experiments were performed using subcutaneously transplanted MC38 tumor model
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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. 4F).
Across groups, N-803 showed limited effectiveness in inhibiting tumor growth, whereas the
mRNA-encoding groups showed significant antitumor activity (Fig. 4, G and K). Importantly, no
statistically reduction of body weight was observed, indicating the well-tolerated property (Fig.
4H). 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 activity,
the increasing level of the total number of white blood cells, IL-6 levels, eosinophils, and basophil
subpopulations in the N-803 group were significantly observed (Fig. 41-J, fig. S4, and fig. S5).
Considering lymphocytes contribute to most of the IL-15 related anti-tumor activity (45) and IL-6
was one of the key factor to cytokine related toxicity (46, 47), these phenomena may explain why
mRNA-LNP showed lower toxicity in vivo. Furthermore, the levels of red blood cells, hemoglobin,
and platelets in the mRNA-LNP groups were all detected within the normal range (fig. S5),

verifying the hematological safety of this strategy.

Anti-tumor efficacy of STR-4-D61 and STR-4-D43 in the lung metastatic model

To further expand the antitumor potential of mMRNA-LNP approach, we intend to test the possibility
of systemic delivery, which is very challenging due to uncontrollable toxicity of IL-15 related
agents mentioned above. From the STAR LNP library, we used LNP"""¢ and LNP“"*r to deliver
STR-4-D61 mRNA and detected the target protein concentrations after i.v. injection. Six hours post
injection, a very high concentration (~ 2x10° pg/mL) of related protein was detected in the plasma
from STR-4-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) 24h after injection in the
plasma of STR-D61 LNP™"¢ group, and the peak concentration was very low (~2x103 pg/mL)

compared to LNPYVer group (Fig. SA). This result demonstrated that STR-4-D61 LNP™""2 may be
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able to balance the safety and efficacy in treatment of lung cancer or lung metastasis by reducing
IL-15 leakage. To verify this, anti-tumor activity of STR-4-D61 LNP"¢ was employed in B16F10
lung metastatic tumor models. The C57BL/6 mice were firstly i.v. injected with luciferase-
expressed B16F 10 cells, then were treated by STR-4-D61 LNP'“"¢ at indicated days (Fig. SB). At
given time-points, mice were imaged by in vivo imaging system (IVIS). Compared with control
group, STR-4-D61 LNPM¢ showed notable reduction or complete elimination of luciferase
expression (Fig. 5, C and D). This was also confirmed by isolated lung tissue images, in which lots
of tumor lesions were observed in the vehicle group (Fig. SE). Moreover, similar experiment was
performed with STR-4-D43 LNP""¢ as well (Fig. SF). STR-4-D43 LNP'""¢ treated mice also
exhibited remarkable tumor inhibition detected by IVIS (Fig. 5, G-I). The lung sections of
hematoxylin and eosin (H&E) staining confirmed the anti-tumor efficacy that STR-4-D43 LNPune
group showed a close-to-healthy lung tissue (Fig. SK). 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 were observed obviously in STR-4-D43 LNP“""2 group compared to vehicle group
(Fig. 5J). Considering NK cell is one of the key target cells of IL-15 superagonist and play key
roles in tumor killing, this result indicated that the mRNA-LNP'""2 system can successfully activate
its target. We also noticed the obvious lung infiltration of CD3+T cell and CD8+ T cell in STR-4-
D43 group (Fig. SL), which was a remarkable signal of anti-tumor immunity activation. All of these
results illustrated that STR-4 variants LNP'""¢ achieved outstanding anti-tumor efficacy in lung

metastasis tumor model by mobilization of local CD8+T cells and NK cells.

Targeted delivery and safety evaluation of LNP'""2 in NHP
To further evaluate the potential of clinical application using mRNA STAR LNP modality, a few
experiments were conducted in non-human primate (NHP). We selected mRNA-LNP™"¢ gsystems

with i.v. administration into Macaca fascicularis, in which one female was treated by 1xPBS,
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another female and a male were treated by Flue mRNA-LNPM"¢ (Fig. 6A). Two doses of injections
were completed at 0 h (0.25 mg/kg empty LNP) and 24 h (0.125 mg/kg mRNA-LNP), 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 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!ue
in NHPs. At the same time, we assessed the safety by analyzing several blood parameters, including
albumin (ALB), blood urea nitrogen (BUN), urea (UA), and lymphocytes (LYM). All indicators
are within normal range, no obvious difference compared with control group was observed (Fig.
6F-I), indicating excellent safety feathers of mMRNA-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.

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 (48,
49). However, its dual effects from T/NK cell interaction raise concerns about on-target toxicity,
leading to inadvertent infiltration and attacks on non-tumor organs (50, 51). This issue arises from
the activation of effector T cells and natural killer (NK) cells, whose cytokine production can
exacerbate these effects (57). Therefore, IL-15-based systemic therapies face challenges for dosage
limitation during treatment. A well-known IL-15 superagonist, N-803, thereby selected local

perfusion when submitted the initial indication for NDA for bladder cancer treatment (27).
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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 firstly optimized the structures of IL-15 superagonists and demonstrated that C-terminal IL-
15 structure with prolonged pharmacokinetics feature, known as STR-4, exhibited the best efficacy.
Then we evaluated the STR-4 variants by introducing D mutation in the domain of IL-15, and
screened out STR-4-D61 and STR-4-D43 mRNAs which showed even better activity. Regarding
the targeted delivery, both LNP° and LNP"""¢ could effectively and specifically deliver mRNA
into targeted area and significantly decreased the leakage into circulation, which may benefit the
balance of efficacy and safety for IL-15 based cancer therapy. The followed anti-tumor experiments
showed that mRNA-LNP modality indeed presented better therapeutic effects but negligible
toxicity compared with positive N-803, even at 2-10 fold higher doses. More importantly, we
verified the delivery efficacy, specificity, and safety of mRNA-LNP“"2 in NHP level, which may
accelerate the clinical translation on lung cancer or lung metastasis cancer therapy.

Overall, this work provides an attractive strategy for IL-15-based cancer therapy by targeted
mRNA-LNP platform. This technology can balance efficacy and safety and is expected to expand
the therapeutic window of IL-15. It is worth mentioning that the STAR LNP platform also includes
those LNPs that can achieve mRNA delivery specificity to the liver, brain, etc., so we have reason
to believe that the reported method is also able to treat the cancers there. Still, more experiments
are needed for further improvements. For example, this work only analyzed luciferase expression
and preliminary toxicity in NHP levels, which may not be sufficient to give very solid conclusions.
Additional tests including multiple mRNA expression, time-dependent expression, acute and long-

term toxicity assessment are needed and will be discussed in the future.
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Materials and Methods
Materials

For LNP preparation. SM102 . DSPC. Cholesterol and DMG-PEG were purchased from

SINOPEG (China). The ionizable cationic lipids used in LNP“'"¢ and LNP“"r were from Starna
Therapeutics Co., Ltd.. Pur-A-Lyzer Midi Dialysis Kits (WMCO, 3.5 kDa) were purchased from
Sigma. The Quant-iT™ RiboGreen™ RNA Assay Kit was obtained from Invitrogen (USA). For
mRNA preparation. The T7 High Yield Transcription Kit was purchased from ThermoFisher (MA,
USA). The Quant-iT™ RiboGreen™ RNA Assay Kit was obtained from Invitrogen (USA). The
mRNA was purified using the Monarch RNA Cleanup Kit (NEB, MA, UK). Followed reagents
were used for IL-15 superagonist characterization. Human IL-15 Quantikine ELISA Kit (R&D
Systems, MN, USA), 96-well ELISA plates (Corning, NY, USA), recombinant human IL-
15Rbeta/gamma Heterodimer Protein (Sino Biological, Beijing, China), N-803 (Sino Biological,
Beijing, China), Anti-Human IgG-Fc Secondary Antibody (Sino Biological, Beijing, China),
ELISA basic kit (Multi Science, Hangzhou, China), One-Lite Luciferase Assay System (Vazyme,
Nanjing, China), ImmunoCult™-XF T Cell Expansion Medium (StemCell Technologies,
Vancouver, Canada), CD3Ab OKT3 (Sino Biological, Beijing, China), Human IFN-gamma
Quantikine ELISA Kit (R&D systems, MN, USA), Human IL-6 Quantikine ELISA Kit (R&D
systems, MN, USA), Mouse PBMC Isolation Kit (Solarbio, Beijing, China), CellTiter-Glo®
Luminescent Cell Viability Assay (Promega, WI, USA), STATS alpha/beta (Phospho)
[pY694/pY699] Human InstantOne™ ELISA Kit (ThermoFisher, MA, USA), anti-mouse CD3
antibody (Proteintech, Rosemont, USA), anti-mouse CD8 antibody (Abclona, Woburn, USA) and
anti-mouse CD161 antibody (Abcam, Cambridge, UK). Antibodies listed below. FACS related
antibodies (anti-human CD45-APC-Cy7 antibody, anti-human CD3-FITC antibody, anti-human
CD8-BV510 antibody, and anti-human CDS56-PE-Cy7 antibody, anti-mouse CD45-APC-Cy7

antibody, anti-mouse CD3-FITC antibody, anti-mouse CD8-PE-Cy7 antibody, and anti-mouse
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CD161-APC antibody, and cell fix/perm solutions) were all purchased from BD Pharmingen (NJ,
USA). Immunohistochemistry related antibodies include CD3, CD8 and CD56. The CD3 antibody
was purchased from Protentech, CD8 antibody was gained from Abclona, and the CD56 antibody
was obtained from Abcam. The secondary antibody used for immunohistochemistry was purchased
from BOSTER. For cell lines. HEK293T cells (Chinese Academy of Sciences Cell Bank, Beijing,
China), B16F10 cells (Cobioer Biosciences, Nanjing, China), MC38 cells (Cobioer Biosciences,
Nanjing, China), and CT26 cells (Cobioer Biosciences, Nanjing, China) were cultured in
Dulbecco’s Modified Eagle Medium (manufactured by HyClone, UT, USA), supplemented with
10% FBS (Gibco, MA, USA), and 1% Penicillin-Streptomycin (Gibco, USA). IL-15Rbeta-STATS
reporter TF-1 cells (Genomeditech, Shanghai, China) were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with 10% FBS, 1% Penicillin-Streptomycin, and 2
ng/ml GM-CSF (Sino Biological, Beijing, China). Human peripheral blood mononuclear cells
(PBMCs) were sourced from OriBiotech (Shanghai, China) and cultured in ImmunoCult™-XF T
Cell Expansion Medium (StemCell Technologies, Vancouver, Canada). Mouse PBMCs were
purified from mouse whole blood by Mouse PBMC Isolation Kit (Solarbio, Beijing, China). All the
mentioned cell lines were maintained under sterile conditions and cultured at 37°C in a 5% CO2

environment.

LNP formulation

The construction of mRNA-loaded lipid nanoparticle (LNP) formulations was accomplished by
microfluidic mixing using a previously described method (39, 417). Briefly, The SM102 LNP
formulation was prepared with a molar ratio of SM102:DSPC:Chol:DMG-PEG = 50/10/38.5/1.5.
The formulations for LNP¢a! and LNP'""2 were developed based on our patented methodology.
Specifically, LNPM formulation was prepared with a molar ratio of ionizable

lipid:DSPC:Chol:DMG-PEG = 46/10/42.4/1.6, LNPM"e" formulation was same as the LNPMoc,
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LNPLue formulation was prepared with a molar ratio of ionizable lipid:DSPC:Chol:DMG-PEG =
70/4/23.9/2.1. In this process, all lipid components with specific molar ratios were dissolved in
ethanol, while the mRNA was dissolved in a 10 mM citrate buffer at pH 4.0. The synthesis
procedure employed microfluidics, utilizing an ethanol to water phase volume ratio of 1/3 and a

flow rate of 1/3. Subsequently, a dialysis step was conducted in 1xPBS for a duration of 2 hours.

mRNA design and synthesis

The expressing validation mRNA luciferase vector was constructed by luciferase natural coding
sequence (CDS). The design of IL-15 superagonists adhered to the specifications outlined in Figure
2A. The construction of related vectors was conducted by Genescript (Nanjing, China). The specific
mRNA sequence was generated through in vifro transcription, employing the T7 High Yield
Transcription Kit. Following transcription, the mRNA was purified using the Monarch RNA

Cleanup Kit. This process ensured the production of purified mRNA for subsequent experiments.

Characterization of LNP

The size and polydispersity index of LNPs were assessed using dynamic light scattering
(BECKMAN COULTER DelsaMax PRO, or Malvern Panalytical Zetasizer Pro). The mRNA
encapsulation efficiency was calculated according to the instruction of the Quant-iT™
RiboGreen™ RNA Assay Kit. The Cryo-electron microscopy was taken by the Electron
Microscope Platform of Shanghai Jiao Tong University, Zhang Jiang Institute for Advanced Study.
To study LNP stability, the size and polydispersity index were monitored for 4 weeks during storage

in PBS at 4°C.

Animal welfare
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All mice used in this study were housed and handled in accordance with the Animal Welfare Act
and the Regulations Relating to the Use of Animals in Research. All mice related studies followed
the principles of the ARRIVE guidelines to ensure the quality and transparency of animal
experiments. The number of animals used in this study was minimized by statistical methods, and
all possible measures were taken to reduce the pain and distress of the animals during the
experiment. The mice study presented in Figure 1 was approved by the Institutional Animal Care
and Use Committee (IACUC) of the Peking University Animal Center Ethics Committee. Other
mice studies were approved by the IACUC of Kaiji Pharmaceutical Technology (Suzhou) Co., Ltd
Ethics Committee. The NHP study was designed and handled by Medicilon Preclinical Research
(Shanghai) LLC, under the supervision of the IACUC of Medicilon Preclinical Research (Shanghai)

LLC.

Evaluation of in vivo delivery efficiency

To evaluate the delivery effect of LNPLo@ and LNP"¢ jn vivo, C57BL/6 mice aged 6-8 weeks
were employed. We prepared luciferase mRNA-LNP for in vivo imaging in mice after 6 hours of
injection. For the intramuscular (i.m.) injection of LNP° the mice's legs were depilated one day
in advance, followed by an i.m. injection the next day with a dosage of 0.05 mg/kg per leg. IVIS
imaging was conducted after 6 hours of injection. For the intravenous (i.v.) injection of LNPM"e,
the dosage was set at 0.25 mg/kg, and IVIS imaging was performed after 6 hours of injection. This
experimental design allowed for the assessment of the in vivo delivery efficacy of LNP<? and

LNP!"e formulations in the specified mouse model.

Detection the concentration of IL-15 superagonists
The effective concentration of IL-15 in the samples was assessed using the Human IL-15

Quantikine ELISA Kit (R&D Systems, MN, USA). All subsequent steps after sample collections

Page 15 of 47



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

were carried out following the instructions provided by the kit. The actual concentration of the

target molecules was determined by converting their molecular weight.

Detection the binding affinity of IL-15 superagonists to IL-2Rp/y

To evaluate the binding affinity of the [L-15 superagonists to the IL-2RB/y complex, affinity assays
were conducted using standard ELISA methods. In brief, 96-well ELISA plates were coated by
incubating them with 0.5 pg/mL of recombinant human IL-2Rp/y Heterodimer Protein at 4°C
overnight. The plates were then washed three times with PBST and subsequently blocked with PBS
containing 5% bovine serum albumin for 1 hour at 37°C. Following the washing of the plates,
duplicate serial dilutions of mRNA supernatant or N-803 were added to the plates and incubated at
room temperature for 2 hours. After this incubation, the plates were washed three times and treated
with HRP-labeled Goat Anti-Human IgG-Fc Secondary Antibody at 37°C for | hour. Following
further washing, the plates were exposed to a TMB single-component substrate solution and kept
in the dark for 5-10 minutes. The reaction was stopped using 2 M sulfuric acid, and the absorbance
was measured at both 450 nm and 570 nm. The final readout was determined using the formula:
A=0D (450nm) — OD (570nm). All solutions used in this part, unless specified, were sourced from

Multi Science (Hangzhou, China).

Activation of IL-2RB-STATS signaling in TF-1 reporter cells

The IL-2RB-STATS reporter TF-1 cell line was engineered to possess stably expressed human IL-
2Rp on its cell membrane, along with a conditionally expressed luciferase module. This luciferase
module is driven by a promoter region containing a STATS response element and a miniTATA box.
The TF-1 cells were suspended in RPMI1640 medium supplemented with 10% FBS and 1% P/S,
and were then seeded into a 96-well round bottom cell culture microplate (obtained from Corning,

NY, USA) at a concentration of 1ES5 cells per well. Subsequently, samples were added to the wells

Page 16 of 47



400

401

402

403

404

405

406

407

408

409

410

411

412

416

417

418

419

420

421

422

423

424

to reach a final volume of 200 pL per well. After co-culturing for 24 hours, the samples were
collected for the assessment of luciferase activity using the One-Lite Luciferase Assay System
(Vazyme, Nanjing, China). The luciferase activity was quantified using a plate-based luminometer

(Tecan, Méannedorf, Switzerland).

Detection of IL-6 and IFN- Yy level in PBMC activation assay

Peripheral blood mononuclear cells (PBMCs) were suspended in ImmunoCult™-XF T Cell
Expansion Medium supplemented with 10 png/ml CD3Ab (OKT3, obtained from Sino Biological,
Beijing, China). Subsequently, the PBMCs were seeded into a 96-well round bottom cell culture
microplate (obtained from Corning, NY, USA) at a concentration of 4ES5 cells per well. Following
this, samples were added to the wells to achieve a final volume of 200 pL per well. After co-
culturing for a duration of 72 hours, the supernatant was collected for the assessment of IFN-y
levels using the Human IFN-gamma Quantikine ELISA Kit and IL6 levels using the Human IL-6

Quantikine ELISA Kit.

Detection of pSTATS level and proliferation subclass in PBMC activation assay

Additionally, the cells were collected to evaluate the proliferation rate, the level of phosphorylated
STATS (pSTATS), and changes in the CD45+CD3+CD8+ and CD45+CD3+CD56+ cell subtypes.
The proliferation rate was quantified using the CellTiter-Glo® Luminescent Cell Viability Assay
(Promega, WI, USA), while the pSTATS level was assessed using the STATS alpha/beta (Phospho)
[pY694/pY699] Human InstantOne™ ELISA Kit. For cell subtype analysis, the cells were washed
and re-suspended in PBS containing 0.1% BSA, followed by staining with a panel of conjugated
antibodies: anti-human CD45-APC-Cy7 antibody, anti-human CD3-FITC antibody, anti-human
CD8-BV510 antibody, and anti-human CD56-PE-Cy7 antibody. Subsequently, the stained cells

were washed twice to remove any unspecific binding antibodies and were then subjected to
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measurement using a Beckman Cytoflex S flow cytometer (Beckman, CA, USA). The resulting

data were analyzed using FlowlJo software (Tree Star; Ashland, OR, USA).

Antitumor efficacy in mice

The comparative effectiveness of mRNA-encoded IL-15 superagonist and N-803 was evaluated in
immunocompetent mice harboring subcutaneous (s.c.) tumors of B16F10 melanoma, CT26 colon
carcinoma, or MC38 colon adenocarcinoma. Female C57BL/6 mice were subjected to
subcutaneous implantation (s.c.) of tumor cell slurries consisting of BI6F10 (1E6 cells/mouse) or
MC38 (5ES cells/mouse). Female Balb/c mice were subjected to subcutaneous implantation (s.c.)
of tumor cell slurries consisting of CT26 (1E6 cells/mouse) cells. Tumor sizes were assessed using
calipers, and tumor volumes were calculated using the formula: volume = length x width x width /
2. For treatment administration, mRNAs were injected intratumorally in a fixed volume of 50 pL
to mice with established tumors, while N-803 was administered intravenously. To assess the
comparative efficacy of lung-targeted LNP, we employed immunocompetent mice with intravenous
(i.v.) luciferase-expressing BI6F10 melanoma. Female C57BL/6 mice were subjected to i.v.
injection of BI6F10 (5ES cells/mouse) tumor cell slurries. Tumor growth was monitored through
in vivo bioluminescence imaging, and six hours after tumor inoculation, nRNA was administered
via i.v. injection in a consistent volume of 100 pL. Mice were euthanized when the tumor volume
of any group reached 2,000 mm?, or when they exhibited signs of morbidity, such as hunched

posture, ruffled fur, or reduced mobility, in accordance with the guidelines of the TACUC.

Complete blood count and Comprehensive Metabolic Panel
Complete blood count (CBC) was conducted on whole blood samples using the Automatic
Hematology Analyzer BC-5000 Vet (Mindray Bio-medical, Shenzhen, China). Comprehensive

Metabolic Panel (CMP) was conducted on serum samples using the Hitachi Biochemical Analyzer
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7100+ISE (Hitachi, Tokyo, Japan) with related reagents (FUJIFILM Wako Chemicals, Osaka,

Japan).

Analysis of CD8+ T cell and NK cell percentage in mice

The analysis of the percentage of CD8+ T cells and NK cells in mice were obtained by using flow
cytometry. All agents mentioned in the figure were administered via intravenous injection to
C57BL/6 mice. Seventy-two hours post-injection, the whole blood was collected, and PBMCs were
isolated using a Mouse PBMC Isolation Kit. Subsequently, the cells were washed, suspended in
PBS containing 0.1% BSA, and stained with a panel of fluorescence-conjugated antibodies: anti-
mouse CD45-APC-Cy7 antibody, anti-mouse CD3-FITC antibody, anti-mouse CDS8-PE-Cy7
antibody, and anti-mouse CD161-APC antibody. After staining, the cells were washed twice to
eliminate any unspecific binding antibodies, and measurements were conducted using a Beckman
Cytoflex S flow cytometer (Beckman, CA, USA). Data analysis was performed using FlowJo

software (Tree Star; Ashland, OR, USA).

Pharmacokinetics (PK)

This experimental design involved administering a single treatment to female C57BL/6 mice
according to the agents outlined in the figures. Sample collections were conducted at various time
points, including prior to dosing and at 4, 8, 24, 48, 72, 96, or 120 hours following a solitary dose
injection. The administration of mRNAs was performed either intramuscularly using a consistent
volume of 50 pL or intravenously using a consistent volume of 100 uL. Concurrently, N-803 was
administered intravenously. The concentrations of the agents were determined using an ELISA kit,

with the calculation methodology previously elucidated.

Hematoxylin and Eosin staining
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The initial steps for Hematoxylin and Eosin (H&E) staining involve the dehydration and paraffin
embedding of lung tissue, followed by sectioning the tissue into slices with a thickness of 3 pm.
Place the slices in an oven set to a temperature of 60 °C and allow them to bake for a duration of
30 minutes. The staining process involved the following steps: firstly, the sample was treated with
xylene three times for durations of 10 minutes, 5 minutes, and 5 minutes respectively. This was
followed by treatment with anhydrous ethanol twice, for durations of 5 minutes and 2 minutes.
Subsequently, the sample was treated with 95% alcohol for 2 minutes, followed by 80% alcohol for
2 minutes. The sample was then washed with water for 2 minutes. Next, the sample was stained
with hematoxylin staining solution for a period of 1-5 minutes, and subsequently washed with water
for 5 minutes. Rapid differentiation of the differentiation solution was performed, followed by
rinsing with warm water until the sample returned to a blue color. The sample was then stained with
eosin staining solution for 5 minutes, followed by treatment with 95% alcohol for 1-2 minutes.
Finally, the sample was treated with anhydrous ethanol three times for durations of 1-3 minutes
each, and then with xylene twice for 2 minutes each time. Next, proceed to securely close and allow

for natural evaporation of moisture. Ultimately, images were captured utilizing a microscope.

Immunohistochemical staining

Immunohistochemical (IHC) staining was conducted on lung tissue sections by initially performing
normal dewaxing, followed by a 30 minutes antigen retrieval process. Subsequently, the sections
were washed three times with phosphate-buffered saline (PBS) for a duration of 5 minutes each.
Subsequently, immunohistochemistry was conducted on the water blocking ring, which was
rendered inactive by treating it with a 3% hydrogen peroxide solution for a duration of 10 minutes.
Following this, the ring was subjected to three washes with PBS, each lasting for 5 minutes.
Subsequently, a sealing solution was incrementally introduced over a period of 30 minutes, after

which the sealing solution was subsequently drained. The initial antibody working solution was
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introduced directly and subjected to overnight incubation at a temperature of 4°C within a
refrigerated environment. Subsequently, the sample was subjected to three consecutive washes with
PBS, with each wash lasting for a duration of 5 minutes. Following this, the secondary antibody
was subjected to incubation at a temperature of 37°C for a duration ranging from 10 to 30 minutes.
Subsequently, it underwent three rounds of washing with PBS, with each wash lasting 5 minutes.
Finally, horseradish peroxidase (HRP) was introduced. The samples were subjected to incubation
at a temperature of 37°C for a duration of 10 to 30 minutes. Subsequently, they underwent three
washes with PBS, with each wash lasting 5 minutes. Finally, the samples were subjected to DAB
staining. It is recommended to perform a complete rinsing with tap water, followed by the

subsequent steps of restaining, sealing, and observation under a fluorescence microscope.

NHP in vivo studies

The NHP study was designed and handled by Medicilon Preclinical Research (Shanghai) LLC. The
work was carried out in strict adherence to the Regulations for the Care and Use of Laboratory
Animals and Guideline for Ethical Review of Animal Welfare (China, GB/T 35892-2018), under
the supervision of the IACUC of Medicilon Preclinical Research (Shanghai) LLC. Three macaca
fascicularis individuals, aged three to five years and weighing three to five kilogrammes, were used
in NHP investigations. The macaca fascicularis (Non-naive) were obtained from Medicillon's
animal reserve 999M-014. The experiment utilized Macaca fascicularis as the subjects, with a
control group comprising of one female, and an experimental group consisting of one female and
one male. The first intravenous administration of Macaca fasciculiris (LNP™"¢ without Fluc, 0.25
mpk) occurred at 0 hours, followed by a second intravenous administration 24 hours later (LNP-""e
with Fluc, 0.125 mpk). Imaging was conducted 6 hours after the second injection to examine the

presence of Fluc in different organs. In addition, frozen lung tissue slices were acquired to
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specifically investigate the expression of Fluc in the lungs. In addition, Comprehensive Metabolic

Panel and Complete Blood Count were conducted.

Data analysis

ECso were calculated by Four Parameter Logistic (4PL) Regression. Binding affinity were assessed

by receptor saturation one site specific binding Kd model. Comparisons of continuous variables

were done using Student t tests or ANOVA (2-tailed). P values < 0.05 were considered significant

(*, P <0.05; **, P <0.01; *** P <0.001; **** P <0.0001). All calculation were executed by

GraphPad Prism Version 8.0.2 (GraphPad Softeare, CA, USA). The graphical abstract image in the

article was created using Biorender website (https://app.biorender.com).
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Fig. 1. Evaluation of targeted LNP formulations. (A) Schematic illustration of IL15 mRNA-LNP
balancing safety and efficacy in cancer therapy. (B) Schematic illustration of established Structure-
driven TARgeting (STAR) platform, in which mRNA-LNP could reach muscles and lung
specificity. (C) Characterization of LNPM and LNP"""¢ encapsulating firefly luciferase (Fluc)
mRNA. (D, E) Images of Cryo-electron microscopy of LNP@ and LNP"¢ (Scale bar = 100 nm).

(F, G) Size and PDI change over 28 days at 4°C. (H-M) Validation of previously designed LNPs

through the Fluc expression in vivo. (H) IVIS images of LNPL°@ and SM102 LNP for delivering
Flue mRNA via i.m. injection (0.05 mg/kg/leg). (I) Percentage of luciferase expression in muscles
and various organs of LNP¥ and SM 102 LNP. (J) Total flux (ROI) of luciferase signals measured
in muscles and other organs treated by various mRNA-LNPs. (K) IVIS images of LNP'"¢ for
delivering Fluc mRNA by i.v. injection (0.25 mg/kg). (L) Total flux (ROI) of luciferase signals
measured in different organs after injection of LNPM"¢, (M) Percentage of luciferase expression in
various organs treated by mRNA-LNPM"¢, Data is shown as mean+s.e.m. (n = 3 biologically

independent samples or animals).
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Fig. 2. Improvement of in vitro activity of mRNA-encoded IL-15 superagonists. (A) The
schematic illustration of structural optimization of the IL-15 superagonist via mRNA format. (B)
Detection of activating signal of IL2ZRB-STATS in TF-1 IL2RB-STATS reporter cells. Reporter
cells were co-cultured with cell medium containing either N-803 or IL-15 superagonist protein for
24 h before detection. (C-F) Assessment of the activation of peripheral blood mononuclear cells

(PBMC) in a co-culture system with N-803 or mRNA-encoded IL-15 superagonists supernatant.
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PBMC were co-cultured with N-803 (4.5 nM) or mRNA-encoded IL-15 superagonists supernatant
(0.1 nM), as well as 10 ug/ml CD3Ab (OKT3) for 3 days, then several parameters were detected,
including (C) pSTATS levels in the cell lysate, (D) IFNy levels in the supernatant, (E) cell
proliferation rate, and (F) changes in CD45+CD3+CD8+ and CD45+CD3+CD56+ cell subtype
proportion. The PBMC samples were collected from lung cancer patients (C, D) and healthy

individuals (E, F). Data is shown as mean & SEM and asterisks indicate significant differences

between the N-803 and mRNA-encoded IL-15 superagonist groups (*, P < 0.05; **, P <0.01; ***,

P <0.001; **** P <0.0001).
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Fig. 3. The mRNA-LNPs encoding STR-2 and STR-4 well-balanced efficacy and toxicity in
subcutaneously tumor model. (A) The schematic diagram of optimized STR-2 and STR-4 mRNA
for anti-tumor assay delivered using LNPX*? Mice were inoculated subcutaneously with IE6 CT26
tumor cells and randomized into groups when tumors reached 80-120mm?, then mice were dosed
three times and marked day 0, day 6 and day 10. Each group, N-803 (i.v.), SRT-2 (i.t.) and SRT-4
(i.t.) included low, medium and high doses. (B, D) Tumor growth in each group was monitored
cross day 0 to day 12. (C) The change of body weight was recorded from the day post 1% dose. (E)
The pharmacokinetics of the agents in mice, with plasma concentrations measured before dosing
and at 4h, 8h, 24h, 48h, 72h, 96h, and 120h after a single dosing. (F) The schematic diagram of
optimized STR-2 and STR-4 mRNA for anti-tumor assay delivered using LNP™< in B16F10
model. Mice were inoculated subcutaneously with 1E6 B16F10 cells and randomized into groups
when tumors reached 80-120mm?. Then the mice were treated by various groups, vehicle (empty
LNP, i.t.), N-803 (0.2 mpk, i.v.), SRT-2 (2 mpk, i.t.) and SRT-4 (2 mpk, i.t.), for twice (marked day
0 and day 8). The tumor growth (G, I) and body weight changes (H) were recorded since the day
post dosing to day 12. Data is shown as mean=+s.e.m. (n = 5 biologically independent animals).
Asterisks indicate significant differences (¥, P < 0.05; **, P < 0.01; *** P < (0.001; **** P <

0.0001).
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Fig. 4. Sequence optimization of STR-4. (A) This schematic illustrates the design and process of
STR-4 mRNA sequence mutation, codon optimization, and in vitro and in vivo screening. (B) The
schematic diagram of assessing the ability to activate IL2RB-STATS signaling in TF-1 reporter
cells. (C) The ECso heat map of 108 different STR-4 mutants, which was generated by one-by-one
“to D” AA mutation from the N-terminus to the C-terminus in the [L-15 portion. (D, E) Assessment
of the activation of peripheral blood mononuclear cells (PBMC) in a co-culture system with top
STR-4 mutants. The changes in CD45+CD3+CD8+ (D) and CD45+CD3+CD56+ (E) cell subtypes
were analyzed, respectively. (F) The schematic diagram of STR-4-D43 and STR-4-D61 mRNAs
for anti-tumor assay delivered by LNPL in MC38 model. Mice were inoculated subcutaneously
with 5E5 MC38 cells and randomized into groups when tumors reached 80-120mm?. Then mice
were treated by various groups, vehicle (empty LNP, i.t.), N-803 (0.2 mpk, i.v.), SRT-4-D43 (2
mpk, i.t.) and SRT-4-D61 (2 mpk, i.t.), at day 0, day 3, day 7, day 10, and day14. Tumor growth
(G, K) and body weight changes (H) were monitored during whole experiment, and (I, J) blood
samples were collected on day 17 for Complete Blood Count. Data is shown as mean + s.e.m. (n =
3-5 biologically independent samples or animals). Asterisks indicate significant differences (*, P <

0.05; **, P <0.01; ***, P <0.001; **** P <0.0001).
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Fig. 5. The remarkable anti-tumor activity of top STR-4 variants in lung metastatic tumor.
(A) The comparison of STR-4-D61 protein in blood after the mRNA was delivered with LNP!ver
and LNP""2 by i.v. injection. (B) The schematic diagram of STR-4-D61 for lung metastatic tumor
therapy. Mice were inoculated intravenously with luciferase-expressing B16F10 and randomized
into groups. After 6h, mice were i.v. treated by STR-4-D61 LNPL¢ for twice with mRNA dose of
1 mg/kg. (C, D) Tumor growth of each group was monitored by IVIS system and quantification
data was analyzed. (E) At day 14, mice were sacrificed and lung images were recorded. (F) The
antitumor effect of STR-4-D43 mRNA on lung metastatic tumors was also evaluated through
experiments similar to those described above. (G-I) Obvious tumor inhibition of STR-4-D43 group
was observed by I VIS imaging, luciferase quantification and lung tissue photographs. (J, L) Treated
by STR-4-D43 LNP, the proportion of CD161+ NK cells in blood were significantly increased, and
the increase infiltration of CD3+T cells and CD8+ T cells in the lung was observed. (K) H&E
staining confirmed the anti-tumor efficacy that STR-4-D43 group showed a close-to-healthy lung

tissue. Scale bar = 100 um. Data is shown as mean + s.e.m. (n = 5 biologically independent animals).
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Fig. 6. The validation of efficacy and safety of mRNA-LNP'"""¢ in non-human primates
(NHPs). (A) Schematic illustration of design of experiment in Macaca fasciculiris. One female was
treated by 1xPBS, another female and a male were treated by Flue mRNA-LNP™"¢, Two doses of
injections were completed at 0 h (0.25 mg/kg empty LNP) and 24 h (0.125 mg/kg mRNA-LNP),
respectively. After another 6h, tissues and blood were collected for further analysis. (B-D)

Luciferase expression of major tissues was imaged, quantified and analyzed. (E)
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778 Immunohistochemistry (IHC) images were performed to confirm the Luc expression in the lungs
779 (Scale bar, 100 pm). (F-I) The blood parameters were assessed to verify the safety of mRNA-
780  LNPM"e, ALB: albumin, BUN: blood urea nitrogen, UA: urea, LYM: lymphocyte.

781
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Supplemental Figure S1. Detection of STR-4 variants inducing activating signal of IL2RB-STATS in TF-1

IL2RB-STATS5 reporter cells. Reporter cells were co-cultured with cell medium containing selected STR-4 ‘to D’

variants for 24 h before detection, presented by ECso of inducing IL2R B -STATS reporter TF-1 signaling.
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Supplemental Figure S2. Detection of the binding affinity of STR-4 variants to IL-2Rp/y complex. Selected STR-
4 ‘to D’ variants mRNAs were transfected to HEK293T cells through transfection reagent. Twenty-four hours after
transfection, supernatants were collected to detect the potency. IL-2RB/y complex protein were coated in plate, then
selected STR-4 ‘to D’ variants supernatants were incubated overnight within the plate. Subsequently, Fc fragment of

the variants were detected by 2™ antibody to demonstrate the relative quantity of binding variants.
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800 Supplemental Figure S3. Expression level of selected STR-4 ‘to D’ variants in HEK293 cells. Selected STR-4 ‘to
801 D’ variants mRNAs were transfected to HEK293T cells through transfection reagent. Twenty-four hours after
802 transfection, supernatants were collected to detect the concentration of the variants.
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805
806 Supplemental Figure S4. IL-6 level in MC38 tumor bearing mice after treatment of STR-4 variants. Blood

807  samples were collected from MC38 tumor bearing mice on D17 after first dose, align with the schematic diagram
808 from Fig.4F. Data is presented as mean =+ standard error.

809
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811
812 Supplemental Figure S5. Hematological parameters in MC38 tumor bearing mice after treatment of STR-4

813 variants. Blood samples were collected from MC38 tumor bearing mice on D17 after first dose, align with the
814 schematic diagram from Fig.4F. Samples were analyzed by Complete Blood Count within 6h after sampling. Data is

815 presented as mean * standard error.

816
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817

818
819  Supplemental Table 1. Tumor growth inhibition (TGI%) in CT26 tumor bearing mice. Tumor volume data were

820  collected from CT26 tumor bearing mice on D12 after first dose, align with the schematic diagram from Fig.3A.TGI %
821 were calculated by the equation of ‘[1 — (change of tumor volume in treatment group/change of tumor volume in control

822 group)] x 100°. Data is presented as mean % standard error.

823
Object TGI % p value vs vehicle
N-803 1 MPK 83.75819+7.559 0.033524
N-803 0.2 MPK 56.313+22.777 0.259452
N-803 0.04 MPK 1.238423.733 0.848647
STR-2 0.08 MPK 17.903+15.933 0.355343
STR-2 0.4 MPK 53.266+15.620 0.068671
STR-2 2 MPK 71.546+9.732 0.013497
STR-4 0.08 MPK 21.627+44.712 0.172562
STR-4 0.4 MPK 62.272+13.095 0.013477
STR-4 2 MPK 88.291+11.709 0.060280
824
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827

828

829

830

831

Supplemental Table 2. Tumor growth inhibition (TGI%) in B16F10 tumor bearing mice. Tumor volume data
were collected from B16F10 tumor bearing mice on D12 after first dose, align with the schematic diagram from
Fig.3F.TGI % were calculated by the equation of ‘[1 — (change of tumor volume in treatment group/change of tumor

volume in control group)] x 100°. Data is presented as mean * standard error.

object TGI % P Vah.le VS p value vs N-803 0.2MPK
vehicle
N-803 0.2MPK 28.062+23.617  0.447881 N.A.
STR-2 2MPK 61.189+6.203  0.018652 0.122862
STR-4 2MPK 85.224+4.200  0.009325 0.038684
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833

834

835

836

837

838

Supplemental Table 3. In vitro parameters of STR-4 ‘to D’ variants. STR-4 ‘to D’ variants mRNAs were transfected
to HEK293T cells through transfection reagent. Twenty-four hours after transfection, supernatants were collected for
in vitro characterization. Expression level was demonstrated by the concentration of variants in the supernatant. Affinity
was evaluated by the binding affinity of the supernatants to IL-2RB/y complex. EC50 of IL2RB-STATS signaling was

measured by TF-1 reporter cells.

ems Expression Affinity to IL2ZRbg complex IL2R B -STATS signaling
level (pg/ml) Bmax Kd (nM) EC50 (pM)
D1 21215.1 1.767 1869.808588 53.1491
D2 272429 0.04885 4.424785689 NA.
D3 32887.7 321 4248.561475 53.58751
D4 26330.0 1.937 2484.049008 72.35292
D5 27743.0 0.03831 0.606803147 NA.
D6 6148.0 1.572 548.1661252 NA.
D7 33838.1 3.235 4219.908404 68.97875
D8 213495 0.044 1.353583591 297.6475
D9 14095.1 0.5264 806.591772 34.79861
D10 19492.0 0.7883 1192.233922 4323012
D11 6815.3 0.03339 0.087055232 NA.
D12 19552.1 0.722 1110.345637 53.05515
D13 10342.7 0.2161 260.2262497 N.A.
D14 13098.7 0.3094 465.1818217 54.14334
D15 17361.8 0.5951 966.6105609 92.6919
D16 21409.2 0.9726 1267.780953 45.49262
D17 14914.5 1.348 1268.328962 64.77473
D18 31453.7 0.2735 1199.123185 23.14949
D19 21215.1 0.8764 1619.44651 55.12976
D20 32580.5 3218 4301.561827 45.83708
D21 16936.0 1.081 1424.35511 112.342
D22 22348.1 0.2991 1036.520922 46.46338
D23 36264.2 0.02645 0.467138999 24.86398
D24 10230.1 0.07722 0.756957764 91.90903
D25 17574.3 0.9299 781.8530552 NA.
D26 14667.6 0.6109 401.5344267 N.A.
D27 18739.0 0.6731 716.091909 NA.
D28 30311.3 1.29 1355.932203 52.32708
D29 184522 0.8087 758.7583669 80.71398
D30 27404.7 1.178 1531.373547 66.55967
D31 8471.3 0.05701 0.168708655 34.36803
D32 24247.6 0.9508 1891.415822 63.06024
D33 20422.4 1.157 1211.257682 43.05789
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D34
D35
D36
D37
D38
D39
D40

D62
D63
Do4
D65
D66
D67
D68
D69
D70
D71
D72
D73
D74
D75
D76
D77
D78

10133.5
34262.1
6165.3
5153.4
11381.4
9680.9
15237.8
6815.3
34700.5
27698.9
5540.3
359427
11365.5
5400.1
5522.8
22838.8
8421.8
17998.6
13660.2
46806.5
13722.4
10423.0
14822.0
20437.4
22883.3
46865.3
14497.7
8273.1
7356.0
26049.9
14048.6
12848.3
18935.0
263152
25016.7
127543
24602.8
7507.1
239959
17149.0
34905.2
26226.8
20152.6
9323.4
16448.3

24.64
0.711
0.009371
49.53
10.03
N.A.
0.03563
0.01072
264.3
N.A.
NA.
N.A.
N.A.
136.6
0.07082
0.02667
0.08987
1.03
1.304
2753
0.2495
1.107
2.053
0.1957
2.598
2.758
0.5473
2.327
1.844
1.263
0.5356
1.182
0.7546
0.06229
0.9986
1.156
251
0.353
0.6037
1.477
2.495
1.824
1.206
0.3594
0.9087

12834.07054
1443.144009
43.9581947
6608.134027
17521.27451
N.A.
85.56777704
36.82624183
53149.88061
N.A.
N.A.
N.A.
N.A.
7165.22488
38.77559009
0.76697851
0.980937096
1375817121
1674.169178
2939.679806
454.3782049
633.499041
1470.153051
229.6160019
1559.948331
2351.274122
423.2982346
469.5658981
497.1229499
1226.680236
542.999178
417.5832779
1032.998004
1.721532861
1172.662152
1206.795318
2026.461033
368.3407054
190.7073238
1032.528281
1462.011195
1172.035855
905.3117783
253.2586997
795.631581

56.40584
N.A.
41.19466
22.64062
NA.
43.76248
32.12119
26.66458
N.A.
19.54045
27.80757
35.9416
35.08044
43.11269
N.A.
27.34568
49.01554
33.50687
87.75982
46.12675
25.88171
36.20777
16.68298
28.72353
31.78455
N.A.
75.57835
14.57705
N.A.
N.A.
54.41735
14.02904
60.93083
N.A.
33.53818
50.70654
2725956
31.43226
29.06016
33.82785
N.A.
28.51998
43.73899
50.01761
46.51035
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839

840
841

842

D79

D80
D81
D82
D83
D84
D85
D86
D87
D88
D89
D9
DI1
D92
D93
DY%4
D95
D%

D97

D98
D99
D100
D101
D102
D103
D104
D105
D106
D107
D108

20512.2

19972.6
11651.1
37930.1
19552.1
31556.2
37170.2
18512.6
26521.5
10052.8
11888.5
10101.2
14791.1
29006.1
14404.9
24336.4
14729.4
29519.6

18467.3

7187.6
6251.3
27463.6
25341.7
4993.9
38967.8
22258.8
38543.9
17255.4
43020.8
23936.6

0.03858

0.5469
0.124
0.04284
0.02986
0.0496
0.03827
0.7136
0.4821
0.03902
0.1838
0.07921
0.4102
1.034
0.0212
0.02101
0.4672
0.4432

0.01794

0.307
0.2226
0.03528
0.03482
1.591
5.15
0.1269
1.891
1.748
1.056
0.6149

0.373820801
622.53885
124.0067327
2.222570165
0.361060007
18.0999726
13.12091439
808.7838102
1329.784319
5.262457431
338.9047638
67.89055466
340.3922183
1263.710025
0.128860532
0.208321917
713.117
1259.325948

0.020808706
148.5105883
129.9565507
0.312835167

0.26155713
792.7349591
8175.441343
299.7612244
3669.080518
915.2542373
1791.286648
870.8654637

41.18683

38.91651
N.A.
2520061
51.02752
32.76314
33.92179
51.14495
3226211
65.18182
74.95988
56.23361
51.16843
32.87274
54.68352
33.80436
56.27275
37.87529

71.77359

N.A.
NA.
50.80049
76.64305
NA.
34.72032
49.11731
49.54789
17.57545
45.06987
47.49677
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