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CORONAVIRUS

Structural and biochemical characteristics of mRNA
nanoparticles determine anti-SARS-CoV-2 humoral
and cellular immune responses

Yingying Shi"?, Jiaxin Huang?, Yu Liu? Jing Liu', Xuemeng Guo?, Jianhua Li?, Liming Gong?,
Xin Zhou?, Guofeng Cheng", Yunging Qiu'*, Jian You'?*, Yan Lou'*

The coronavirus disease 2019 (COVID-19) pandemic underlines the urgent need for effective mRNA
vaccines. However, current understanding of the immunological outcomes of mRNA vaccines formulated
under different nanoplatforms is insufficient. Here, severe acute respiratory syndrome coronavirus 2 recep-
tor binding domain mRNA delivered via lipid nanoparticle (LNP), cationic nanoemulsion (CNE), and cationic
liposome (Lipo) was constructed. Results demonstrated that the structural and biochemical characteristics
of nanoparticles shaped their tissue dissemination, cellular uptake, and intracellular trafficking, which
eventually determined the activation of antiviral humoral and cellular immunity. Specifically, LNP was
mainly internalized by myocyte and subsequently circumvented lysosome degradation, giving rise to
humoral-biased immune responses. Meanwhile, CNE and Lipo induced cellular-preferred immunity, which
was respectively attributed to the better lysosomal escape in dendritic cells and the superior biodistribution
in secondary lymphoid organs. Overall, this study may guide the design and clinical use of mRNA vaccines
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against COVID-19.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
causative agent of coronavirus disease 2019 (COVID-19), is a highly
transmissible, pathogenic, and mutagenic virus that challenges public
health at an unprecedented scale (I1-5). The outbreak of COVID-19
has prompted the development of prophylactic vaccines for the es-
tablishment of specific immune protection against virus infection.
Of all vaccine modalities, mRNA-based ones have emerged as a
promising candidate with advantages including fast and scalable
manufacturing, potent immunogenicity, and good biosafety (6-8).
However, the anionic, hydrophilic, and fragile nature of mRNA mol-
ecule greatly limits its bioavailability. Therefore, a delivery sys-
tem is needed to promote the biochemical stability and site-specific
accumulation of mRNA for effective mobilization of the antiviral
immunity (9-12).

As the two main arms of adaptive immune system, humoral
immunity and cellular immunity are intrinsically correlated, whose
collaboration determines the effectiveness and sustainability of an-
tiviral competence (13). Specifically, humoral immunity primarily
depends on the antibody-mediated neutralization, which neutralizes
virus infectivity and inhibits virus-mediated cell membrane fusion
(14-17). On the other hand, cellular immunity is largely mediated
by CD8" T cells, which eliminates infected cells by T cell receptor recog-
nition (18). Multifaceted immunological memory can be established

1Zhejiang Provincial Key Laboratory for Drug Clinical Research and Evaluation, De-
partment of Clinical Pharmacy, The First Affiliated Hospital, College of Medicine,
Zhejiang University, 79 QingChun Road, Hangzhou, Zhejiang 310000, People’s
Republic of China. 2College of Pharmaceutical Sciences, Zhejiang University, 866
Yuhangtang Road, Hangzhou, Zhejiang 310058, People’s Republic of China.
3Zhejiang Provincial Center for Disease Control and Prevention, 3399 Binsheng
Road, Hangzhou, Zhejiang 310051, People’s Republic of China. “Ausper Biopharma
Inc., 688 Bin'an Road, Hangzhou, Zhejiang 310051, People’s Republic of China.
*Corresponding author. Email: qiuyg@zju.edu.cn (Y.Q.); youjiandoc@zju.edu.cn (J.Y.);
yanlou@zju.edu.cn (Y.L.)

Shi etal., Sci. Adv. 8, eabo1827 (2022) 23 November 2022

during humoral and cellular immunoresponse to provide specific
protection against virus invasion (19-21).

Antiviral humoral immunity and cellular immunity differ in the
onset time, mode of action, magnitude, and persistence. Latest
studies manifest that upon natural infection or vaccine inoculation,
CD8" T cells mediate an earlier (precedes the maturation of other
effector arms), more vigorous, and more durable protection
(22, 23). In contrast, antibody immunity has a delayed mobilization
and quicker decline (a narrower protection window) (24, 25). It is
reported that in the context of SARS-CoV-2 spike mRNA vaccine
(BNT162b2, Pfizer-BioNTech), CD8" T cells are quickly mobilized
1 week after prime vaccination, which undergo extensive clonal ex-
pansion and effector differentiation after boost vaccination. On the
contrary, neutralizing antibodies are only readily detectable after
boost (26). Characteristics from the ongoing pandemic indicate that
CD8" T cells are stably maintained to convey a long-term protec-
tion against SARS-CoV-2, while antibody-mediated response seems
to attenuate over time (24, 27).

Lipid nanoparticle (LNP), cationic nanoemulsion (CNE), and
cationic liposome (Lipo) are frequently used as mRNA delivery
systems with unique characteristics (6, 10, 28-33). However, there
is still a lack of systemic understanding on the mode of action of these
nanocarriers in inducing antiviral humoral and cellular immunity.
Here, SARS-CoV-2 receptor binding domain (RBD) mRNA-
encapsulated/adsorbed LNP [which has been in clinical trials or
granted a conditional marketing authorization (7, 22)], CNE
[formulated on the basis of our previous studies (34)], and Lipo
[prepared according to our previous works (35, 36)] were constructed,
with their tissue dissemination, cellular uptake, intracellular traffick-
ing, and immunological responses investigated. Results suggested
that nanoparticles with different structural and biochemical charac-
teristics elicited humoral immunity and cellular immunity with dif-
ferent preferences, which may instruct the design and clinical use of
lipid nanoplatform-based mRNA vaccines against SARS-CoV-2.
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RESULTS

Verification of the pharmacological activity of mRNA
Lipid-based nanoparticles are versatile carrier platforms facilitat-
ing the delivery of precise genetic information to target cells. At
present, LNP-, nanoemulsion-, and liposome-formulated RNA
vaccines against infectious diseases or malignancies have been
shown in clinical trials to be safe and well tolerated (6, 10, 33, 37).
Here, on the basis of the disclosed LNP prescription (by Pfizer/
BioNTech) (30) and our previous works on nucleic acid nanopar-
ticles (34, 36), LNP, CNE, and Lipo were prepared (Table 1) for
mRNA delivery.

We first verified the pharmacological activity of mRNA using
LNP-based delivery vehicle. Bioluminescence analysis suggested that
when luciferase mRNA was used as the model nucleic acid and for-
mulated with LNP, a robust luciferase signal was observed both at
the injection site (i.e., on both hind legs) and the liver at 6 hours
after intramuscular administration, which gradually declined within
24 hours (Fig. 1A). It should be mentioned that compared to the per-
manently charged cationiclipid, theionizablelipid [(6Z,9Z,28Z,31Z)-
heptatriacont-6,9,28,31-tetraene-19-yl 4-(dimethylamino) butanoate
(DLin-MC3-DMA)] in LNP features a neutral to mildly cationic
charge under physiological pH that contributes to a reduced toxicity
and prolonged systemic circulation, which might explain for the
dynamic turnover of luciferase in the liver. Then, the in vitro and
in vivo transfection of SARS-CoV-2 RBD mRNA was evaluated.
Western blot analysis showed that human embryonic kidney (HEK)
293 cells transfected with RBD (amino acids 319 to 541) mRNA for
36 hours successfully produced RBD protein in the whole-cell lysate
(Fig. 1B). Meanwhile, BALB/c mice intramuscularly vaccinated with
RBD mRNA-encapsulated LNP resulted in a higher serum RBD-
specific immunoglobulin G (IgG) antibody concentration than that
of RBD antigen (Ag) plus adjuvants (CpGjg;s and Alum) on days
14, 21, and 28 (Fig. 1C), with serum pseudotyped virus neutraliza-
tion titer 50% reaching some 1:6000 and 1:7000 on days 21 and 28,
respectively (Fig. 1D). These results indicated that the SARS-CoV-2
RBD mRNA used in this work was pharmacologically valid to sup-
port our further exploration.

Preparation and characterization of mRNA nanoparticles

We next thought to compare the vaccine effects of mRNA prepared
under different nanoplatforms and first characterized the physico-
chemical properties of each preparation. Specifically, mRNA was
encapsulated inside the nanoparticles (nNRNA@LNP and mRNA@
Lipo) using microfluidic chip technique or adsorbed on the sur-
face of cationic nanoparticles (mMRNA-CNE and mRNA-Lipo) via

electrostatic interactions (Fig. 2A). When fluorescein amidite
(FAM)-labeled single-strand DNA (FAM-ssDNA) was used as the
model nucleic acid and nanoparticles were labeled with the fluorescent
dye 1,1’-dioctadecyl-3,3,3’,3’ tetramethylindodicarbocyanine,4-
chlorobenzenesulfonate salt (DiD), structure illumination micros-
copy (SIM) images confirmed that FAM-ssDNA was successfully
loaded by these nanoparticles via the two drug loading strategies,
i.e., encapsulation and adsorption (Fig. 2B).

The association with enhanced green fluorescent protein (eGFP)
mRNA led to an increased diameter and decreased surface charge
of all nanoparticles (Fig. 2, C and D). Notably, RNA encapsulation
resulted in a larger particle size, while RNA surface complexation
caused a sharper decrease in the zeta potential. In addition, trans-
mission electron microscopy (TEM) observations and agarose gel
electrophoresis assay suggested that both loading approaches were
able to generate well-defined nanosized particles with spherical
morphology (Fig. 2E) and high mRNA loading efficiency (Fig. 2F).

Anti-SARS-CoV-2 humoral and cellular responses induced
by mRNA nanoparticles

The spike (S) protein is an important structural protein of SARS-
CoV-2 that binds with its receptor angiotensin-converting enzyme
2 (ACE2) to mediate viral entry into the host cells. As the smallest
domain of S protein that directly binds to ACE2, RBD is frequently
used as the immunogen to induce specific antibodies (block virus
invasion) and effector T cells (eliminate infected cells). To date,
RBD-based mRNA vaccines have been verified to produce effec-
tive immune protection in both animal models and human clin-
ical trials (12, 38, 39). Here, nucleoside-modified mRNA encoding
the RBD of SARS-CoV-2 S protein was used and formulated with
LNP, CNE, and Lipo. BALB/c mice were intramuscularly admin-
istered with saline (A#), nNRNA@LNP (B#), nRNA-CNE (C#), nRNA@
Lipo (D#), or mRNA-Lipo (E#) (10 ug of RBD mRNA per mouse
in B# to E#) on both hind legs on day 0 (prime) and day 14 (boost)
(Fig. 3A).

Serum virus neutralization assay represents the gold standard for
evaluating humoral immunity-mediated protection in vaccinated
individuals. Results suggested that antiviral antibodies were signifi-
cantly elicited in mRNA@LNP-vaccinated mice, as the immune sera
from B# broadly neutralized the authentic infection of SARS-CoV-2
[both the wild-type strain and the Delta (B.1.617.2) variant] to Vero
E6 cells on day 21 (after boost) (Fig. 3B), which also displayed the
highest anti-SARS-CoV-2 (2019-nCoV) spike RBD IgG levels on
days 7, 21, and 28 (Fig. 3C). Meanwhile, antiviral antibody respons-
es were also induced in mice activated with mRNA-CNE, although

Table 1. Formulations of LNP, CNE, and Lipo. DMG-PEG;q, 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000; DOPE, 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine; DOTAP, dioleylhydroxypropyl-3-N,N,N-trimethylammonium; DSPC, 1,2-dioctadecanoyl-sn-glycero-3-phophocholine; DSPE-PEG;q00,
distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide (polyethylene glycol)-2000].

Nanocarrier Lipids Composition (mass ratio) Lipid concentration (mg/ml) N/P ratio with mRNA
DLin-MC3-DMA:DMG-
LNP PEG;g00:cholesterol:DSPC 13:1.6:6.2:3.3 1205 6
CNE DOTAP:lipoid E-80:vitamin E 6:7:7 3333 4.5
DOTAP:DOPE:DSPE-
Lipo PEG3000:DSPE-PEG;000- 1552:388:15:45 4 34
Pardaxin
Shi etal., Sci. Adv. 8, eabo1827 (2022) 23 November 2022 20f13
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Fig. 1. Transfection of mRNA in vitro and in vivo. (A) Biodistribution and transfection of mRNA in vivo. BALB/c mice were intramuscularly (i.m.) administrated with lu-
ciferase mRNA-encapsulated LNP or LNP solvent (20 ug of mRNA per mouse) on both hind legs (n = 3). Bioluminescence was measured at 6, 12, and 24 hours using an
in vivo imaging system. (B) Western blot analysis of the expression of RBD protein in the whole-cell lysate of HEK 293 cells at 36 hours after treatment. Here, 293 cells were
respectively stimulated/transfected with 19.2 ng of RBD [amino acids (aa) 311 to 543] (Ag, positive control), 100 ng of RBD319-541 MRNA, 100 ng of luciferase mRNA (control
mRNA), and culture medium (negative control). (C and D) BALB/c mice (n = 3) were intramuscularly vaccinated with RBD mRNA-encapsulated LNP (3 ug of mRNA), saline,
or RBD Ag (3 ug) + Dynavax CpGig1g (10 nug) + Alum (50 ng). Serum concentration of RBD-specific IgG antibodies was determined using an ELISA kit on days 14, 21, and 28
(C). Meanwhile, serum SARS-CoV-2 pseudotyped virus neutralization titer 50% (PVNTso) of RBD mRNA LNP-treated mice was determined using COVID-19-Spike Protein

Pseudovirus (catalog no. 11906ES50, Yeasen Biotechnology Co. Ltd., Shanghai, China) on days 21 and 28 (D). Data are presented as means + SD.

insufficiently (Fig. 3, B and C). By contrast, CNE- and Lipo-based
mRNA nanoparticles induced a cellular-biased immunity, with
interferon-y—positive (IFN-y") CD8" T cells in splenic lymphocytes
significantly produced (Fig. 3D and fig. S1). Besides, IFN-y* CD8"
and IFN-y" CD4" T cells were actively generated in these groups
after in vitro S protein restimulation (Fig. 3, D and E, and fig. S1).
Notably, these mRNA nanoparticle-vaccinated mice exhibited a
CD8" T-favored and CD4" T helper type 1 (Ty1)-skewed immune
response upon antigen reexposure, in which antiviral-specific CD8"
T cells, instead of CD4" T cells, were extensively mobilized (Fig. 3,
F to H), and typical Ty1/Ty2 cytokine secretion profiles [IFN-y*/
interleukin-4-positive (IL-4")] by lymphocytes were observed (Fig. 3,
I to K). Immunologic memory T cell response toward SARS-CoV-2
spike reencounter demonstrated that CD8" T cells underwent phe-
notypic change from central memory (Tcm) to effector memory
(Tem) in all groups (Fig. 3, L to N). Specifically, CD8" Tcm cells
were efficiently induced in CNE- and Lipo-based vaccines, especial-
ly in the mRNA-CNE group, which might contribute to a rapid and
robust elimination of infected cells (40).

On the other hand, the inguinal lymph nodes (LNs) near the in-
jection site were collected after boost for analyzing the activation
(CD86") of B cells (B220") and dendritic cells (DCs) (CD11c*)
(Fig. 4A), as well as the effector elicitation (IFN-y") of CD4" T cells

Shi etal., Sci. Adv. 8, eabo1827 (2022) 23 November 2022

and CD8" T cells (Fig. 4B). In line with the above results, immu-
nofluorescence staining pictures revealed that LNP-based mRNA
vaccine effectively activated B cells and CD4" effector T cells in
the draining LNs, while CNE- and Lipo-based vaccines (espe-
cially mRNA-CNE) induced more activated DCs and CD8" effector
T cells (Fig. 4).

Together, these data indicated that different nanoplatforms
elicited humoral immunity and cellular immunity with different
preferences. Specifically, LNP-based mRNA vaccine induced a
humoral-biased immune response, while CNE- and Lipo-based
ones gave rise to cellular-preferred immunity. Here, compared to
mRNA@Lipo, mRNA-Lipo was more representative in eliciting
cellular immunity, which was thereby selected for the follow-up
studies.

Biodistribution of different nanoparticles

To illustrate the underlying mechanisms, biodistribution patterns
of different LNPs (i.e., LNP, CNE, and Lipo) were investigated. Fol-
lowing a single dose of intramuscular administration into both hind
legs, all the tested nanoparticles primarily resided at the injection
site (i.e., muscle) within 72 hours (Fig. 5A). It should be mentioned
that the fluorescence intensity of Lipo was remarkably lower than
that of CNE and LNP, possibly due to the signal interference of
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Fig. 2. Formulation and characterization of different mRNA nanoparticles. (A) Schematic view of the structures of mRNA nanoparticles fabricated by microfluidics
(mMRNA@LNP and mRNA@Lipo) and postsynthetic surface adsorption (MRNA-CNE and mRNA-Lipo). (B) SIM observations of different ssDNA-loaded nanoparticles.
Top, 6'FAM-ssDNA; middle, DiD-labeled nanoparticles; bottom, merged views. Scale bars, 1 um. (C and D) Particle size, polydispersity index (PDI), and surface charge of
LNP, CNE, and Lipo with/without enhanced green fluorescent protein (eGFP) mRNA (n = 3). All error bars are expressed as +SD. (E) TEM images of mMRNA@LNP, mRNA-CNE,
mRNA@Lipo, and mRNA-Lipo. Scale bars, 200 nm. (F) mRNA encapsulation/complexation by agarose gel electrophoresis assay. Naked mRNA was used as a control. eGFP

mRNA was used as the model nucleic acid in (C) to (F).

polypeptide (i.e., Pardaxin) surface modification. Further ex vivo
dissection (Fig. 5, B and C) showed that apart from the muscle
tissues, there was a robust accumulation of LNPs in the livers (83.26%
in LNP, 86.64% in CNE, and 64.95% in Lipo), spleens (9.34% in
LNP, 4.69% in CNE, and 10.94% in Lipo), and bilateral axillary and
inguinal LNs (7.40% in LNP, 8.67% in CNE, and 24.11% in Lipo).
Compared to LNP (16.74%) and CNE (13.36%), Lipo (35.05%) had a
better secondary lymphoid organ (SLO; i.e., LNs and spleen)—-draining

Shi etal., Sci. Adv. 8, eabo1827 (2022) 23 November 2022

ability, which might contribute to its preferred elicitation of cellu-
lar immunity.

Cellular uptake, lysosome escape, and transfection of

mRNA nanoparticles

It was reported that somatic cells abundant at sites of administra-
tion including myocytes can be positively vaccinated by mRNA vac-
cines, which served as indirect immune elicitors by transferring
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Fig. 3. Anti-SARS-CoV-2 humoral and cellularimmunity induced by different mRNA nanoparticles. (A) Schematic outline of the experimental protocol. (B) On day 7 (after
prime) and day 21 (after boost), sera from vaccinated mice were collected, serially diluted, and assayed for neutralization activities against infectious live SARS-CoV-2 [both wild
type (WT) and mutant Delta, n=15]. LOD, below the limit of detection. (C) On days 7 (n=7), 21 (n=15), and 28 (n=15), serum anti-SARS-CoV-2 (2019-nCoV) spike RBD IgG
antibodies were assayed using an ELISA kit. OD4sonm, optical density at 450 nm. (D and E) Flow cytometric analysis of the frequency of IFN-y* CD8" T cells (D) and IFN-y* CD4*
T cells (E) in splenic lymphocytes ex vivo stimulated with or without S protein (n = 16). (F to H) Changes in the frequency of CD8" T cells (F), CD4* T cells (G), and CD8/CD4 T cells
(H) in splenic lymphocytes upon S protein stimulation (n = 16). (1 to K) Determination of IFN-y (I) and IL-4 (J) in the culture supernatant of S protein-activated splenic lymphocytes
using cytokine kits (n = 16). The secretion of IFN-y was divided by that of IL-4 (K) to investigate the T helper type 1 (Ty1)-biased immunity. (L to N) Representative flow cytometric
pictures (L) and summary plot (M and N) of data showing the frequency of CD8" Tcm (CD44* CD62L* CD8* T cells) and CD8* Tem (CD44* CD62L™ CD8* cells) in splenic lymphocytes

T
+ S protein

stimulated with or without S protein in vitro (n = 16). All error bars are expressed as +SD. Significant at *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Shi etal., Sci. Adv. 8, eabo1827 (2022)

23 November 2022

50f13



SCIENCE ADVANCES | RESEARCH ARTICLE

A

(S}

i

i

o

(@

o

(N

o

o Channel 1
nucleus

B

(2]

o

o

- Merged channel

&

a 1,2,3,4 ™

(&)
Channel 3
CcD8 200um

Fig. 4. Immunofluorescence staining of inguinal LNs from different groups. BALB/c mice were intramuscularly administered with saline (A#), MRNA@LNP (B#),
MRNA-CNE (C#), mRNA@Lipo (D#), or mRNA-Lipo (E#) (5 ug of RBD mRNA per mouse) on both hind legs at day 0 (prime) and day 21 (boost). The inguinal LNs were
collected on day 24 for analyzing the activation (CD86™, pink) of B cells (B220%, red) and DCs (CD11c*, green) (A), as well as the effector (IFN-y*, pink), CD4" (red), and CD8"
(green) T cells (B) by immunofluorescence staining of histological sections. Scale bars, 200 pm.

antigen to the nearby antigen-presenting cells (APCs), magnifying the
breadth and magnitude of adaptive immune response (34). Therefore,
we further investigated the cellular uptake, intracellular trafficking,
and mRNA transfection of different nanoparticles in myocytes (C2C12)
and APCs (DC DC2.4 and macrophage RAW264.7).

The in vitro uptake behaviors showed that myocytes displayed a
burst accumulation of all nanoparticles at 10 to 18 hours, which
was readily excreted/eliminated at 18 to 44 hours. On the contrary,
APCs had a sustained intracellular accumulation of all LNPs within
44 hours (Fig. 6, A to C, and fig. S2). The intracellular localization
of cargos by different nanoplatforms was observed by confocal laser
scanning microscopy with FAM-ssDNA used as the model nucleic
acid and nanoparticles visualized by DiD fluorescent labeling. Re-
sults indicated that at 24 hours after treatment (no significant inter-
group difference was observed at 6 hours; fig. S3), most ssDNA
loaded by LNP circumvented lysosome and diffused into the cyto-
plasm in myocytes, while CNE and LNP displayed a better lysosomal
escape in APCs (Fig. 6, D to G). Next, eGFP mRNA was used to
evaluate the transfection efficiency of different carrier systems. As a
result, compared to that in APCs (DCs in particular), the expression
of mRNA at 24 hours in C2C12 was higher with LNP but lower with
CNE. Meanwhile, the mRNA transfection efficiency in C2C12 was
comparable to that in APCs with Lipo (Fig. 6, H to J, and fig. $4).

Structural and biochemical characteristics of mRNA
nanoparticles determined humoral and cellular immunity

It should be mentioned that LNP, CNE, and Lipo displayed differ-
ent cellular internalization, lysosome escape, and mRNA expression
in myocytes and APCs at 24 hours after treatment, which, together

Shi etal., Sci. Adv. 8, eabo1827 (2022) 23 November 2022

with the aforementioned biodistribution profiles, might partially ex-
plain their selective induction of humoral immunity and cellular im-
munity (Fig. 6K): For LNP, the accumulative endocytosis of nanoparticles
in C2C12 was similar to that in RAW264.7 and significantly higher
than that in DC2.4 (cellular uptake: myocytes ~ macrophages >
DCs; Fig. 6A). Intracellularly, the lysosome escape of LNP in C2C12
outplayed that in DC2.4 and RAW264.7 (lysosome escape: myo-
cytes > macrophages = DCs; Fig. 6G), which might contribute to its
superior mRNA expression in C2C12 (transfection: myocytes >
macrophages > DCs; Fig. 6H). Possibly, the translated protein of
interest in myocytes was positively secreted or passively released
(e.g., cells undergo apoptosis) into the extracellular space to be cap-
tured by locally recruited APCs (34) or entered the lymphatic drain-
age and/or blood circulation to activate APCs in SLOs. In this case,
antigen was internalized by APCs in the form of exogenous sub-
stance, which favored the major histocompatibility complex (MHC)
class II-restricted presentation that activated specific CD4" T cells
and B cells to elicit humoral-biased immune responses (41).

For CNE, the cellular uptake in C2C12 and DC2.4 was remark-
ably better than that in RAW264.7 (cellular uptake: DCs =~ myo-
cytes > macrophages; Fig. 6B), while the lysosome escape was better
in DC2.4 than in other cells (lysosome escape: DCs > myocytes =~
macrophages; Fig. 6G). Consequently, the mRNA transfection effi-
cacy of CNE in C2C12 and DC2.4 was higher than thatin RAW264.7
(transfection: DCs > myocytes > macrophages; Fig. 6I). We believed
that the escaped lysosome degradation of payloads in DCs promoted
MHC class I-restricted presentation of the endogenously synthe-
sized antigen, which activated CD8" T cells and facilitated the
development of cellular immunity.
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In terms of Lipo, there was no significant difference among all
three cell lines in cellular uptake, lysosome escape, and mRNA
transfection (myocytes ~ DCs =~ macrophages; Fig. 6, C, G and J).
However, Lipo outperformed its counterparts (i.e., LNP and CNE)
in SLO trafficking (Fig. 5), which may contribute to the development
of MHC class I-associated antigen presentation and cellular-preferred
immune responses (42, 43).

In summary, on the basis of the in vivo and in vitro results,
we proposed the hypothesis that LNP-based mRNA vaccine might
benefit from the superior endocytosis and lysosome escape in myo-
cytes, which promoted the intracellular translation and intercellular

Shi etal., Sci. Adv. 8, eabo1827 (2022) 23 November 2022

transfer (from myocytes to nearby APCs) of antigen to elicit humoral-
biased immunity. In contrast, CNE and Lipo induced cellular-preferred
immune responses, which mainly depended on a better lysosome
escape in DC and SLO draining, respectively (Fig. 7).

DISCUSSION

A multidimensional mobilization of the humoral and cellular im-
munity is needed to establish effective antiviral protection against
COVID-19. Compared to other RNA viruses, SARS-CoV-2 has a
relatively high mutation rate that drives viral genetic variability,
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facilitating a rapid antigenic shift to escape host immunity (44).
Most neutralizing antibodies target the RBD of SARS-CoV-2 S pro-
tein. Mutations in the RBD were shown to partially, even completely,
ablate antibody affinity and evade neutralization (45-48). More-
over, such mutations could become prevalent over a longer pe-
riod of evolution as virus gradually accumulates genetic variation
(49), contributing to a magnified transmission dynamics and
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more overwhelming infection rate. Meanwhile, SARS-CoV-2 may
also evade CD8" T cell surveillance through point mutations in
the viral MHC class I epitopes, leading to a reduced peptide-MHC-I
binding and altered cellular immunity (2). Therefore, a broad-
spectrum elicitation of the adaptive immunity is of vital impor-
tance to build up an all-round protection against virus immune
evasion.
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Notably, the safety of antiviral immune responses depends heavily
on an appropriate engagement of the humoral and cellular immunity.
Several studies have characterized that compared to healthy indi-
viduals, bulk T cells from patients with COVID-19 displayed impaired
effector function (reduced cytokine production), hyperactivation
[high expression of CD38, CD39, programmed cell death protein 1 (PD-1),
and human leukocyte antigen-DR isotype (HLA-DR)], constrained
reactivation, and limited tissue migration (50). To make it worse,
such hyperactivation profiles of T cells may trigger the development
of organ-specific autoimmunity, bone marrow infection, and even
severe pneumonia with sepsis (51, 52). On the other hand, anti-SARS-
CoV-2 antibody-based vaccines and therapeutics may exacerbate the
severity of COVID-19 through antibody-dependent enhancement
(ADE). Increasing evidence suggests that ADE promotes viral in-
fections via immune complex formation, complement deposition,
and local immune activation (53, 54). In these regards, measures
to reduce the risks of T cell malfunction and ADE from immuno-
therapies are urgently needed to ensure vaccine safety in the large-
scale medical interventions against COVID-19.

In summary, the efficacy and safety of antiviral therapeutics rely
heavily on a well-balanced mobilization of the humoral and cellular
arms of immunity. In this work, our data demonstrate that different
mRNA nanoparticles elicit humoral immunity and cellular immu-
nity with different preferences, suggesting that proper structural and
biochemical optimization of lipid nanocarriers might integrate mul-
tiple superiorities and induce a broad-spectrum activation of the
adaptive immune protection against SARS-CoV-2 with satisfactory
efficacy and safety.

MATERIALS AND METHODS

Cell lines and animals

HEK 293 cells (American Type Culture Collection CRL-1573), mouse
C2C12 (H-2k) myoblasts cells (BeNa Culture Collection, Beijing, China),
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immortalized DC DC2.4, and macrophage RAW264.7 (Shanghai Cell
Bank, Chinese Academy of Sciences) were maintained in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM; GNM12800, JiNuo
Biotechnology Co. Ltd., Zhejiang, China) supplemented with 10% fetal
bovine serum (FBS) (16140071, Gibco Life Technologies, New York,
USA). Cells were cultured at 37°C in a humidified atmosphere con-
taining 5% CO, (Heraeus, Germany).

Female BALB/c (H—2Kd) mice were purchased from Slaccas
Experimental Animal Co. Ltd. (Shanghai, China) and bred under
pathogen-free conditions. All animal experiments were carried out
in accordance with the guidelines of the Institutional Animal Care
and Use Committee of Zhejiang University and the Tab of Animal
Experimental Ethical Inspection of the First Affiliated Hospital Zhejiang
University School of Medicine (reference number: 2021-1374).

Preparation and characterization of LNPs
mRNA®@LNP was synthesized by mixing one volume of lipid
mixture of DLin-MC3-DMA (AVT Co. Ltd., Shanghai, China),
1,2-dioctadecanoyl-sn-glycero-3-phophocholine (AVT Co. Ltd.,
Shanghai, China), cholesterol, and 1,2-dimyristoyl-rac-glycero-3-
methoxypolyethylene glycol-2000 (AVT Co. Ltd., Shanghai, China)
(50:10:38.5:1.5, molar ratio) in ethanol and three volumes of mRNA
[1:25 (w/w) mRNA to lipid, nitrogen/phosphate (N/P) ratio = 6] in
citrate buffer (pH 4.0; 10 mM). Lipids and mRNA were injected into
a microfluidic mixing device (ZX-LS-32, FluidicLab, Shanghai, China)
ata combined flow rate of 1.5 ml/min. The resultant mixture was dia-
lyzed against phosphate-buffered saline (PBS; pH 7.4; 10 mM) for
16 hours to remove ethanol.

mRNA@Lipo was prepared by mixing one volume of lipid mixture
of DOTAP (dioleylhydroxypropyl-3-N,N,N-trimethylammonium;
Avanti Co. Ltd., Birmingham, UK), DOPE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine; AVT Co. Ltd., Shanghai, China), DSPE-PEGgqo
{distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide
(polyethylene glycol)-2000]; AVT Co. Ltd., Shanghai, China}, and
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DSPE-PEG;go-Pardaxin [synthesized according to our previous works
(35, 55)] (77.6:19.4:0.75:2.25, w/w) in ethanol and three volumes of
mRNA [1:10 (w/w) mRNA to lipid, N/P ratio = 3.4] in diethyl pyro-
carbonate (DEPC)-treated water. Lipids and mRNA were injected
into a microfluidic mixing device at a total flow rate of 1.5 ml/min.
The aqueous and ethanol phases were mixed at a flow rate ratio of
3 where the lipid solution experienced a rapid increase in polarity.
At a critical polarity, the precipitates form as LNPs. The resultant
mixture was evaporated under reduced pressure for 2 hours to re-
move ethanol.

Blank CNE and Lipo were prepared as previously described (34, 36)
and stored at 4°C before use:

1) CNE (high-energy emulsification method): 15 mg of DOTAP,
17.5 mg of lipoid E-80 (egg lecithin-80, Avanti Co. Ltd., Birmingham,
UK), and 17.5 mg of vitamin E-acetate (DL-alpha-tocopheryl ace-
tate, BASF) were dissolved in 25 pl of ethanol as the oil phase. Mean-
while, 1.5 ml of DEPC-treated water was used as the aqueous phase
and added dropwise to the oil phase with vigorous stirring via vortex
to produce a primary emulsion, which was further probe-sonicated
(30%, work for 2 s, pause for 3 s, 5 min, three to four rounds) on an
ice bath to generate uniform nanoemulsions.

2) Lipo (thin-film rehydration method): Lipid mixtures composed of
6.208 mg of DOTAP, 1.552 mg of DOPE, 0.06 mg of DSPE-PEG;o,
and 0.18 mg of DSPE-PEG;go-Pardaxin were dissolved in 3 ml of
ethanol-chloroform solution and evaporated under reduced pressure
to make a thin film of lipids. Lipo was fabricated by probe ultra-
sound (10%, work for 2 s, pause for 3 s, 4 min, two rounds) follow-
ing the hydration of lipid film with 2 ml of DEPC-treated water.

For mRNA complexation, blank Lipo and CNE were incubated
with mRNA at a N/P ratio of 3.4 and 4.5 in DEPC-treated water,
respectively, for 30 min at 4°C to generate mRNA electrostatically
adsorbed Lipo and CNE. The morphology of nanoparticles was viewed
by TEM (JEOL JEM-1400 microscopes, Tokyo, Japan) and SIM
(N-SIM, Nikon, Tokyo, Japan), while their particle size and zeta po-
tential in Milli-Q water were measured using dynamic light scatter-
ing (Malvern Zeta sizer Nano-ZS instrument, UK).

Nucleic acid complexation

The mRNA encapsulation/complexation ability of LNPs was assayed
by an agarose retardation assay. A total of 300 ng of eGFP-encoding
mRNA (5moU) (eGFP mRNA, 996 nucleotides, catalog no. L-7201,
TriLink Biotechnologies, San Diego, California) was encapsulated or
complexed with LNP, Lipo, and CNE, and electrophoresis was
performed using 2% (w/v) agarose gels stained with Golden View
for 20 min at 110 V. Images were then acquired using a Bio-Rad
ChemiDoxXRS system.

In vivo vaccination

For RBD mRNA vaccination studies, groups of 6- to 8-week-old female
BALB/c mice (n = 16) were primed intramuscularly (50 ul in both
hind legs, 10 pg of RBD mRNA per mouse) with saline, nRNA@LNP,
mRNA-CNE, mRNA@Lipo, or mRNA-Lipo on day 0 and boosted
on day 14 with the same dose. RBD (319 to 541 amino acids) mRNA
was synthesized by Ausper Biopharma Inc. (Hangzhou, China), and
the sequence of RBD mRNA was mainly based on the research find-
ings by Zhang et al. (32). At indicated time points, mice were bled,
and serum was collected for live SARS-CoV-2 neutralization assay
by observing the cytopathic effects (CPEs) to Vero E6 cells, the
serum was also analyzed for specific IgG level using a SARS-CoV-2
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(2019-nCoV) spike RBD antibody titer assay kit (catalog no. KIT006,
Sino Biological, Beijing, China) according to the product specification
(humoral immunity). On day 28, mice were all euthanized with spleen
single-cell suspensions collected for the evaluation of immunologic
effector and memory T cell responses toward SARS-CoV-2 spike
protein and measurement of cytokine secretion (cellular immunity).
Briefly, splenocytes (1 x 10’/ml) from naive or immunized mice were
incubated with/without SARS-CoV-2 (2019-nCoV) Spike RBD recom-
binant protein (5 pg/ml; catalog no. 40592-VNAH, Sino Biological,
Beijing, China) in complete 1640 medium supplemented with mouse
recombinant IL-2 (10 ng/ml; BioLegend, California, USA), 2 mM
L-glutamine, 10 mM nonessential amino acids, 1 mM sodium pyru-
vate, and 50 mM B-mercaptoethanol at 37°C for 48 hours. Then,
culture supernatants were harvested and analyzed for Ty1/Ty2 cyto-
kine secretion profiles using commercially available enzyme-linked
immunosorbent assay (ELISA) kits [mouse IFN-y (EK280/3) and
IL-4 (EK204/2) ELISA kits, MultiSciences Biotech Co. Ltd., Zhejiang,
China]. Meanwhile, splenocytes were collected and incubated with
mouse antibodies against fluorescein isothiocyanate (FITC) anti-CD3
(100204), phycoerythrin (PE) anti-CD4 (100408), allophycocyanin—
anti-CD8a (100712), and PE/Cy7 anti-IFN-y antibodies (505826),
or FITC anti-CD3, PE anti-CD8a (100708), allophycocyanin-
conjugated anti-mouse CD62L (104412), and PE/Cyanine7 anti-CD44
(103030) antibodies (antibodies were all from BioLegend), and the
proportions of CD3"/CD8"/IFN-y*, CD3"/CD4"/IFN-y", CD3"/CD8"/
CD44"/CD62L", and CD3*/CD8"/CD44"/CD62L" T cells were as-
sayed by flow cytometric detection (BD Fortessa, New Jersey, USA).
Data were further analyzed with FlowJo V10 software to investigate
the memory commitment of T cells. The experiments were per-
formed independently twice, with similar trends of results observed,
and all displayed data were representative.

Serum neutralization of live SARS-CoV-2

All mouse sera were heat-inactivated at 56°C for 30 min before use.
The working stocks of live SARS-CoV-2 [both the wild-type strain
(EPI_ISL_12040150) and the Delta (B.1.617.2) variant] were obtained
from sputum samples and propagated by infection of Vero cells as
previously described (56). To analyze the serum neutralizing activity,
50 pl of serially diluted serum samples (serial twofold dilutions,
starting at 1:32) was mixed with the same volume of 100 50% tissue
culture infective dose (calculated by Spearman-Karber method) units
of SARS-CoV-2, and the resultant serum-virus mixtures were added
into a 96-well microtiter plate and incubated at 37°C in 5% CO; for
2 hours. Then, 100 ul of Vero E6 cell suspension was seeded into the
plate at a density of 1 x 10 cells per well and cultured at 35°C in 5%
CO;, for 3 days. Here, virus mixture without serum and untreated
Vero E6 cells were respectively used as positive and negative controls.
Microplates were observed under the microscope for the presence
of virus-induced CPE on the cell monolayer from day 2 to 3, and the
serum neutralization titers were calculated on day 3 as the recipro-
cal of serum dilution resulting in a 100% reduction of the CPE.

Biodistribution

C57BL/6 mice were intramuscularly injected (50 pl in both hind legs)
with DiR-labeled LNP, CNE, and Lipo [3 pg of 1,1'-dioctadecyl-
3,3,3",3/-tetramethylindotricarbocyanine iodide (DiR) for each mouse].
The biodistribution of different preparations at 3, 12, 24, 48, and
72 hours was observed and analyzed with an in vivo imaging system
(Maestro EX, CRI Inc., Woburn, MA).
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Cellular uptake

C2C12, DC2.4, and RAW264.7 were seeded in 24-well dish with a
confluence of 70 to 80% in 500 pl of complete medium per well and
treated with 5 pl of DiD-labeled LNP, CNE, and Lipo. At 2, 6, 10, 18,
24, and 44 hours, cells were washed twice with ice-cold PBS, and
nucleus was visualized using Hoechst 33342 (10 pg/ml; 20 to 30 min,
at room temperature, Beyotime Co. Ltd., Shanghai, China). After ex-
tensive wash with PBS, cells were fixed with 4% formaldehyde (10 min
at 4°C), and fluorescence images were taken with an inverted fluo-
rescence microscope (AIR, Nikon, Tokyo, Japan) under constant laser
intensity. Images were analyzed by graphic processing software
Image] to semi-quantitate the average fluorescence intensity of DiD.

mRNA transfection

Cells were seeded in a 48-well dish with a confluence of 60 to 70%
and transfected with eGFP mRNA (1 pg/ml) formulated under dif-
ferent nanoplatforms in serum-free DMEM for 4 hours at 37°C be-
fore FBS supplementation. Cells were cultured for another 20 hours
and viewed with a fluorescence microscope under constant laser
intensity. Images were further analyzed by Image]J to semi-quantitate
the fluorescence intensity of GFP.

Subcellular colocalization

Cells (1 x 10° cells per well) were seeded onto 12-mm glass coverslips
in a 24-well plate overnight and treated with 6’ FAM-ssDNA (1.5 pug/ml;
sequence: 6-FAM-5"-CAGACCGACTGGATCT-3'; Shanghai Sangon
Biotech Co. Ltd., Shanghai, China)-loaded and DiD-labeled nanopar-
ticles for 24 hours before lysosome staining (50 nM LysoTracker Red;
30 min at 37°C, Beyotime Co. Ltd., Shanghai, China). Then, cells were
fixed with 4% paraformaldehyde and poststained with Hoechst. Last,
the slides were imaged using a confocal microscope (Leica TCS
SP8, Leica, Germany). Different fluorescent pictures were analyzed
by software LAS X.

Statistical analysis

All data were evaluated and plotted using GraphPad Prism (version
8.0.1). Comparisons between two or several groups were analyzed using
unpaired Student’s ¢ tests or one-way analysis of variance (ANOVA;
Tukey’s multiple comparisons test), respectively. In addition, a value
of P < 0.05 was considered to be statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo1827

View/request a protocol for this paper from Bio-protocol.
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