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The use of modified nucleosides is an important approach to
mitigate the intrinsic immunostimulatory activity of exoge-
nous mRNA and to increase its translation for mRNA thera-
peutic applications. However, for vaccine applications, the
intrinsic immunostimulatory nature of unmodified mRNA
could help induce productive immunity. Additionally, the
ionizable lipid nanoparticles (LNPs) used to deliver mRNA vac-
cines can possess immunostimulatory properties that may
influence the impact of nucleoside modification. Here we
show that uridine replacement with N1-methylpseudouridine
in an mRNA vaccine encoding influenza hemagglutinin had a
significant impact on the induction of innate chemokines/cyto-
kines and a positive impact on the induction of functional anti-
body titers inmice andmacaques whenMC3 or KC2 LNPs were
used as delivery systems, while it impacted only minimally the
titers obtained with L319 LNPs, indicating that the impact of
nucleoside modification on mRNA vaccine efficacy varies
with LNP composition. In line with previous observations,
we noticed an inverse correlation between the induction of
high innate IFN-a titers in the macaques and antigen-specific
immune responses. Furthermore, and consistent with the
species specificity of pathogen recognition receptors, we found
that the effect of uridine replacement did not strictly translate
from mice to non-human primates.

INTRODUCTION
The use of nucleoside-modified mRNA for the development of
mRNA vaccines remains an outstanding question with important im-
plications in terms of intellectual property and industrial develop-
ment. For instance, both licensed mRNA vaccines against Covid-19
(Pfizer-BioNTech’s BNT162b2; Comirnaty and Moderna’s mRNA-
1273; Spikevax) contain N1-methylpseudouridine (1MpU) instead
of uridine to preserve antigen expression by protecting against the
activation of innate immune mechanisms that are deleterious to
mRNA stability and translation.1–3 Moreover, the use of unmodified
mRNA in Curevac’s SARS-CoV-2 vaccine candidate (CVnCoV) that
uses the same lipid nanoparticle (LNP) delivery system as Comirnaty
was thought to play a role in the lack of effectiveness of this vaccine
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(47% effectiveness at preventing Covid-19 in phase 3 trials versus
>93% for the licensed vaccines of Pfizer-BioNTech and Moderna).2,4

While Curevac was able to improve its Covid-19 vaccine candidate to
the level of marketed benchmarks in preclinical models by using
mRNA sequence optimization without introducing modified nucleo-
sides,5,6 in recent clinical studies on Covid-19 and influenza mRNA
vaccines, the use of modified mRNA resulted into a substantially
improved reactogenicity profile and offered a broader dose range
compared to unmodifiedmRNA. This has finally led Curevac to select
modified mRNA for further vaccine development.7 Indeed, exoge-
nous mRNA produced by in vitro transcription, as in the case of
mRNA vaccines, has been shown to stimulate innate immune mech-
anisms through various pathogen recognition receptors such as Toll-
like receptor (TLR)3,8 TLR7, and TLR8,9 the retinoic acid-inducible
gene I (RIG-I),10 and melanoma differentiation-associated 5
(MDA5)11 receptors, leading to type I interferon induction, RNase
L activation, translation inhibition, and inflammation.12,13 To atten-
uate this effect, modified nucleosides such as pseudouridine, N1-
methylpseudouridine, and other nucleoside analogs that are specific
to endogenous mRNAs are typically incorporated.14–22 The applica-
tion of modified nucleosides to mRNA immunosilencing has been
extensively reviewed elsewhere.23–26

The licensed mRNA vaccines and most mRNA vaccines in clinical
and preclinical development use LNPs to deliver the mRNA
in vivo.27–29 The most critical component of LNPs is an ionizable
amino lipid that is required for mRNA compaction and intracellular
delivery.30–32 Since cationic and ionizable amino lipids can as well
effectively activate innate immune mechanisms33–38 to a level that
some of them have been used as adjuvants for protein vaccines,39–45

we speculated that the composition of the LNP that is used to deliver
the mRNA vaccine could influence the impact of nucleoside modifi-
cation on mRNA vaccine-induced immune responses. Therefore, in
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Characterization of LNPs used in preclinical studies

Ionizable amino lipid pKa mRNA pH
Osmolality
mOsmol/kg Z average (nm) Encaps. (%)

MC3

6.4

Cya-5-Fluc 7.38 280 136 89

HA-H1 UNR 7.16 287 87 96

HA-H1 MNR 7.20 289 88 98

KC2

6.7

Cya-5-Fluc 7.36 281 71 90

HA-H1 UNR 7.21 287 87 98

HA-H1 MNR 7.19 290 64 98

L319

6.4

Cya-5-Fluc 7.37 284 90 100

HA-H1 UNR 7.19 289 155 98

HA-H1 MNR 7.16 288 163 97

Ionizable lipid pKa values when formulated into LNPs with DSPC, Chol, and PEG-Lipid are from the literature.47,49 pH, osmolality, particle sizes (z average) and encapsulation ef-
ficiency (encaps. (%)) were measured on the LNP suspensions described in this report.
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the present work, we aimed to compare in mice and macaques three
well-established LNPs—MC3, KC2, and L31946—for the delivery of
both an unmodified (UNR) and a 1MpU-modified (MNR) version
of a model mRNA vaccine encoding an influenza H1N1 strain hem-
agglutinin (HA-H1).

RESULTS
Our goal was to study if mRNA base modification could differently
impact mRNA/LNP vaccine performance depending on the ionizable
amino lipid component of the LNP delivery system. In this aim, we
encapsulated influenza strain A/Netherlands/602/2009 (H1N1) HA-
encoding mRNA, with or without 1MpU modification, into three
LNPs differing solely by their ionizable lipid component. The ioniz-
able lipids chosen for this study were DLin-MC3-DMA (MC3), which
is a well-known ionizable lipid47 that is present in the marketed
siRNA drug product Onpattro (Patisiran from Alnylam),48 L319
that comprises the same dimethyl amino ionizable head group as
MC3 but a different lipid tail with hydrolysable ester bonds,49 and
DLin-KC2-DMA that comprises the same dilinoleoyl lipid tail and
same dimethyl amino head group as MC3 but a dioxolane linker
instead of an ester linker between the head and tail.50 The structures
of the three lipids are shown in Table 1. For LNP formulation, each
ionizable lipid was combined with the same helper lipids, 1,2-dis-
tearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol, and 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol)-2000] (DMPE-PEG2000) at a molar ratio of 50:
10:38.5:1.5, respectively, and LNPs were prepared at an ionizable
lipid to RNA charge ratio (N/P) of 6 by using a microfluidic mixing
device (NanoAssemblr; Precision Nanosystems, Vancouver, BC),
knowing from the literature that these compositions and conditions
would be appropriate to yield homogeneous LNPs.46,49,51 These
LNPs were characterized by dynamic light scattering to determine
particle sizes and by using a Ribogreen dye accessibility assay to
determine the rate of mRNA encapsulation. Their apparent pKas
determined by the 2-(p-toluidino)-6-naphthalene sulfonic acid
(TNS) binding assay were taken from the literature.47,49 Table 1
shows the characteristics of MC3, KC2, and L319 LNPs loaded
with the different mRNAs of the present study, namely
5-methoxyuridine-modified, cyanine-5-labeled CleanCapmRNA
encoding firefly luciferase (FLuc mRNA) and unmodified (UNR)
or 1MpU-modified (MNR) mRNA encoding influenza H1N1 hem-
agglutinin (HA-H1 mRNA). Note that the particle sizes of MC3 and
L319 LNPs varied in opposite ways when switching from FLuc
mRNA to HA-H1 mRNA, probably due to the cyanine-5 molecules
attached to the FLuc mRNA.

Functional in vivo mRNA delivery by using MC3, KC2, and L319

LNPs

In a preliminary step, we used the FLuc mRNA as a reporter system to
confirm that the three LNPs were effective at protecting and deliv-
ering an active mRNA construct in vivo by using in vivo fluorescence
and bioluminescence techniques. In mice injected i.m. in the right
quadriceps with 5 mg of naked FLuc mRNA, the fluorescence signal
associated with themRNA disappeared within 2 h following the injec-
tion, consistent with a rapid degradation of the mRNA in vivo.
Conversely, when the labeled FLuc mRNA was encapsulated within
MC3, KC2, or L319 LNPs, fluorescence could be detected in the in-
jected muscle for at least 48 h following the injection and even longer
(72 h) withMC3 LNPs (Figures 1A and 1B). Encapsulation into LNPs
also afforded stronger luciferase expression from the injected FLuc
mRNA as assessed by using the bioluminescence modality of the
IVIS spectrum bioimaging system (Figures 1C and 1D). In this exper-
iment, the strongest luciferase expression was obtained from L319
and MC3 LNPs, with a signal detected not only around the site of in-
jection but also at distal sites in the mouse abdomen area (liver,
spleen). In an independent experiment, using the same cyanine-5-
labeled FLuc mRNA in L319 LNPs, the injected mice were sacrificed
after 6 or 24 h to perform ex vivo imaging on harvested organs
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Figure 1. Kinetics of Cy5-Fluc mRNA fluorescence and expression after i.m. delivery via different LNPs

(A) Representative IVIS images of cyanine-5 fluorescence signal in mice injected with 5 mg of naked cyanine-5-labeled, 5- methoxyuridine-modified CleanCap FLucmRNA or

the samemRNA encapsulated within MC3, KC2, or L319 LNPs. (B) Quantification of the fluorescence signal by total radiance efficiency (AU = (ph/s)/(mW/cm2)) in the injected

site at 0, 2, 4, 6, 24, 48 and 72 h post injection. (n = 4 to 5 mice per group). Data are presented as mean values +/� SEM. (C) Representative bioluminescence images of

luciferase expression in the Cy5-Fluc mRNA-injected mice. (D) Quantification of the bioluminescence signal (AU = photons/s) in the injected site at 6, 24, 48 and 72 h post

injection. (n = 4 to 5 mice per group). Data are presented as mean values +/� SEM.
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(muscle, popliteal and axillary lymph nodes, spleen, liver, lung, heart,
kidneys, and intestines). Thus, the luciferase-expressing organs could
be identified as being the injected muscle, the draining lymph nodes,
the liver, and the spleen (data not shown). At 72 h post injection,
luciferase signal was detected only in the injected muscle.
Influence of 1MpU modification on immune responses induced

by mRNA in MC3, KC2, and L319 LNPs

After having confirmed functional mRNA delivery in vivo, we wanted
to compare the three LNPs for their ability to induce innate chemo-
kines and cytokines and functional antibody and T cell responses with
the unmodified (UNR) and 1MpU-modified (MNR) versions of HA-
H1 mRNA in cynomolgus macaques and in mice. For the sake of
interspecies translational analysis, the mice and macaques were
immunized the same day with the same mRNA/LNP preparations,
the monkeys receiving 500 mL-doses (50 mg mRNA) and the mice
receiving 50 mL-doses (5 mg mRNA) of the same preparations by
the intramuscular (i.m.) route.
796 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
In mice, there was a general trend toward an increase in functional
antibody responses (hemagglutination-inhibiting [HI] titers) when
substituting uridine with 1MpU (Figure 2A). MC3 and L319 LNPs,
which both induced robust HI titers with UNR, benefited only
modestly from 1MpU modification with a 2- to 3-fold increase in
HI titers (Figure 2A). This increase was found to be statistically signif-
icant for L319 LNPs post prime and post boost (p = 0.009 and p =
0.031, respectively) but not for MC3 LNPs. Conversely, KC2 LNPs,
which induced low seroconversion and the lowest HI titers when
used with UNR, benefited much more from the switch to MNR
with a 100% increase of seroconversion rate and over 10-fold increase
in average HI titers post boost (p = 0.011). However, despite this
10-fold increase, the level of HI titers induced by KC2 LNPs with
MNR did not reach that of MC3 and L319 LNPs (p < 0.001). Of
note, two injections were needed to induce substantial seroconversion
in naive mice with this mRNA, independently of base modification
and of LNP delivery vehicle. 3 weeks after a single injection of 5 mg
of HA-H1 mRNA, only a few responding mice (1–4 out of 8) with
low HI titers were detected in the different groups (Figure 2A).



Figure 2. Comparison of MC3, KC2, and L319 LNPs in mice and NHPs with unmodified and 1MpU-modified mRNA

(A) Individual and mean HI titers measured in sera collected from Balb/c mice (n = 8/group) after a single immunization (D20) and two immunizations (D42) with 5 mg of a

monovalent A/California/07/2009 (H1N1) split influenza vaccine (Vaxigrip; MIV) or with 5 mg of unmodified mRNA (UNR) or 1MpU-modifiedmRNA (MNR) encoding full-length

hemagglutinin (HA) of closely related influenza virus strain A/Netherlands/602/2009 (H1N1). The mRNA was encapsulated into MC3 (green), KC2 (purple), or L319 (orange)

LNPs. Immunization was performed by 2 i.m. injections into the quadriceps given 3 weeks apart (D0, D21) under a final volume of 50 mL of PBS. For each lipid, UNR versus

MNR comparison was performed by ANOVA after log transformation of the HI titers. When difference was significant, p-value was reported directly on the graph (B) 500 mL

fractions of the mRNA vaccines used for the immunization of mice (i.e., 50 mg of UNR or MNR) were used to immunize cynomolgus macaques. The macaques (n = 4/group)

were immunized by 2 i.m. injections into the deltoid given 4 weeks apart (D0, D28). A control group received 15 mg of the monovalent A/California/07/2009 Vaxigrip (MIV)

following the same schedule. Individual andmean HI titers measured after a single immunization (D28) and after two immunizations (D55 and D85) are shown. A given symbol

was attributed to each individual macaque from the different groups and kept the same throughout the graphs. (C) 8 weeks following the second immunization (D85), PBMCs

were collected from the macaques for the determination of antibody-secreting cells (ASCs). The percentage of antigen-specific ASCs to the total IgG + ASCs is shown for

each individual macaque represented by its symbol. The bar represents the mean for the group.
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In macaques, an even more striking effect of 1MpU modification was
observed on HI titers since all three LNPs, including KC2 LNPs,
brought about similarly strong HI titers when loaded with MNR (Fig-
ure 2B). The peak titers achieved by MC3, KC2, and L319 LNPs
loaded with MNR (mean titers of 2,600–3,400) were 100-fold above
those induced by MC3 and KC2 LNPs loaded with UNR (mean titers
of 20–40). In the L319 LNP group, similar HI peak titers were
measured with UNR and MNR at D55, 4 weeks following the second
administration (mean titers of 1,600 versus 3,200 with UNR and
MNR respectively), but with MNR, the titer was higher at D28 (after
a single injection) and appeared to decline less rapidly compared with
those obtained with UNR (Figure 2B). Note also that whatever the
LNP in this study, two injections were required to induce substantial
seroconversion rates and HI titers with UNR in the macaques, while
MNR induced robust HI titers comprised between 80 and 640 at D28,
4 weeks after a single injection. In accordance with the HI responses,
the cellular responses obtained with MNR were more robust than
those obtained with UNR, independently of the LNP composition,
as evidenced by the frequencies of HA-specific IgG-secreting B cells
(Figure 2C) and IFN-g-secreting T cells (Figure 3A) determined
respectively 2 months (D85) and 1 month (D55) following the second
injection. Note that no HA-specific IgM-secreting B cells (not shown)
and IL-13-secreting T cells were detected in this experiment (Fig-
ure 3B). KC2 and L319 LNPs tended to induce higher cellular re-
sponses than MC3 LNPs with MNR, but due to the low number of
animals per group and the heterogeneity of the responses in some
of the groups, it is hard to rank the formulations based on these
cellular responses. Note also that only modest HI responses and no
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 797
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Figure 3. T cell responses in NHPs immunized with MC3, KC2, and L319 LNPs loaded with unmodified and 1MpU-modified mRNA

4 weeks following the second immunization (D55), PBMCs were collected from the macaques and analyzed for (A) IFN-g and (B) IL-13 secreting cells by FluoroSpot assay.

Cell counts from each individual macaque are shown after subtracting counts obtained with PBMCs collected from the same animal pre-immunization. Each macaque can

be identified on the graph with its symbol attributed in Figure 2. The bar represents the mean for the group.
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cellular immune responses were induced by i.m. injection of two 15-
mg doses of monovalent influenza split vaccine Vaxigrip in the ma-
caques. This observation was in accordance with previous
observations indicating that an adjuvant was required for the induc-
tion of significant immune responses with Vaxigrip in the
macaques.41

Influence of 1MpU modification on innate chemokines/

cytokines responses induced by mRNA in MC3, KC2, and L319

LNPs in macaques

The different vaccines were also tested for the induction of innate cy-
tokines and chemokines in the macaques by using a multiplexing
assay for IL-1RA, IL-1b, IL-6, IL-8 (CXCL8), IL-17, IFN-a2a,
I-TAC (CXCL11), MCP-1 (CCL2), TNF-a, and eotaxin. The induc-
tion of innate chemokines/cytokines measured in the macaque serum
6 and 24 h post immunization is represented in Figure 4 for each in-
dividual animal and each of the induced chemokines/cytokines. With
UNR, the three LNPs induced similarly high levels of I-TAC and IL1-
RA and moderate levels of MCP1 and eotaxin (Figures 4A, 4B, 4C,
and 4E). However, whileMC3 and KC2 LNPs induced also high levels
of IFN-a, the level of IFN-a induced by L319 LNPs was much lower,
indicating that high IFN-a induction resulted from a combined
action of UNR and LNP amino lipid on the innate immune system
(Figure 4F). Furthermore, the L319 group also stood out with a faster
induction of IL-1RA, I-TAC, andMCP1, with highest levels measured
in this group with UNR at 6 h. When formulated with MNR, the in-
duction of innate chemokines/cytokines was dramatically reduced in
all animals whatever the LNP composition, but IL-1RA could still be
detected in animals immunized with MNR (Figure 4E). Although it is
hard to draw definitive conclusions from a study comprising only
four monkeys per group, the strong reduction in innate chemokine/
cytokine induction when switching from UNR to MNR was in line
with the expected effects of mRNA modification. It is noteworthy
that there was no significant induction of major inflammatory cyto-
kines—TNF-a, IL-1b, and IL-6—and no significant induction of
798 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
IL-8 and IL-17A in any of the immunized macaques across all groups
(not shown).

Influence of 1MpU modification on reactogenicity or blood

parameters induced by mRNA in MC3, KC2, and L319 LNPs in

mice and macaques

In terms of reactogenicity, the vaccinated mice did not display any
systemic or local reactions, and their body weight increased regularly
over the study in all groups.

Likewise, none of the vaccinated macaques experienced clinical
symptoms, except one animal in the KC2/UNR group and one in
the L319/UNR group, which both developed a site of injection rash,
which resolved within 2 days, following the first injection. These local
reactions did not occur after the second injection. Bleeding was some-
times observed immediately after administration due to the needle
stick with the occurrence of scab, edema, hematoma, or redness
that resolved within the following days. There were no adverse vari-
ations in food consumption, rectal temperature, and body weight
throughout the study. The animals were also tested for a typical set
of blood biomarkers—C-reactive protein (CRP), lipase, aspartate
transaminase (AST), alanine transaminase (ALT), alkaline phospha-
tase (ALP), and creatinine—before immunization and 2, 5, and 7 days
following each immunization. Representative values detected before
injection (D-7) and 2 days after each injection (D2, D30) are depicted
in Figure 5. The mRNA vaccines, as well as the monovalent Vaxigrip,
did not induce major variations in the blood biomarker levels
compared with baseline levels, with values mostly within the normal
range (as described in materials and methods). The only exception
was for CRP values, which increased in some animals from the
mRNA/LNP groups, whether UNR or MNR was used, on D2 and/
or D30 and rapidly returned to normal levels at the next tested
time points. These findings, reflective of a transient systemic inflam-
mation in the immunized macaques, could not be linked to a specific
formulation or to an increase/decrease of specific immune responses.
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Figure 4. Innate responses in NHPs immunized with MC3, KC2, and L319 LNPs loaded with unmodified and 1MpU-modified mRNA

6 and 24 h following the first immunization, serum samples from macaques of Figure 2 were tested for innate chemokines/cytokines by MSD assay. Measured levels of (A)

eotaxin, (B) MCP-1, (C) I-TAC, (D) IL-6, (E) IL-1RA, and (F) IFN-a2a are represented in pg/mL after subtracting background levels measured pre-immunization for each

individual macaque identified by its symbol attributed in Figure 2. The bar represents the mean for the group. Levels of IL-1b, IL-8, and IL-17A did not increase over

background and are not represented.
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Note that CRP concentration values below 23 mg/L in serum are typi-
cally considered as a normal inflammation status in young cynomol-
gus macaques according to the monkey breeder.

DISCUSSION
For mRNA therapeutics, the use of modified nucleosides is an impor-
tant approach to mitigate the intrinsic immunostimulatory activity of
exogenous mRNA and to increase its translation. However, this was
not always found to be the case,52,53 and in a recent study, Melamed
and coworkers demonstrated that the benefit of base modification in
systemically injected mRNA/LNPs could vary with the composition
of the LNPs and the nature of their target organs/cells.54 In the
mRNA/LNP vaccine space, the importance of nucleoside modifica-
tion remains a matter of debate since increased innate immunity acti-
vation, although potentially detrimental to mRNA translation, could
be beneficial for the induction of productive immune responses.55

This led us to further speculate that some mRNA/LNP vaccines could
benefit more than others from nucleoside modification, depending on
their cationic lipid component and immunostimulatory potential.
Therefore, in the present work, we aimed to compare in mice andma-
caques three well-established LNPs—MC3, KC2 and L31946—for the
delivery of both an unmodified (UNR) and a 1MpU-modified (MNR)
version of an mRNA vaccine encoding influenza HA. First, we
observed that switching from MC3 or KC2 to L319 impacted LNP
particle sizes since L319 LNPs (Ca. 160 nm) were about twice as
big asMC3 and KC2 LNPs (Ca. 80 nm) (note that process parameters,
nature, and ratio of helper lipids and N/P ratio remained constant in
the different formulations). We then observed that, depending on the
ionizable amino lipid in the LNP, 1MpU modification could also
affect LNP sizes since the size of KC2 LNPs decreased from 87 nm
to 64 nm when switching from UNR to MNR, while the sizes of
MC3 and L319 LNPs remained essentially unaffected (Table 1). We
believe this may be the result of potential effects of 1MpU on the
HA-H1 mRNA hydrophobicity and secondary structure, which in
turn may impact its compaction by the cationic lipid. More impor-
tantly, we found that depending on the nature of the cationic amino
lipid used for LNP formulation, switching from UNR to MNR had
either a neutral or positive effect on the level of functional HI
antibodies induced by the mRNA/LNP vaccine; there was no case,
however, where the switch had a negative effect, which is in line
with Curevac’s recent clinical observations.7 In macaques, we
observed strong HI responses when using MNR, with all three tested
LNPs, but L319 LNPs brought about similarly high HI titers with
UNR, indicating that robust HI can be obtained with UNR in the
monkeys. These titers were in the same range as those reported by
Lutz and colleagues and by Chivukula and colleagues after i.m. immu-
nization of macaques with LNP-formulated UNR encoding influenza
HA.55,56 In the present study, the better performance of L319 LNPs
with UNR compared to KC2 and MC3 LNPs may be linked to the
larger particle size of the L319 LNPs (Ca. 160 nm vs. Ca. 80 nm).
Indeed, according to recent studies, the larger particles, which are sus-
ceptible to contain and deliver a larger amount of mRNA copies per
particle and target different cell types, could induce better responses,
provided the particle size remains within the limits of lymphatic
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 799
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Figure 5. Blood biomarkers in NHPs immunized with MC3, KC2, and L319 LNPs loaded with unmodified and 1MpU-modified mRNA

7 days before immunization (D-7) and 2 days following each immunization (D2, D30), plasma samples from the macaques were analyzed for standard blood parameters:

alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), creatinine, lipase, and C-reactive protein (CRP). Protein concentrations are

shown for each individual macaque identified by its symbol attributed in Figure 2. Values are expressed in IU/L for ALP, ALT, AST, and lipase, in mmol/L for creatinine, and in

mg/L for CRP. The bars represent the mean from each group. Lower and upper dashed lines in each graph represent the fifth and 95th percentile, respectively, of reference

pre-dose values commonly observed in cynomolgus macaques based on historical data. The fifth to 95th percentile range covers 90% of these pre-dose data.
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drainage.57–59 Furthermore, the better performance of L319 LNPs
with UNR seems to be linked to the lack of strong IFN-a induction
by this formulation since we observed a negative correlation between
the induction of high HI titers and high innate IFN-a production.
With L319 LNPs, there was no or little IFN-a detected, even when
loaded with UNR, and antibody and T cell responses were high
with both UNR and MNR. With MC3 and KC2 LNPs, IFN-a was
induced when the LNPs were loaded with UNR but not with MNR
and antibody, and T cell responses were strongly increased with
MNR. The negative correlation between strong IFN-a induction
and mRNA vaccine efficacy had already been observed by others60,61

and is in line with the reported effects of IFN-a on the upregulation
and activation of enzymes involved in translation inhibition and
mRNA degradation.62 IFN-a is typically induced by the stimulation
of innate immune receptors such as TLR7 and RIG-I.10,13 In the pre-
sent study using highly purified HA mRNA, induction of significant
IFN-a secretion with UNR was somehow modulated by the ionizable
cationic lipid and abrogated by the use ofMNR.With UNR, there was
clearly less IFN-a secreted with L319 LNPs than with KC2 and MC3
LNPs (Figure 4F). Interestingly, with L319 LNPs, there was also a
faster induction of IL-1RA, as detected 6 h post first immunization
(Figure 4E). In a recent study,63 Tahtinen et al. demonstrated that
the IL-1 pathway was critical in triggering mRNA vaccine-associated
innate signaling, with a key role of IL-1RA in negatively regulating
inflammation. Noteworthy, the authors reported that the immunos-
800 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
timulatory activity of a modified mRNA was highly dependent on
the lipid formulation: LNPs formulated with SM-102 ionizable lipid
(used in the Moderna COVID-19 vaccine, mRNA-1273)29 elicited a
robust increase in IL-1b in mRNA-LNP-treated human peripheral
blood mononuclear cells (PBMCs), while IL-1RA levels remained
low, consistent with the reactogenicity observed in mRNA-1273-
vaccinated individuals.64 In contrast, LNPs formulated with MC3
lipid weremuch less potent at stimulating IL-1b release in this system,
with IL-1RA levels even lower than with SM-102. In our study,
although IL-1b was undetectable in the macaque serum samples, it
might have been locally induced in vivo and rapidly counteracted
by the anti-inflammatory IL-1RA cytokine. Hence, the capacity of
L319 LNPs with UNR to elicit a faster induction of IL-1RA—acting
as a regulator of IL-1 pathway-mediated inflammation—and lower
levels of innate IFN-amay have contributed to its better performance.
Whether this resulted from the larger particle size of the L319 LNPs,
from a different distribution or cellular uptake of these LNPs, from
the chemistry of the L319 lipid itself, which contains hydrolysable
ester bonds designed to accelerate biodegradation,49 or from the
nature of the interaction between L319 and UNR remains to be
studied.

In the macaques, 1MpUmodification had also a positive effect on the
development of specific T cell responses dominated by IFN-
g-secreting T cells, in accordance with the ability of mRNA vaccines



www.moleculartherapy.org
to induce potent Th-1 responses.61 Regarding Th-2 type responses,
we were not able to detect specific IL-13-secreting cells in the immu-
nized macaques, whatever the formulation. This result is aligned with
previously published observations by our group.56,65

Interestingly, although 1MpU modification had a positive impact on
the induction of HI titers in both mice and macaques with all three
tested LNPs, the fact that MC3 and KC2 would be as effective as
L319 for inducing functional antibodies in the macaques when used
with MNR could not be predicted from the results obtained in mice.
Although these resultsmay be influenced also by the quality and purity
of the mRNA, the testing in mice may be considered insufficient to
assess the real performance of an mRNA vaccine. This is in line
with the species specificity of pathogen recognition receptors (PRRs)
such as TLR7/8 and others.9 Hence, as for vaccine adjuvants,66 and
immunomodulatory products in general, one recommendation would
be to rapidly validate the preclinical work onmRNA vaccine sequence
design and formulation optimization in small phase I clinical trials.

Regarding safety/reactogenicity, the products used in the described
studies were generally well tolerated bymice andmacaques. However,
two macaques administered with UNR and none in the MNR groups
developed a transient injection site rash following the first adminis-
tration. This observation, although from a small sample group, speaks
in favor of MNR and is aligned with clinical observations.7 While the
switching from UNR to MNR generally strongly reduced the levels of
circulating innate cytokines/chemokines (Figure 4), major inflamma-
tory cytokines (IL-6, TNF-a, and IL-1b) did not increase above back-
ground levels even in macaques injected with UNR, although this
does not preclude these cytokines from being secreted locally, at least
to some degree. No safety signal was detected from the monitoring of
standard blood biomarkers; all values remained within normal
ranges67,68 in the immunized macaques (Figure 5). Although we
may have missed an increase of these blood biomarkers at early
time points following injection (before 2 days), none of the macaques
experienced any systemic reactions (fever, body weight loss, reduced
food consumption) throughout the study period.

Other interesting observations come from the study using the three
LNPs encapsulating cyanine-5-labeled FLuc mRNA, although this
experiment was essentially designed as a control experiment to simply
demonstrate in vivo mRNA expression from each of the three LNPs.
First, we observed that the fluorescent signal emitted by the labeled
FLuc mRNA at the site of administration disappeared rapidly, within
2 h, following i.m. injection of naked mRNA, which is in line with a
rapid degradation of extracellular mRNA in vivo.69 Consistent with
the protective effect of LNPs, the encapsulation of the FLuc mRNA
in MC3, KC2, or L319 LNPs led to an increase of its stability in vivo
as reflected by fluorescence detection for at least 24 h at the site of
administration following injection, with MC3 LNPs promoting a
brighter and longer lasting signal compared to L319 and KC2 LNPs.
The increased signal observed with MC3/Fluc mRNA at the site of in-
jection may be due to the larger particle size of the MC3 LNPs when
loaded with the cyanine-5-labeled Fluc mRNA (136 nm versus 90
and 71 nm for, respectively, L319 andKC2 LNPs) or from an increased
uptake or protection of mRNA from degradation promoted by MC3
LNPs in the muscle. Some of this may be further explored by con-
ducting in vitro uptake and stability assays on HSkMC and C2C12
muscle cells for instance. Next, we observed that luciferase expression
was predominant at the site of administration, but all three LNPs were
able to induce some expression in distal organs such as draining lymph
nodes, liver, and spleen 6 h following i.m. injection, as already
observed by others.70 Note that we also obtained some luciferase
expression in the muscle injected with naked cyanine-5-labeled Fluc
mRNA at early time points, which was consistent with the pioneering
findings of Wolff and coworkers.71 With LNP-encapsulated mRNA,
MC3 and L319 LNPs brought about similar levels of luciferase expres-
sion, and these were stronger than that obtained from KC2 LNPs. In
this regard, there was reasonable alignment between the level of in vivo
luciferase expression and immune responses obtained with the three
different LNPs after i.m. injection into mice, although the luciferase
and vaccine mRNAs had different modifications (5-methoxyuridine
and cyanine-5-uridine for Fluc and 1MpU for HA-H1 mRNA) and
were obtained from different suppliers. This correlation, however,
seems to be incidental, as our general experience reveals an inconsis-
tent correlation between the level of mRNA expression and the
induced immune responses from a given LNP formulation, as already
reported previously65 and by others.32 Concerning distribution of Fluc
expression, it is not clear from this studywhether distribution could be
affected by the cyanine-5 label and 5-methoxyuridinemodification on
the Fluc mRNA.

Conclusion

In line with the recent report ofMelamed and coworkers showing that
the effect of mRNA base modification in systemically injected
mRNA/LNPs could vary with the LNP composition,54 our study illus-
trates the interplay between 1MpU mRNA modification and LNP
ionizable lipid in intramuscularly delivered mRNA/LNP vaccines.
Consistent with the ability of IFN-a to counteract the antigen-specific
immune responses induced by mRNA vaccines,60,61 we found that
KC2 and MC3 LNPs that induced high levels of IFN- a when used
with UNRwere the ones that benefitedmost from the uridine replace-
ment with 1MpU. Conversely, with L319 LNPs, IFN-a production
was lower, anti-inflammatory IL-1RA induction was faster, the im-
mune responses obtained with the UNR-based vaccine were high,
and mRNA modification with 1MpU had only a modest improve-
ment on immune responses. The underlying mechanisms of lower
IFN-a induction, the earlier production of IL1-RA, the increased po-
tency of L319 LNPs loaded with UNR, and the potential role played
by LNP lipid chemistry, particle sizes, distribution, and uptake remain
to be studied in detail. Work to understand why some mRNA/LNP
vaccine formulations could benefit more than others from the UNR
to MNR switching is currently under way in our group.

MATERIALS AND METHODS
Lipids

di((Z)-non-2-en-1-yl) 9-((4-(dimethylamino)butanoyl)oxy)
heptadecanedioate (L319) was synthesized as described by Maier
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et al.,49 heptatriaconta-6,9,28,31-tetraen-19-yl 4-(dimethylamino)
butanoate (DLin-MC3-DMA; MC3) as described by Jayaraman
et al.,47 and 2,2-dilinoleyl-4-(2-dimethylaminoethyl)-[1,3]-dioxolane
(DLin-KC2-DMA; KC2) as described by Semple et al.50 and ob-
tained at a purity >90% from SAI Life Sciences (Hyderabad, India).

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC; ref. 850365), 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol)-2000](14:0 PEG2000-PE; ref. 880150) and choles-
terol (Chol; ref. 700100) were obtained from Avanti Polar Lipids
(Alabaster, AL, USA).
mRNAs

High purity, custom-synthesized mRNA with and without N1-
methyl pseudouridine (1MpU) substitution and encoding the hemag-
glutinin (HA) of the influenza strain A/Netherlands 2009 (H1N1) was
obtained from Amptec. The mRNAs were prepared by in vitro tran-
scription (IVT) with T7 RNA polymerase starting with a linear DNA
template generated by PCR and a mixture of all natural nucleosides
(UNR) or with 1MpU instead of U (MNR). The mRNAs were capped
(Cap0) with anti-reverse cap analog introduced into the nucleotide
triphosphate mix used for the IVT reaction. The mRNAs were tailed
with a 120-A-long polyA tail encoded directly in the DNA template.
The same 50 and 30 UTRs, specific to the vendor, were used in UNR
and MNR. mRNAs were treated with phosphatase to remove the
triphosphate group from the 50 end of uncapped products and puri-
fied to high degree of purity by using spin column purification. Cer-
tificates of analysis showed single peaks for both UNR and MNR by
using Agilent 2100 Bioanalyzer and A260/A280 ratios of 2.1 and
1.9, respectively, for UNR and MNR.

The 5-methoxyuridine-modified CleanCapmRNA encoding firefly
luciferase and labeled with cyanine 5 for direct visualization was ob-
tained from TriLink (catalog number: L-7702). Cyanine 5-UTP and
5-methoxy-UTP were used at a ratio of 1:3. Substitution of uridine
in this ratio results in mRNA that is easily visualized and can still
be translated in cell culture (note that translation efficiency correlates
inversely with cyanine 5-UTP substitution).
LNP formulation and characterization

L319, MC3, and KC2 were formulated into LNPs by using a
NanoAssemblr (Precision Nanosystems, Vancouver, BC) as previ-
ously described.51 In brief, lipids were first dissolved in ethanol at
molar ratios of 50:10:38.5:1.5 (ionizable lipid/DSPC/Chol/DMPE-
PEG2000). The lipid mix at 20 mg/mL in ethanol and the mRNA
at 0.305 mg/mL in 50 mM citrate buffer (pH 4.0) were then injected
into the NanoAssemblr at a flow rate ratio of 1:3 respectively with a
combined final flow rate of 4 mL/min and an N/P ratio of 6 (cationic
nitrogen groups from the ionizable lipid over anionic phosphate
groups from the mRNA). Formulations were then dialyzed using
10-kDa MWCO cassettes (Spectrum Labs, Rancho Dominguez,
CA) against 50 mM citrate buffer (pH 4.0) for at least 4 h followed
by phosphate buffered saline (pH 7.4; PBS) for 24 h. Obtained LNP
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suspensions were filtered on 0.22-mm PES membranes and stored
liquid at 4�C under inert atmosphere.

The size of the LNPs was characterized by dynamic light scattering
using the Malvern Zetasizer NanoZS (Malvern, Worcestershire,
UK), and mRNA encapsulation efficiency was determined by
mRNA accessibility to Ribogreen using the QuantiTRibogreen RNA
assay (Life Technologies, Burlington, ON).

Animal studies and ethics statements

All experiments were included in a program approved by the French
Ministry of Higher Education, Research and Innovation and were
conducted in accordance with the European Directive 2010/63/UE
as published in the French Official Journal of February 7th, 2013.

BALB/c ByJ mice (Balb/c) were purchased from Charles River (Saint-
Germain-Nuelles, France) and cynomolgus macaques (Macaca fasci-
cularis) fromNoveprim (Camarney, Spain). Mice and macaques were
housed in animal facilities accredited by AAALAC International.
Mouse study protocols were reviewed by the Ethics Committee #11
of Sanofi Pasteur. The macaque study protocol was also reviewed
by the Animal Welfare Body of Cynbiose and the Ethics Committee
of VetAgro-Sup (Marcy l’Étoile, France) and approved under number
1633-V3 (MESR number: 2016071517212815).

Bioimaging studies

8-week-old female Balb/c mice were anesthetized with 2% isoflurane
in oxygen (Alcyon, France; ref. 1818290) and injected into the right
quadriceps with 5 mg of cyanine-5-labeled, 5- methoxyuridine-modi-
fied CleanCap FLucmRNA either naked or encapsulated within L319,
MC3, or KC2 LNPs under a final volume of 50 mL PBS.

Bioimaging acquisitions were performed using IVIS SpectrumCT im-
aging system (PerkinElmer). The fluorescence signal of cyanine-5-
FLuc mRNA was acquired at the time of injection (T0), 2, 4, 6, 24,
48, and 72 h post injection. The level of FLuc mRNA expression
was assessed at 6, 24, 48, and 72 h post injection by bioluminescence
imaging, in anesthetized mice, 15 min after intraperitoneal injection
of 150 mg/kg of D-luciferin (Invitrogen). In an independent experi-
ment, using the same labeled Fluc mRNA in L319 LNPs, the injected
mice were sacrificed after 6 or 24 h to perform ex vivo imaging on har-
vested organs by using the IVIS system.

All data were analyzed using the Living Image software provided by
PerkinElmer and the quantification was performed over a region of
interest (ROI) applied to the injected area. The fluorescence signal
was expressed as total radiant efficiency [(photon/s)/(mW/cm2)]
and normalized by subtracting the background signal measured in
the PBS-injected group. Bioluminescence was quantified by
measuring the total radiance (photon/s) of the ROI.

Immunization studies

Groups of four cynomolgus macaques (three females and one male
weighing from 2.4 to 4.4 kg in each group) were immunized at D0
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and D28 with 10 mg of a monovalent A/California/7/09 (H1N1)
split influenza vaccine or with MC3, KC2, or L319 LNPs loaded
with 50 mg of unmodified mRNA (UNR) or 1MpU-modified
mRNA (MNR) encoding full-length HA of closely related influenza
virus strain A/Netherlands/602/2009 (H1N1). The immunogens in
PBS were injected into the animals’ right (first inj.) and left (second
inj.) deltoid under a final volume of 500 mL. Blood samples were
collected pre-immunization (D-22 and D-7) and at different time
points following immunization for the analysis of functional anti-
body responses by HI titration (D28, D55, D85), HA-specific B
and T cell responses by FluoroSpot (D20, D55, D85), innate cyto-
kines by Meso Scale Diagnostics (MSD) assay (6 and 24 h post
injection), and standard blood biochemistry markers (D2, D5, D7,
D30, D33, D35). For functional antibody and innate cytokine titra-
tion in serum, blood was collected in dry tubes containing clot acti-
vator and serum separator (Becton-Dickinson, Vacumed; ref.
42711). After an overnight incubation at 5�C ± 3�C, blood samples
were centrifuged at 2000 x g for 20 min, and sera were stored at
�80�C until analysis. For T cell responses, blood was collected in
Sodium-Heparin tubes (Becton-Dickinson Vacutainer; ref. 267876)
for PBMC isolation. PBMCs were stored frozen in liquid nitrogen
until analysis. For blood biochemistry markers, blood was collected
in lithium-heparin tubes with separator gel (Greiner Bio-One, Vacu-
ette; ref. 454089). Tubes were stored at 5�C ± 3�C for 60 ± 10 min
prior performing the analyses. Clinical observations were performed
daily over a period of 5 days after each injection. The presence of
symptoms such as decrease in food intake, limited mobility,
polypnea, systemic or local reactions were noted during the whole
period of the study. Animals were weighed and their body temper-
ature monitored once weekly.

In parallel, 50-mL fractions of the vaccine formulations used for ma-
caque immunization (i.e., 5 mg of mRNA) were used to immunize
Balb/c mice. Mice (eight per group) were injected twice, 3 weeks apart
(D0, D21) by i.m. route into the quadriceps. Blood samples were
collected in pre-immunized mice (D-9) and 3 weeks following each
injection (D20, D42) for HI titration. Clinical observations were per-
formed daily over a period of 5 days after each injection. Systemic and
local reactions were monitored over the whole study period. Animals
were weighed before immunization (D-9, D-1) and 3 weeks following
each injection (D20, D42).

Hemagglutination inhibition assay

The level of functional antibodies was determined by HI titration of
individual sera against 4 hemagglutination units (HAU) of an A/Cal-
ifornia/07/09 (H1N1) influenza virus (strain closely related to
A/Netherlands/602/2009 encoded by the mRNA vaccine) using
chicken red blood cells (cRBCs). Individual sera collected at defined
time points were first treated with Receptor Destroying Enzyme
and absorbed on 10% cRBCs in PBS. The HI titer of a given serum
was defined as the reciprocal of its last dilution preventing hemagglu-
tination. A value of 5, corresponding to half of the initial dilution (1/
10), was arbitrarily given to a serum with no HI activity to perform
statistical analysis.
Quantification of IFN-g- and IL-13-secreting T cells

IFN-g- and IL-13-secreting T cells were determined by using, respec-
tively, the Monkey IFN- g FluoroSpot BASIC (550) kit (Mabtech;
Ref. FS1-21-550) and the Monkey IL-13 ELISpot BASIC (HRP) kit
(Mabtech; ref. 3470M-2H) by following the kits’ instructions. In brief,
Multiscreen 96-well IPFL plates (Mabtech; ref. 3654-FL-10) were
coated by adding 100 mL/well of anti-monkey IFN- g (Mabtech; ref.
MT126L) or anti-monkey IL-13 capture mAb (Mabtech; Ref. IL13-
I) at 0.5 mg/mL and incubated overnight at 4�C. After washing
with PBS and plate blocking with RPMI medium containing
200 mM glutamine, 10 mg/mL streptomycin, 10000U/mL penicillin,
and 10% heat-inactivated fetal calf serum, purified PBMCs (200,000
per well) were cultured for 48 h with either 1 mg per well of recombi-
nant influenza hemagglutinin (rHA) from A/California/07/2009
strain (Sanofi, Protein Sciences) or with medium alone as a negative
control. Positive controls were obtained by stimulating PBMCs with
100 ng anti-CD3 (Mabtech; Ref. CD3-1) for IFN- g or 2 mg phytohe-
magglutinin (PHA) for IL-13. After overnight culture and washing
with PBS-0.25% BSA, biotinylated anti-IFN- g (7-B6-1; Mabtech)
or anti-IL13 (IL-13-3; Mabtech) detection mAb was added and incu-
bated at room temperature, followed by streptavidin-550 (Mabtech;
Ref. SA-550) for IFN- g or streptavidin PE (SouthernBiotech; ref.
7100-09L) for IL-13 detection. IFN- g and IL-13-secreting cells
were counted using a plate reader (Microvision Instruments, Evry,
France). Data shown were corrected by subtracting counts from nega-
tive control wells containing PBMCs collected from the same animal
prior to immunization.

Memory B cell FluoroSpot assay

Freshly thawed PBMCs were first stimulated for 5 days in RPMI me-
dium containing 200 mM glutamine, 10 mg/mL streptomycin,
10,000 U/mL penicillin, and 10% heat-inactivated fetal calf serum
supplemented with R848 (1 mg/mL) plus IL-2 (10 ng/mL) to promote
B cell differentiation into antibody-secreting cells (ASCs). ASC fre-
quency was then measured by the Human IgG/IgM FluoroSpot kit
(Mabtech; Ref. FS-05R17G-10). Specifically, Multiscreen 96-well
IPFL plates were prepared as described above for the T cell assays
and coated with 4 mg of recombinant influenza hemagglutinin
(rHA) from A/California/07/2009 strain (Sanofi, Protein Sciences).

AfterwashingwithPBS andblockingwith completemedium, theplates
were seeded with the pre-stimulated PBMCs. After 5 h of incubation at
37�C, the plates were washed in PBS-0.05% Tween 20 and PBS and
incubated with respectively Cy3-labeled anti-human IgG-550 mAbs
(Mabtech; Ref. MT78/145) or FITC-labeled anti-human IgM-490
mAb (Mabtech; Ref. MT22). After washing with PBS, fluorescent spots
were enumerated with a spot reader equipped with filters for Cy3 and
FITC (Microvision). Data shown were corrected by subtracting
FluoroSpot counts from negative control wells containing PBMCs
collected from the same animal prior to immunization.

Innate cytokine assay

10 cytokines (Eotaxin, IFN-a2a; IL-1b; IL-1RA, IL-6, IL-8, IL-17A;
I-TAC, MCP-1, TNFa) were determined in macaque serum samples
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collected 7 days prior to immunization, 6 and 24 h following the first
immunization by using an MSD U-plex kit (MSD; Ref. K15068L-2),
and following kit instructions. Amounts were expressed in pg/mL af-
ter subtracting background levels measured pre-immunization for
each individual macaque.
Blood biomarkers

Plasma levels of ALP, ALT, AST, creatinine, lipase, and CRP were
measured before immunization and 2, 5, and 7 days following each
injection using standard protocols applied for blood parameter deter-
mination by Biovelys (Marcy l’Etoile, France). Blood protein concen-
trations were expressed in IU (International Units)/L for ALP, ALT,
AST, and lipase, and in mmol/L for creatinine and inmg/L for CRP for
each individual macaque. When CRP was below the lower limit of
quantification (5 mg/L), an arbitrary value of 2.5 mg/L was assigned.
Other blood parameters could be quantified at each time point and for
each animal.

Normal range values for cynomolgus macaques were provided by
Biovelys based on their own data library (ALP, ALT, AST, creatinine)
or derived from the literature (lipase, CRP).67,68 From these reference
values, the fifth percentile (lowermost edge) and the 95th percentile
(uppermost edge) were calculated, and the fifth to the 95th percentile
range was represented, covering 90% of the most common pre-
dose data.
Statistical analyses

No statistical analysis was performed on the monkey study due to the
low number of animals per group. For the mouse study, the HI titers
were log transformed and an analysis of variance (ANOVA) with
LNP and mRNA as fixed factors was performed for group compari-
sons. For non-responders, an arbitrary minimum value of 5 HI units
was attributed. Heterogeneity between the groups was considered.
The model’s residuals were studied to test the model’s validity
(normality, extreme individuals, etc.). All analyses were done on
SAS v9.4. A margin of error of 5% was used for effects of the main
factors.
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