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The response to mRNA vaccines needs to be sufficient for im-
mune cell activation and recruitment, but moderate enough to
ensure efficacious antigen expression. The choice of the cap
structure and use of N1-methylpseudouridine (m1J) instead
of uridine, which have been shown to reduce RNA sensing by
the cellular innate immune system, has led to improved efficacy
of mRNA vaccine platforms. Understanding how RNA modifi-
cations influence the cell intrinsic immune response may help
in the development of more effective mRNA vaccines. In the
current study, we compared mRNA vaccines in mice against
influenza virus using three different mRNA formats: uridine-
containing mRNA (D1-uRNA), m1J-modified mRNA (D1-
modRNA), and D1-modRNA with a cap1 structure (cC1-mod-
RNA). D1-uRNA vaccine induced a significantly different gene
expression profile to the modified mRNA vaccines, with an
up-regulation of Stat1 and RnaseL, and increased systemic
inflammation. This result correlated with significantly reduced
antigen-specific antibody responses and reduced protection
against influenza virus infection compared with D1-modRNA
and cC1-modRNA. Incorporation of m1J alone without cap1
improved antibodies, but both modifications were required for
the optimum response. Therefore, the incorporation of m1J
and cap1 alters protective immunity from mRNA vaccines by
altering the innate immune response to the vaccine material.

INTRODUCTION
The coronavirus disease 2019 (COVID-19) pandemic has led to a
flurry of vaccine developments and roll outs, including a number of
vaccine platforms that had not previously been licensed.1,2 One of
the platforms that went from a promising pre-clinical approach to
a highly effective product was mRNA-based vaccines. There are
now twomRNA vaccines widely in use: BNT162b2 (Comirnaty, man-
ufactured by Pfizer-BioNTech) and mRNA-1273 (Spikevax, manu-
factured by Moderna).3,4 A key underpinning technology that
contributed to the success of these vaccines was the replacement of
uridine-containing mRNA (uRNA) with m1J (modRNA).5 As well
as the COVID-19 vaccines,6 modRNA has been used in a wide num-
ber of pre-clinical studies against viruses, such as influenza7 and
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Zika,8 and other applications, such as cancer9 and experimental auto-
immune encephalomyelitis.10 It is also being tested in a number of
clinical trials for other infections, such as influenza (NCT05052697)
and respiratory syncytial virus (NCT05127434). Understanding
more about the impact of m1J modification on the innate immune
response to mRNA vaccines would help in the development of more
effective vaccines.

The recognition of foreign RNA by the host immune response can
reducemRNA translation. Foreign RNA is sensed by a range of innate
immune receptors, such as Toll-like receptors (TLR3 and TLR7),
OAS-1, and retinoic acid-inducible gene-I (RIG-I)-like receptors,
such as melanoma differentiation-associated protein 5 and RIG-I.11

For mRNA vaccines, evading the recognition of the foreign RNA
may result in better translation efficiency in the injected tissue and in-
crease the desired downstream adaptive immune response. The
replacement of uridine with m1J in mRNA suppressed recognition
of the delivered RNA by TLRs, with an associated reduction in the
production of inflammatory cytokines,5 and led to higher protein
translation than unmodified mRNA.12 Another structural element
important for mRNA stability and translation efficiency is the 50

cap. Different 50 caps for co-translational capping of in vitro tran-
scribed mRNA production are available, among which the cap0
ß-S-ARCA cap (D1) has been shown to enhance RNA stability and
translational efficiency,13 while the cap1 CleanCap (cC1) offers
reduced immune sensing.14 An important additional step is the
removal of double-stranded RNA (dsRNA) molecules, which are a
low-level by-product during RNA production, from the vaccine prep-
aration,15 as dsRNAs are potent inducers of innate immunity.16
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Figure 1. Modifications of the mRNA format influence expression in vitro

(A–D) HEK293T (A, B) and MEF (C, D) cells were either transfected with different mRNA formats encoding H1 influenza HA, or mock transfected. Eighteen hours after

transfection, cells were stained with ant-HA primary antibody or isotype control (IgG2a kappa), and analyzed by flow cytometry. Expression was assessed by displaying the

frequency of HA-positive cells (A, D) and their mean fluorescence intensity (MFI, B, E) as mean and standard deviation and overlay plots represent one representative sample

(C and F). One-way ANOVA with Tukey’s multiple comparison was performed between transfected groups, n = 4 for HEK293T cells and n = 3 for MEFs. *p < 0.05,

****p < 0.0001. ns, not significant.
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Recognition of foreign RNA activates the type I interferon (IFN) sys-
tem,17 which induces an anti-viral state. The IFN-induced anti-viral
state inhibits protein translation through the up-regulation of IFN
stimulated genes.18 In a recent systems immunology study, up-regu-
lation of type I IFN-associated genes has been observed in volunteers
immunized with the mRNA vaccine BNT162b2.19

Todissect the innate immune response that suppresses translationof in-
jected RNA or dampens the antigen-specific immune response, we per-
formed a comparison ofmRNAvaccine formats against an influenza vi-
rus antigen. We compared in vitro transcribed b-S ARCA capped (D1)
mRNA with m1J (m1J-modified mRNA [D1-modRNA]) and
without nucleoside modification (D1-uRNA). As a third RNA format,
we combined two approaches to further reduce immune sensing by pro-
ducing an m1J mRNA which incorporated cC1 and was produced
with an in vitro transcriptionprotocol that yields reduced dsRNA impu-
rities (D1-modRNA with a cap1 structure [cC1-modRNA]). Our hy-
pothesis was that sensing of the different mRNA vaccines by the innate
immune systemwould have an impact on the downstream adaptive im-
mune response.We saw that the D1-uRNARNA format led to a signif-
icantly different gene expression profile in the lymph node than theD1-
2 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
modRNA and cC1-modRNA formats. This was associated with
increased inflammation and a significantly reduced adaptive immune
response to the encoded antigen. In mice lacking IFN-a/b receptor
(IFNAR), there was an altered response to the vaccine, with increased
T cell responses. Among themRNA formats tested, cC1-modRNA vac-
cine generated the highest anti-hemagglutinin (HA) antibody titers and
controlled best an influenza viral challenge in mice.

RESULTS
Incorporation of m1J into mRNA significantly increases in vitro

antigen expression

Previous studies have shown that the incorporation of m1J into
mRNA increases protein translation.12 We wanted to investigate
whether this was the case with mRNA encoding influenza virus HA,
andwhether the additional incorporation of Cap1 and dsRNA-removal
step have an impact, as these are hypothesized to reduce sensing by
pattern recognition receptors. Initially, we investigated the protein
expression in the IFN-deficient cell line HEK293T. Cells were trans-
fected with 80 ng mRNA and expression of HA was measured
byflow cytometry 18h later. Therewere significantlymoreHA-positive
cells after transfection with cC1-modRNA (Figure 1A), and positive
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cells expressed a higher level of HA than D1-modRNA and D1-uRNA
transfected cells (measured byMFI, Figures 1B and 1C).We also trans-
fected mouse embryonic fibroblasts (MEFs) that, unlike HEK cells, are
IFN sensitive. MEFs transfected with 150 ng of the modified RNAs,
either D1-modRNA or cC1-modRNA, had a significantly greater num-
ber of HA-positive cells (Figure 1D), and those that were positive had
higher levels thanD1-uRNAtransfected cells (Figures 1Eand1F).These
in vitro data indicate that the use of m1J in the mRNA had largest
impact on antigen expression in an IFN-sensitive system, whereas the
incorporation of Cap1 and dsRNA removal by cellulose purification
(cC1-modRNA) only increased antigen expression significantly in an
IFN-deficient system.As seen in other studies,modifiedmRNAshowed
better translation in vitro.20

Incorporation of m1J into mRNA significantly alters the

inflammatory response to mRNA vaccines

Having observed an effect on in vitro expression, we investigated the
impact of incorporating m1J on the immune response to an influ-
enza mRNA vaccine in vivo. One hypothesis was that the D1-
uRNA would trigger a stronger type I IFN response, which inhibits
expression of the vaccine-encoded antigen. To test this, we looked
at the impact of mRNA vaccine format and clean-up on the RNA
transcriptome in the draining lymph node 6 h after a single immuni-
zation of 10 mg of each mRNA platform intra-muscularly (i.m.). In a
global analysis of the response by principal component analysis
(PCA), there was a clear separation of the D1-uRNA group from
the other groups (Figure 2A), indicating a difference between the re-
sponses. Most of the variance was driven by principal component 1
(50%) and this was explained mostly by genes associated with the
type I IFN response.

We investigated the blood transcription modules21 into which the
differentially expressed genes (DEGs) were grouped (Figure 2B).
There were significant changes between D1-uRNA and the buffer
group in several blood transcription modules as defined by Li
et al.22; this included B cell development (LI.M58) and antiviral
IFN signature (LI.M75). Similar differences were seen when cC1-
modRNA was compared with D1-uRNA, with differences in the
type I IFN response module (LI.M127), inflammatory molecules in
myeloid cells (LI.M86.0) and antiviral IFN signature (LI.M75). No
differences were seen between either cC1-modRNA or D1-modRNA
and buffer.

We then compared individual genes that were significantly different,
first between the D1-uRNA and a buffer-only group (Figure 2C).
There were 80 DEGs that were up-regulated (Table S1); these
included the type I IFN signaling molecule Stat1, multiple members
of the p200 family (Ifi202b, Ifi211, Ifi206, Ifi203, Ifi209, Ifi205,
Figure 2. Immunization with unmodified mRNA induces a significantly differen

(A–D) BALB/c mice were immunised intramuscularly with 10 mg mRNA encoding HA fr

responses were compared to buffer only. Lymph nodes were collected at 6 hours after

RNA changes (A). Grouping of responses as blood transcription modules (BTM, B). Indiv

uRNA (C) and cc1-modRNA and D1-uRNA (D). Gene-gene interactions for DEG in D1-
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Ifi208, Ifi214, Ifi204, Ifi207, Ifi213, and Mndal), the chemokine Xcl1,
the chemokine receptors Ackr1 and Cxcr1, and the immune check-
point regulator Ctla4 and RnaseL. There were 57 genes that were
significantly greater in the PBS control. A very similar pattern was
seen when comparing D1-uRNA with cC1-modRNA, there were 71
DEGs that were significantly up-regulated in D1-uRNA compared
with cC1-modRNA, with many of the same genes as seen in the com-
parison of D1-uRNA and buffer (Figure 2D). There were 53 genes
that were significantly greater in the cC1-modRNA group. When
buffer and cC1-modRNA were compared, there were no significant
DEG. Mapping the interactions of the DEG between D1-uRNA and
buffer indicated that Stat1 was as an important active hotspot, sug-
gesting its role as a master regulator (or the importance of IFN-
signaling pathways) during the responses induced by the vaccine
(Figure 2E).

We explored whether the changes in the transcriptome after immuni-
zation were associated with an impact on systemic inflammation. Im-
munization led to a mild but transient weight loss 1 day after immu-
nization, with the D1-uRNA group losing more weight (Figure 3A),
indicating potential systemic effects. To investigate mediators associ-
ated with inflammation, we measured the cytokine response in blood
6 and 24 h after immunization of mice receiving a 10-mg dose i.m. of
either mRNA platform. The cytokine response to D1-uRNA was
elevated with the induction of a significantly greater level of different
analytes compared with the other mRNA vaccines tested (Figures 3B
and S1), including MIP-1A, MIP-1B, IFN-g, interleukin (IL)-6,
MCP-1, IP-10, and tumor necrosis factor (TNF). There was no signif-
icant difference in IL-5, granulocyte macrophage colony stimulating
factor (GM-CSF), or KC (Figures S1H–S1J). Blood samples were
also collected 24 h after immunization (Figures 3C and S2). At this
time point, all vaccinated groups had significantly elevated levels of
cytokines compared with the buffer group, with significantly
increased levels of MIP-1A, MIP-1B, IL-6, MCP-1, IP-10, and KC
(Figures S1A, S1B, S1D–S1F, and S1J). Only D1-uRNA had a signif-
icantly higher level of IFN-g and GM-CSF than buffer (Figures S2C
and S2I). The D1-uRNA group had significantly higher levels of
MIP-1A (Figure S2A) and TNF (Figure S2G) than the cC1-modRNA
group. IL-5 was significantly greater in the cC1-modRNA and D1-
modRNA groups than either buffer or D1-uRNA (Figure S2H). These
data indicate that all mRNA vaccines tested induce a systemic inflam-
matory response, but the kinetics and magnitude of the response to
the D1-uRNA are faster than in the other mRNA vaccines.

We then investigated the impact on cellular infiltration into the injec-
tion site (the muscle) and the local draining lymph nodes. Tissues
were collected 24 h after immunization. There was a visual difference
in the muscle and lymph nodes, with some evidence of bloody
t transcriptomic response in the lymph node to m1J containing mRNA

om H1 influenza. The mRNA was either D1-uRNA, cC1-modRNA or D1-modRNA;

immunisation and processed for RNA-Seq. Principal component analysis (PCA) of

idual significant differentially expressed genes (DEG), shown between buffer and D1-

uRNA group (E). N=3 mice per group. FDR, false discovery rate.



Figure 3. Immunization with unmodified mRNA induces a significantly greater systemic inflammatory response 6 h after immunization

(A–C) BALB/c mice were immunized intramuscularly with 10 mg mRNA encoding HA from H1 influenza. The mRNA was either D1-uRNA, cC1-modRNA or D1-modRNA.

Weight change after immunization (A). Blood was collected at 6 h (B) and 24 h (C) after immunization andmeasured for cytokines byMSD. N = 5mice per group. *on heatmap

p < 0.05 compared with D1-uRNA group by one-way ANOVA with Tukey’s post hoc test.
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infiltrate into the muscles after cC1-modRNA and relatively enlarged
lymph nodes in the D1-uRNA group. The lymph node andmuscle tis-
sues were digested, and live cells were counted. There were increased
cell numbers in the muscle (Figure 4A) of the group immunized with
cC1-modRNA and increased cell numbers in the lymph node of the
D1-uRNA group (Figure 4B), suggesting a different kinetics of cell
recruitment. There were slight differences in the cell types detected.
While there was no difference MHCII+CD11C+ cell counts (dendritic
cells) in the muscle (Figure 4C), the D1-modRNA group had signif-
icantly more dendritic cells in the lymph node (Figure 4D). There
was no difference in macrophages in muscle or lymph node (Figures
4E and 4F). Interestingly, there were more neutrophils in the muscle
after immunization with any of the mRNA formats than in the buffer
control (Figure 4G), and there was a trend toward more neutrophils
in the lymph node of mice immunized with D1-uRNA RNA (Fig-
ure 4H). There were no differences in T cell recruitment to in the
muscle (Figure 4I), but there was a trend toward more T cells in
the lymph nodes of the D1-uRNA-immunized mice than the other
groups (Figure 4J).

Systemic inflammation after mRNA vaccination is associated

with a dampened adaptive immune response

Having seen differences in the inflammatory response to the different
mRNA vaccines, we wanted to investigate whether this was associated
with differences in adaptive immune responses. Mice were immunized
in a prime-boost regime at days 0 and 21with 10mgmRNA, comparing
the three mRNA vaccine types. Blood was collected 24 h after first im-
munization and cytokines measured by multiplex assay. As seen previ-
ously (Figure 3), there was a greater systemic inflammatory response in
mice immunizedwithD1-uRNAthan cC1-modRNA,with significantly
elevated levels of IL6, KC, and TNF, but significantly less IL-5 (Fig-
ure 5A). Anti-H1 HA influenza antibodies were significantly greater
in both the cC1-modRNA and the D1-modRNA groups than the D1-
uRNAgroup after both prime (Figure 5B) and boost (Figure 5C) immu-
nization. Hemagglutination inhibition assay (HAI) titers reflected
ELISA titers (Figure 5D). We compared the cytokine response at 24 h
after the first immunization and the antibody response after the prime
or boost immunizations (Figure 5E). There was a strong negative corre-
lation between levels of KC (Figure 5F) and TNF (Figure 5G), and anti-
body response 21 days after prime immunization; this relationship
continued to the antibody response after a boost immunization. Inter-
estingly, the only cytokine with a strong positive correlation with anti-
body was IL-5 (Figure 5H). Influenza HA-specific T cell responses
measured at day 56 by ELISpot. and there were no differences between
groups (Figure 5I). There was a correlation betweenmost cytokines and
T cell responses, with a significant but weak correlation between IP-10
and HA specific T cells (Figure 5J) when comparing the immunized
groups, although this is anchored in the naive group.

To assess the role of IFN sensing on the performance of RNA vac-
cines, we compared responses to cC1-modRNA and D1-uRNA in
C57BL/6 mice with and without aIFNAR treatment, or Ifnar�/�

gene knockout mice. Mice were immunized intramuscularly with
1 mg vaccine in a prime boost regime with 28 days between injec-
tions; before each immunization, antibody-treated mice were given
1 mg MAR1 intraperitoneally. Blood was collected 6 h after immu-
nization for analysis of cytokines. Blocking signaling through
IFNAR—either in knockout mice or by antibody treatment—had
no impact on the cytokine response to the cC1-modRNA (Fig-
ure 6A). However, there was a significant reduction in IP-10 (Fig-
ure 6B) and TNF (Figure 6C) in the IFNAR-blocked D1-uRNA
groups. Interestingly, there was also an increase in IL-5 (Figure 6D)
and IL-6 (Figure 6E) in Ifnar�/� mice compared with untreated
mice. Other cytokines measured showed no significant change (Fig-
ure 6A). Sera were collected at day 42 and anti-HA responses
measured by ELISA. The antibody responses were low across all an-
imals, indistinguishable from the control group, which may reflect
different responses in different mouse backgrounds (C57BL/6 in
these studies to match the IFNAR�/�) and the lower amount of
RNA used compared with other studies (Figure 6F). However, there
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 5
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Figure 4. Immunization with unmodified mRNA leads to different cell recruitment into the muscle and lymph node

(A–J) BALB/c mice were immunized intramuscularly with 10 mg mRNA encoding HA from H1 influenza; the mRNA was either D1-uRNA, cC1-modRNA, or D1-modRNA.

Muscles and lymph nodes were harvested at 24 h after immunization and processed for flow cytometry. Total live leukocyte cell count in recovered tissue (A and B), dendritic

cells (C and D), macrophages (E and F), neutrophils (G and H), and T cells (I and J) assessed by flow cytometry and presented as a percentage of the live leukocytes in the

tissue sample. The mean is indicated by horizontal line, N = 5 mice per group, each dot represents one animal, *p < 0.05 by one-way ANOVA and Dunnet’s post hoc test.
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was a significant decrease in HA-specific T cell responses in the D1-
uRNA-immunised IFNAR blocked mice (Figure 6G) and T cell re-
sponses correlated with IP-10 (Figure 6H).

Finally, we assessed the impact of different mRNA vaccine types on
protection against influenza virus challenge. We tested three doses
of the three different mRNA platforms: 10, 1, and 0.2 mg. As before,
mice were immunized in a prime-boost regime, and blood collected
at day 21 (after one dose) and day 42 (21 days after second dose).
One dose of 10 mg cC1-modRNA or D1-modRNA led to significantly
greater antibody levels than the D1-uRNA, although there was detect-
able antibody to all vaccines (Figure 7A). A similar effect was seen
with 1 mg C1-modRNA, which was significantly greater than the
D1-uRNA and did not induce any antibody response after prime (Fig-
ure 7B). There was no antibody response in any group after one dose
of 0.2 mg mRNA (Figure 7C). After two doses of mRNA, all animals
seroconverted, except for the 0.2-mg D1-uRNA group (Figures 7D–
7F), with the 10-mg and 1-mg doses of cC1-modRNA group signifi-
cantly greater than the D1-uRNA. There was also a significant differ-
ence between the cC1-modRNA and D1-modRNA in the 10-mg and
1-mg dosed groups observed (Figures 7D and 7E). At 21 days after the
second dose, animals were infected intranasally with H1N1 influenza.
The animals were assessed for signs of disease by assessing weight
6 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
loss. All the 10-mg groups were protected against weight loss, and
the experiment was terminated at day 4 after infection (Figure 7G).
In the 1-mg study, all groups lost some weight after infection, but
compared with the buffer control, the mice lost significantly less
weight and the buffer group had to be culled at day 5 because they
had reached the humane endpoint. The cC1-modRNA group lost
significantly less weight than the D1-uRNA group (Figure 7H). In
the 0.2-mg study, the cC1-modRNA group also lost significantly less
weight than the D1-uRNA group, and two mice in the D1-uRNA
group were culled on day 5 because of excess weight loss (Figure 7I).
We also estimated viral load by measuring influenza M gene RNA
levels in frozen lung tissue. In the 10-mg study, all immunized animals
had significantly less M gene RNA in their lungs on day 4 after infec-
tion than the buffer control (Figure 7J). There was detectable M gene
RNA in the lungs of the 1-mg and 0.2-mg immunized groups at the
later time point of day 7 (there was no buffer group control at this
time point because they were culled on day 5). There was no signifi-
cant difference between the groups.

DISCUSSION
In the current study, we investigated the impact of the incorporation
of m1J, as well as the combination of m1J, Cap1, and dsRNA pu-
rification into a D1-uRNA vaccine against influenza virus on antigen



Figure 5. Inflammation after immunization with unmodified mRNA is associated with dampened adaptive immune responses

(A-J) BALB/c mice were immunized at day 0 and day 21 intramuscularly with 1 mg mRNA encoding HA from H1 influenza; the mRNA was either D1-uRNA, cC1-modRNA, or

D1-modRNA. Heatmap of mean cytokine responses in blood 24 h after immunization (A). Blood was collected for analysis of HA specific antibody 21 days (B) and 42 days

(C) after study start; 42 days after the study, spleens were collected and assessed for HA specific T cells by ELISPOT (D). Heatmap of correlation between antibody, T cells,

and cytokines after prime, values are Pearson r (E), black boxes indicate significance p < 0.05. Correlation antibody with KC (F), TNF (G), IFN-g (H), IL-6 (I), and IL-5 (J). N = 5

mice per group; *p < 0.05, ****p < 0.0001 as indicated by one-way ANOVA with Tukey’s post hoc test. WT, wild type.
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expression in vitro and on the immune response to the vaccine mate-
rial itself, as well as on the downstream adaptive response to the en-
coded antigen. Exchanging uridine with m1J and cleaning up syn-
thesis by-products significantly increased the anti-hemagglutinin
antibody titer compared with in vitro transcribed mRNA with canon-
ical nucleotides. Exploring the early transcriptomic response in the
lymph node draining the injected muscle, we observed a significant
up-regulation in genes that might dampen the response to an
mRNA vaccine including RnaseL, Ctla4, and Stat1. The D1-uRNA
mRNA induced significantly higher levels of inflammatory cytokines
in the sera at 6 and 24 h after immunization. To test the efficacy of the
different vaccines, mice were infected with influenza virus; the cC1-
modRNA-vaccinated mice were significantly more protected against
disease than the D1-uRNA-immunized group. Interestingly there was
a significant difference in the antibody response between the cC1-
modRNA and D1-modRNA groups, but no significant difference in
the transcriptomic signatures. This may reflect the in vitro expression,
where we saw that dsRNA removal and Cap1 incorporation improved
HA expression in HEK293T cells.

Our hypothesis was that sensing of the different mRNA vaccines by the
innate immune systemwould have an impact on the downstream adap-
tive immune response. To investigate this, we compared the response at
the transcriptome level in the draining lymph node of the injected
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 7
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Figure 6. Blocking IFN signaling alters the inflammatory profile after immunization and the T cell response

(A–G) C57BL/6 mice treated with IFNAR blocking antibody (aIFNAR: 1 mg MAR1 intraperitoneally 24 h before immunization), or an isotype control (wild type [WT]/Iso), or

Ifnar�/� mice were immunized intramuscularly with 1 mg cC1-modRNA or D1-uRNA at 0 and 28 days responses compared with a no vaccine control (naive); 6 h after

immunization sera were collected to measure cytokines by MSD (A): individual cytokines IP-10 (B), TNF (C), IL5 (D), and IL-6 (E). At 14 days after the second dose, mice were

culled and sera collected for anti-HA IgG (F) and spleens for HA specific ELISPOT (G). IP-10 24 h after immunization was compared HA-specific ELISPOT responses (H). N = 6

per group, except cC1-modRNA and control where N = 3. *p < 0.05, **p < 0.001, ***p < 0.001, ****p < 0.0001 as indicated by one-way ANOVA with Tukey’s post hoc test.
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muscle. Previous studies have investigated the transcriptomic response
tom1JmodifiedmRNAvaccines: in the draining lymphnodes of non-
humanprimates, therewas a significant up-regulationof STAT1and in-
flammatory cytokine genes at 24 h after immunization.23 Cross plat-
form comparisons have been made between mice and a human tissue
model using in vitro-transcribedmRNAwith canonical nucleosides, de-
tecting a significant up-regulation of IFN-inducible genes and inflam-
matory cytokines in the skin and lymph nodes.24 However, a compari-
8 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
sonhasnot beenmadebetweendifferentmRNAvaccine formatsbefore.
Here, we observed a significant up-regulation of multiple genes after
D1-uRNAimmunization, butnot after cC1-modRNAorD1-modRNA.
At the transcriptional module level, in our study we detected up-regu-
lation of similar pathways to previous studies after vaccination with
BNT162b2, an m1J containing mRNA vaccine.19 Of the genes that
weredifferentially up-regulated in the lymphnodes afterD1-uRNAvac-
cine, there were some thatmay functionally contribute to the difference



Figure 7. Differences in induced antibody levels between different mRNA vaccine formulations

(A–L) BALB/c mice were immunized intramuscularly at day 0 and days 21 with 10, 1, or 0.2 mg mRNA expressing HA from H1 influenza; the mRNA was either D1-uRNA, D1-

modRNA, or cC1-modRNA. Blood was collected to measure anti-HA antibody responses at 4 (A– C) and 8weeks (D–F). Mice were infected intranasally with influenza virus at

8 weeks, weight loss was measured after infection (G–I). Viral load after infection was measured by absolute RT-qPCR quantification taken on day 4 (J) or day 7 (K, L), copy

number (CN) per microgram RNA extracted from lung tissue is shown. Dotted line represents lower limit of detection. N = 5 mice per group; *p < 0.05, ***p < 0.001,

****p < 0.0001 as indicated by one-way ANOVA with Tukey’s post hoc test. In (G–I) * vs. buffer control.
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in response. One of themost striking genes wasRnaseL (formerly 2-5A-
dependent RNase); this is an extremely well characterized IFN-stimu-
lated gene (ISG), first discovered in the 1970s25 and cloned in the
1990s.26 RNaseL breaks down single-stranded RNA and, therefore, is
likely to play an important role in dampening expression from an
mRNA vaccine.27 It has been demonstrated that pseudouridine-con-
taining RNA is resistant to cleavage by RNaseL.28 RNaseL is activated
by 50-phosphorylated, 20-50-linked oligoadenylates known as 2-5A,
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 9
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which are normally generated by members of the OAS family. We did
not observe up-regulation of OAS genes, but both OAS and RNaseL are
ISGs and we observed significantly increased levels of STATwhich acts
downstreamof the IFN receptor to induce transcription of ISG.Another
interesting observation in the transcriptomic dataset was a significant
increase in many genes from the P200 family, which are associated
with cell differentiation and proliferation29; what roles they may play
in the immune response to RNA vaccination needs further investiga-
tion. Itwas notable that therewas nodetectable gene signature for either
the cC1-modRNA or D1-modRNA groups relative to the control; this
may reflect a different kinetic as seen in the cytokine data, where the re-
sponses in these groupswere later than theD1-uRNA. Itmay also reflect
that the sequencingwas performed on lymph nodes, and theremight be
a different profile in the muscle.

As well as differential response in genes after immunization between
cC1-modRNA, D1-modRNA and D1-uRNA, there was a difference
in systemic cytokines. The kinetic of the response to the D1-uRNA
was different to the other two vaccines, with significantly higher levels
of a wide range of cytokines and chemokines; although these may be
beneficial in terms of recruiting cells necessary for the adaptive immune
response, theymay also lead tomore rapid clearance of the transgene.30

A greater cytokine response to D1-uRNA than m1J-containing RNA
was seen in the initial studies developing the platform.5 There was also a
cytokine response at 6 and 24 h after immunization, and detectable
levels of some cytokines in all groups; cytokine responses in the serum
have also been detected 24 h after immunization in BNT162b2 mRNA
vaccine recipients.31 Other studies have shown a rapid and sustained
cytokine response to mRNA vaccines in mice,32 with similar elevations
in IL-5, IL-6, and MCP-1.33 There is likely a balance between vaccine-
induced inflammation leading to the recruitment of the cells necessary
for an adaptive immune response and suppression of vaccine transgene
expression. The role of individual cytokines in the adaptive immune
response tomRNA vaccines needs further investigation. A recent study
using a lipid nanoparticle (LNP)-formulated mRNA vaccine demon-
strated that vaccine induced IL-6 plays a role in the induction of T follic-
ular helper cells and germinal center B cells.34 Other studies have
observed that m1J-modified RNA can induce high levels of Tfh and
GC B cells.35 We saw a correlation between cytokines and the antibody
response to the vaccine—increasedTNFwas associatedwith lower anti-
body responses, which suggests that inflammation induced by D1-
uRNA RNA does dampen the downstream response. Interestingly, we
saw a positive correlation between IL-5 and the adaptive immune
response; we have previously observed this to an MF59 formulated
influenzavaccine.36 IL-5has a role in the development of B cells.37 Inter-
estingly, we saw that blocking IFNAR signaling altered the cytokine
response to vaccination; IFNAR blockade increased IL-6 and IL-5 re-
sponses to D1-uRNA. Interestingly, IFNAR blockade significantly
reduced IP-10 responses and reduced T cell responses to the D1-
uRNA immunization; this reflected a recent cancer studywhere anti-IF-
NAR treatment of unmodified RNA vaccination significantly reduced
CD8 T cell responses.38 This suggests that different approaches may
be needed, depending on the type of adaptive response required. One
caveat is that the studies in Ifnar�/� and IFNAR blockade were per-
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formed in C57BL/6 mice, rather than BALB/c, which was used for the
rest of the studies (because of background strain). We saw a much
greater response to the D1-uRNA in the C57BL/6mice than cC1-mod-
RNA, which was different from the BALB/c. There are well character-
ized differences between these inbred strains inmanydifferent infection
and vaccination settings; a recent study using LNP-encapsulated, un-
modified RNA saw no antibody but a substantial T cell response in
C57BL/6 mice, compared with a mixed antibody and T cell response
in BALB/c.39 These strain differences may help to provide further
insight into the mechanism of the induction of immune responses to
RNA vaccines.

We also investigated the cells in the muscle (the injection site) and the
draining lymph node. There was an increase in dendritic cells in the
lymphnodeofD1-uRNA-immunisedmice, and this reflected the obser-
vation that the lymph nodes in thesemicewere enlarged comparedwith
the other groups, which may indicate a more rapid kinetic of response.
There was a much greater percentage of Ly6G+ (neutrophil) cells in the
lymph nodes after immunization with all three mRNA vaccine types;
neutrophils havebeenobservedasbeing able to shuttle antigen to lymph
nodes.40 In mice, neutrophils are recruited by CXCL1 (KC), among
other chemokines, and we observed significantly elevated KC levels in
all vaccinated animals compared with the buffer control. Interestingly
there was a difference at the transcription level of the chemokine recep-
tors used by neutrophils—the D1-uRNAgroup had significantly higher
levels of Cxcr1 and Ackr1, whereas the cC1-modRNA group had
elevated levels of Cxcr2. What this means in terms of the functional
response is unclear; ACKR1has a role inneutrophil extravasation,while
CXCR1 and CXCR 2 alter cell function.41

Overall, we observed that the incorporation of m1J led to a signif-
icant increase in the antibody response compared with unmodified
RNA, which correlated with key transcriptional changes in RNA-
sensing and IFN-related genes. Even though the combination of
Cap1 and dsRNA removal (cC1-modRNA) did not show significant
transcription changes compared with control; it led to the best anti-
body response and best protection against disease after influenza
virus infection among the tested RNA formats. Moreover, the differ-
ences between the three different mRNA vaccine formats may be
underestimated in the murine model, as mice tend to be less sensi-
tive to stimuli of the innate immunity.42 Testing in other mammal
species might be required to better assess the impact on innate
and adaptive immunity of different mRNA vaccines designs.
Nevertheless, it is clear that the incorporation of m1J and Cap1
into mRNA vaccines has led to their considerable success during
the COVID-19 pandemic.2 There are a number of limitations
for comparing the efficacy data of different mRNA formats
used for vaccination in clinical trials, as the vaccines were not
compared head-to-head. However, it is of note that the vaccine ef-
ficacy of CVnCoV (48.2%)43 was lower than BNT162b2 (95%)44 or
mRNA-1273 (94%).45 CVnCoV is exclusively composed of canoni-
cal nucleosides,46 whereas BNT162b2 and mRNA-1273 both incor-
porate m1J, which suggests there is clinical benefit to silencing the
immunoreactivity of mRNA.



www.moleculartherapy.org
MATERIALS AND METHODS
RNA synthesis by in vitro transcription

The influenza virus HA sequence was obtained from the Influenza A
strain A/California/07/2009 (GenBank: FJ981613.1). DNA templates
were cloned into a plasmid vector with backbone sequence elements
(T7 promoter), 50 and 30 UTR, and a 100-nucleotide poly(A) tail in-
terrupted by a linker (A30LA70, where L = GCAUAUGACU) for
improved RNA stability and translational efficiency.47,48 The DNA
was purified, quantified using spectrophotometry, and in vitro tran-
scribed with T7 RNA polymerase (MEGAscript T7 Transcription
Kit, Thermo Fisher, formerly Ambion). The general procedure was
carried out similarly as described before49 starting with linear DNA
template containing the T7 promoter.

The D1-uRNAwas produced in the presence of a b-S-ARCA (D1) cap
analogue, as described previously.47,50,51 The D1-modRNA was also
produced in the presence of a b-S-ARCA(D1) cap analogue, but
with m1J-50-triphosphate (m1JTP; ThermoFisher Scientific) re-
placing uridine-50-triphosphate (UTP).52 The Cap1-modRNA (cC1-
modRNA) was produced in the presence of a trinucleotide cap1
analogue ((m2 7,30-O)Gppp(m20-O)ApG) (TriLink) and with
m1JTP replacing UTP. For cC1-modRNA a final cellulose purifica-
tion step was included to reduce the dsRNA content.15 All RNAs were
purified using magnetic particles.53 Concentration and quality were
assessed by microfluidic capillary electrophoresis and spectropho-
tometry (2100 Bioanalyzer, Agilent).
Production of LNPs

LNPs were manufactured by controlled mixing of RNA dissolved in
aqueous buffer with an ethanolic solution of lipids using a
NanoAssemblr (Precision Nanosystems). The resulting aqueous-
organic dispersion of LNPs was subjected to dialysis against water
for removal of ethanol. The LNP contains the RNA, an ionizable lipid
(N,N-dimethyl-2,3-bis[(Z)-octadec-9-enoxy]propan-1-amine), a PE-
Gylated lipid, (2-[(polyethylene glycol)-2000]-N,N-ditetradecylaceta-
mide), and two structural lipids (1,2-distearoyl-sn-glycero-3-phos-
phocholine) and cholesterol). LNPs were produced and shipped at
4�C for direct in vivo application.
LNP characterization

Average LNP hydrodynamic size (Z-average in nm) and polydisper-
sity index were determined by dynamic light scattering on a DynaPro
PlateReader II and analyzed with the Dynamics v.7.8.1 software (both
from Wyatt Technology). LNP samples were diluted to 0.01 mg/mL
in PBS. All samples were measured in duplicate, ten data points
were recorded per replicate, each measurement lasted 10s.
Cell culture

HEK293T (ATCC) andMEF (ATCC)were cultured inDMEM(Gibco)
supplemented with 10% fetal bovine serum (Sigma-Aldrich) and
GlutaMax (Gibco). Cell lines were tested for mycoplasma contamina-
tion after receipt, before expansion and cryopreservation. HEK293T
cells andMEFcellswerenot used above25and15passages, respectively.
Transfection

We plated 2� 105 cells per well in a 12-well plate and transfected after
attachment with either 80 or 150 ng RNA on the same day. Transfec-
tion reactions were prepared in Opti-MEM (Gibco) at a concentra-
tion of 1 ng/mL, including 1 mL RiboJuice Boost Reagent and
RiboJuice Transfection Reagent per microgram RNA (Merck Milli-
pore). Transfection reaction was added to the cells within 5 min of
preparation and harvest 18 h later as described in the flow cytometry
for in vitro experiments section.

Flow cytometry for in vitro experiments

Transfected HEK 293T or MEF cells were detached from the cell cul-
ture dish 18 h post transfection by adding 230 mL Accutase (Gibco)
for 10 min. Then cells were stained with a Fixable Viability Dye (eBio-
science). To detect cell-surface antigens, cells were stained with anti-
HA antibody M175 (Takara, dilution 1:175) for 30 min on ice. After
two washes with PBS-1% BSA, cells were stained with anti-mouse
antibody labeled with AF488 (Dianova, dilution 1:100). After two
washes with PBS-1% BSA, cells were fixed for 10min at room temper-
ature (Fixation Buffer, BioLegend). Cells were acquired on a
FACSCelesta flow cytometer (BD Biosciences) using BD FACSDiva
software version 8.0.1 and analyzed with FlowJo software version
10.6.2 (FlowJo, BD Biosciences).

Mouse immunization and infection

For immunogenicity and challenge studies, 6- to 8-week-old female
BALB/c mice were obtained from Charles River Ltd (Beckenham,
UK) and kept in specific-pathogen-free conditions in accordance
with United Kingdom’s Home Office guidelines. All work was
approved by the Animal Welfare and Ethical Review Board at Impe-
rial College London under PPL P4EE85DED. Mice were immunized
with 50 mL RNA vaccine or buffer control in the vastus lateralis mus-
cle (i.m.). Immunization was either a single dose for acute measure-
ments of the innate immune response or a prime-boost regime with
21 days between doses.

In the study looking at the role of IFNAR, C57BL6 mice (Charles
River Laboratories) and IFNAR�/� (from Jackson Laboratory:
B6.129S2-Ifnar1tm1Agt/Mmjax) were used. At 24 h before immuniza-
tion, C57BL/6mice were intraperitoneally treated with IFNAR-block-
ing antibody (aIFNAR: 1 mg MAR1; Assay Genie) or control anti-
body. In this study, mice were immunized with 1 mg RNA i.m. with
a 21-day interval between prime and boost. Mice were culled
21 days after boost.

For infections, mice were anesthetized using isoflurane followed by
i.n. application with 3 � 104 pfu A/California/7/2009 (H1N1) influ-
enza virus.54 Virus was grown in MDCK cells, in serum-free
DMEM supplemented with 1 mg/mL trypsin and virus titer was deter-
mined by plaque assay.

Tissue and cell recovery and isolation

At specified time points after immunization, blood samples were
taken by tail vein bleed and sera isolated after clotting by
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centrifugation. Mice were culled using 100 mL intraperitoneal pento-
barbitone (20 mg dose, Pentoject, Animalcare Ltd.) and lung tissue
collected as previously described.55 At the terminal bleed, blood
was collected from carotid vessels and sera isolated after clotting by
centrifugation. Where used, spleens were collected at day 42 and pro-
cessed as previously described.56

Single-cell suspensions from vastus muscle were prepared by diges-
tion in 1 mL Liberace (12.5 mg/mL, Roche), DNase (200 mg/mL,
Sigma), and hyaluronidase (50 mg/mL, Molecular Dimensions),
with shaking for 1 h at 37�C before passing through 100-mm cell
strainers, then recovered after centrifugation at 500�g for 5 min57

For lymph node single-cell suspensions, we followed a similar proto-
col, the exception being the digestion step, which was done in DNase
(200 mg/mL) for 15 min before being homogenized by passage
through 100-mm cell strainers, then centrifuged at 500�g for 5 min.

Supernatants were discarded and the cell pellet treated with red blood
cell lysis buffer (ACK; 0.15 M ammonium chloride, 1 M potassium
hydrogen carbonate, and 0.01 mM EDTA, pH 7.2) before centrifuga-
tion at 200�g for 5 min. Cells were resuspended in RPMI 1640 me-
dium with 10% fetal calf serum, and viable cell numbers determined
by trypan blue exclusion.

RNA sequencing

RNAwas extracted by the Trizolmethod after tissue disruption using a
TissueLyzer (Qiagen). RNA concentrations were determined using a
Nanodrop (Thermo Fisher Scientific) before sending for sequencing
to Imperial BRC Genomics Facility sequencing facility. RNA quality
check and library preparation was performed by Imperial College Lon-
don using the Illumina PE150 at a target depth of 50 million 100–
150 bp-end reads per sample. The obtained raw RNA sequencing
data files were first checked with FastQC (v0.11.9) to ensure good qual-
ity scores, GC content, and no adaptor reads, then appropriate adjust-
ment was made using the program Trimmomatic (v1.0.40).58 Raw
reads were then mapped to Mouse Reference Genome (Gmc38) using
STAR (Spliced Transcripts Alignment to a Reference, v6.2.0)59 and
count data for each gene was performed using featureCounts
(v1.22.2).60 For genes with multiple isoforms, only the transcript with
the highest mean expression between all samples was selected. Raw
and processed data are available in the X database. Genes with counts
acrossmore than two sampleswere excluded and thedatawere normal-
ized using rlog function from the Limma Bioconductor package.61

Multiplex cytokine measurements

Cytokines in blood were assessed using custommouse kits fromMeso
Scale Discovery as a 10-spot U-PLEX (K15069L-2), including the
following analytes (lower limit of detection in pg/mL in parentheses):
GM-CSF (0.16), IFN-g (0.16), IL-5 (0.63), IL-6 (4.8), IP-10 (0.5), KC
(0.43), MCP-1 (1.4), MIP-1a (0.21), MIP-1b (13), and TNF (1.3).

Flow cytometry for ex vivo experiments

Live muscle or lymph node cells were added to wells of a U-bottom
96-well plate then spun at 2,000 rpm for 2 min at 4�C to remove
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the supernatant. Cells were incubated for 20 min at 4�C in the dark
with 100 mL Live/Dead violet dye (Thermo Fisher Scientific,
L34955), then centrifuged at 2,000 rpm for 2 min and the supernatant
was discarded. The cell pellet was resuspended in Fc block (Anti-
CD16, BD, Cat.no.: 6266549) in PBS-1% BSA and stained with the
following surface antibodies Ly6G (7046845 BD), CD11c (6209870,
BD), F4/80 (15-4801-82, eBioscience), and MHCII (4289686, eBio-
science) for 1 h in the dark. The excess antibodies were washed off
with 1% BSA in PBS three times before samples were filtered through
FAC tubes. Cells were acquired on an LSR Fortessa Flow cytometer
(BD Biosciences) and analyzed with the FlowJo software (BD Biosci-
ences). Fluorescence minus one controls were used for surface stains.
The gating strategy is shown in Figure S3.

Semi-quantitative antigen-specific ELISA

Antibodies specific to influenzaH1N1 virus weremeasured in sera us-
ing a standardized ELISA. MaxiSorp 96-well plates (Nunc) were
coated with 1 mg/mL A/California/07/2009 HA (His-tagged HA;
11085-V08B, SinoBiological) surface protein or a combination of
anti-murine lambda and kappa light chain specific antibodies (AbD
Serotec) and incubated overnight at 4�C. Plates were blocked with
1% BSA in PBS. Bound IgG was detected using horseradish peroxi-
dase-conjugated goat anti-mouse IgG (AbD Serotec) and the tetrame-
thylbenzidine substrate, followed by H2SO4 as stop solution. The re-
sulting optical density was read at 450 nm. Alternatively, IgG1 or
IgG2a were detected using subtype-specific secondary antibodies. A
dilution series of recombinant murine immunoglobulin was used as
a standard to quantify specific antibodies.

HAI

All samples were analyzed by HAI assay using A/California/7/2009
(H1N1) virus strain as described.62 Serum samples were pre-treated
with receptor-destroying enzyme (RDE; Denka Seiken) for 18 h at
37�C before inactivating the enzyme at 56�C for 1 h. RDE-treated
serum was 2-fold serially diluted across the plate with PBS and incu-
bated with pre-diluted four hemagglutinating units of virus per well
for 30 min at room temperature. We then added 50 mL of 1% turkey
erythrocytes diluted in PBS to each well, and the plate was incubated
for 30 min at 4�C before scoring the response.

T cell ELISpot

IFN-g ELISpot assays were performed on mouse splenocytes using a
commercial kit (cat.no. ab64029, AbCam) following the manufac-
turer’s recommendations. Cells were stimulated with 2 mg/mL anti-
CD28 (Clone 37.51: BD) and 15-mer sequences with 11 amino acids
overlap peptides from influenza A (H1N1) HA (Peptivator; Miltenyi
Biotech). The spots were counted using the AID iSpot reader (AID)
and ELISpot Reader software V 7.0.

Influenza viral load

Viral load in vivo was assessed by Trizol extraction of RNA from
frozen lung tissue disrupted in a TissueLyzer (Qiagen, Manchester,
UK). RNA was reverse-transcribed into cDNA and quantitative
RT-PCR for influenza M was carried out using 0.1 mM forward
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primer (50-AAGACAAGACCAATYCTGTCACCTCT-30), 0.1 mM
reverse primer (50-TCTACGYTGCAGTCCYCGCT-30), and 0.2 mM
probe (50-FAM-TYACGCTCACCGTGCCCAGTG-TAMRA-30) on
a Stratagene Mx3005p system (Agilent Technologies). An influenza
M gene plasmid was used as standard to determine M-specific
RNA copy number.

Statistical analysis

Statistical analyses listed in the figure legends were performed using
GraphPad Prism 9 (GraphPad Software Inc.). Multiple correlations
were performed by Pearson r and individual correlations by simple
linear regression. Differential gene expression was carried out using
Limma package (v3.41.15). PCA-normalized sequence data were
analyzed using pcaExplorer (v1.0.2).63 A gene was considered differ-
entially expressed if the adjusted p value was <0.05. Gene set enrich-
ment analysis was performed with R package tmod (version 0.34) us-
ing CERNO statistical test.64 Network analysis of significant genes was
performed using InnateDB (https://www.innatedb.com) before sub-
mitting to NetworkAnalyst (v10.0).
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