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To be effective, RNA vaccines require both in situ translation
and the induction of an immune response to recruit cells to
the site of immunization. These factors can pull in opposite di-
rections with the inflammation reducing expression of the vac-
cine antigen.We investigated how formulation affects the acute
systemic cytokine response to a self-amplifying RNA (saRNA)
vaccine. We compared a cationic polymer (pABOL), a lipid
emulsion (nanostructured lipid carrier, NLC), and three lipid
nanoparticles (LNP). After immunization, we measured serum
cytokines and compared the response to induced antibodies
against influenza virus. Formulations that induced a greater
cytokine response induced a greater antibody response, with
a significant correlation between IP-10, MCP-1, KC, and anti-
gen-specific antibody titers. We then investigated how innate
immune sensing and signaling impacted the adaptive immune
response to vaccination with LNP-formulated saRNA. Mice
that lacked MAVS and are unable to signal through RIG-I-
like receptors had an altered cytokine response to saRNA vacci-
nation and had significantly greater antibody responses than
wild-type mice. This indicates that the inflammation induced
by formulated saRNA vaccines is not solely deleterious in the
induction of antibody responses and that targeting specific as-
pects of RNA vaccine sensing might improve the quality of the
response.

INTRODUCTION
The COVID-19 pandemic has highlighted the potential of RNA vac-
cines as a flexible platform that can be rapidly deployed to control
emerging infections.1 The first experimental SARS-CoV-2 mRNA
vaccine was administered 63 days after the publication of the viral
sequence. 2 An alternative to mRNA vaccines is self-amplifying
RNA (saRNA)-based vaccines. saRNA are based on alphaviruses,
with a replicase complex that amplifies both the transgene and the
vaccine construct. A major benefit of the saRNA platform compared
with non-replicating mRNA is a reduction in the dose needed to
induce a protective immune response. We have seen a significant
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dose-reduction in pre-clinical models where protection was induced
with 100-fold less saRNA than mRNA.3 Reduced dose translates to
more vaccines per production run, accelerating rollout, which is
particularly important during a pandemic. However, moving from
mouse models4 into clinical trials5 had mixed results with 13% of
vaccinated individuals not responding. Understanding why saRNA
vaccines do not always lead to adaptive immunity is key to the effec-
tive deployment of this extremely promising platform.

One factor that could influence the immune response to RNA vac-
cines is the balance between expression of the vaccine-encoded anti-
gen and inflammation induced by the vaccine. RNA vaccines differ
from conventional protein vaccines because they need to be translated
in situ before the antigen can be detected by the adaptive immune sys-
tem. If the RNA is not translated, there can be no immune response to
the vaccine.6 This balance between inflammation and expression is an
inherent feature of RNA vaccines because they are made of foreign
RNA, which is sensed by pattern recognition receptors (PRRs)
including those from the Toll-like receptor (TLR) and RIG-I-like re-
ceptor (RLR) families.7 The downstream response to activation of
these receptors is complex,8 but two key downstream processes are
the induction of the type I interferon response and the activation of
the inflammatory NF-kB pathway. The inflammation induced by
RNA vaccines can be beneficial in terms of recruitment and activation
of antigen-presenting cells and cells from the adaptive immune sys-
tem, but detrimental when it inhibits translation. Boosting the
recruitment and activation of the downstream immune response
while limiting the negative impact on antigen expression is a key
goal in the development of better RNA vaccines.9 One way to
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Figure 1. NLC-formulated saRNA induces a better protective response than pABOL, associated with increased cytokine responses

(A–E) Female C57BL/6 mice were intramuscularly immunized with increasing doses of saRNA encoding HA formulated with pABOL or in a nanostructured lipid carrier (NLC)

at 0 and 4 weeks. Blood was collected to measure anti-HA antibody responses at 4 (A) and 6 weeks (B). Mice were infected intranasally with influenza virus at 6 weeks, and

weight loss was measured after infection (C) and viral load at day 7 after infection (D). Cytokines in blood were measured by MSD multiplex 4 h after primary immunization.

Cells represent medians: in cell *p < 0.05 vs. PBS (E). N = 5 mice per group, where points represent individual animals (A, B, D) or means (C), **p < 0.01, ***p < 0.001; dotted

line represents limit of detection. Error bars represent SEM. Study performed once. Statistical analysis was performed by ANOVA with a Tukey test.

Molecular Therapy: Nucleic Acids
understand this response is to measure and correlate the systemic
cytokine response immediately after immunization as a way to pre-
dict the magnitude of the adaptive immune response.10

Understanding which pathways are beneficial and which are inhibi-
tory may then help in the rational development of new strategies.
One area that might influence the response is the formulation of
the RNA vaccine. RNA as a charged hydrophilic molecule needs
some form of assistance to get into cells; this is particularly important
with saRNA constructs that are much longer because of the incorpo-
ration of the alphavirus replication machinery. As with DNA vac-
cines, cellular uptake can be achieved by electroporation, but more
commonly, cell entry is enabled via formulation. Two broad formula-
tion approaches can be adopted: mixing with a cationic polymer to
neutralize the charge or incorporation into a lipid particle to enable
transition of the cell membrane.11 Lipids, particularly lipid nanopar-
ticles, have been widely used, including in the COVID-19 mRNA vac-
cines from Pfizer/BioNTech (COMIRNATY) and Moderna (Spike-
vax). The interaction of formulation, RNA, and innate immunity
are going to be important variables to be optimized.

In the current study, we compared three different formulations for
saRNA, a cationic polymer (pABOL12), a lipid emulsion (nanostruc-
tured lipid carrier, NLC13), and three lipid nanoparticles (LNPs). We
30 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
investigated the early inflammatory profile after immunization and
explored how that related to downstream adaptive immune re-
sponses. We then explored the role of RNA sensing on the adaptive
immune response to vaccination. We observed that LNP gave the
strongest immune response and that signaling of the LNP/saRNA
construct through RLR pathways may be detrimental to the down-
stream adaptive immune response.

RESULTS
saRNA formulatedwith the polymer pABOL induces a protective

immune response

We wanted to investigate the relationship between vaccine-induced
cytokines in the blood and the adaptive immune response to the en-
coded antigen. We have previously demonstrated that when saRNA
is formulated with the bio-reducible polymer pABOL, it can induce
a systemic cytokine response and protect against influenza virus
infection.14 We compared responses to an NLC that has been shown
to provide protection against Zika virus. C57BL/6 mice were immu-
nized intramuscularly with increasing amounts (0.1 mg, 1.0 mg, and
10 mg) of saRNA formulated with pABOL or NLC in a prime-boost
regime at 0 and 4 weeks, before intranasal challenge with H1N1
influenza virus at 6 weeks. Sera was collected after 4 and 6 weeks,
and anti-HA IgG responses were assessed by ELISA. There was a
dose response in antibody titers following vaccination with



Figure 2. LNP-formulated saRNA induces a better protective response than pABOL, associated with increased cytokine responses

(A–D) Female C57BL/6 mice were intramuscularly immunized with increasing doses of saRNA encoding HA formulated with lipid nanoparticles (LNPs) at 0 and 4 weeks.

Blood was collected to measure anti-HA antibody responses at 4 (A) and 6 weeks (B). Mice were infected intranasally with influenza virus at 6 weeks, and weight loss was

measured after infection (C) and viral load at day 7 after infection (D). Cytokines in blood were measured by MSD multiplex 4 h after primary immunization. Cells represent

medians: in cell *p < 0.05 1 mg LNP vs. 1 mg pABOL (E). N = 5 mice per group, where points represent individual animals (A, B, and D) or means (C). (A, B, and D) **p < 0.01,

***p < 0.001, ****p < 0.0001 as indicated; (C) *p < 0.05 between PBS and vaccine groups; #p < 0.05 between 1 mg LNP and pABOL groups; error bars represent SEM. Study

performed once. Statistical analysis was performed by ANOVA with a Tukey test.
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pABOL-formulated saRNA, with 10 mg inducing significantly more
antigen-specific antibodies than control mice after the prime
(p < 0.01, Figure 1A). In general, NLC antibody responses were
greater than the equivalent dose of pABOL-formulated RNA, with
a significant increase in the 10-mg dose compared with pABOL after
the boost (p < 0.01, Figure 1B).

Mice were infected with 3 � 104 pfu A/California/7/2009 (H1N1)
influenza virus; following infection, we measured weight change as
a readout of disease severity.15 Mice immunized with 10 mg pABOL
saRNA did not lose any weight after infection. Both the 10 mg and
1 mg groups, but not the 0.1 mg group, lost significantly less weight
than the control group at day 4 after infection, at which point the con-
trol group was culled because they had reached allowed severity
(p < 0.001, Figure 1C). All three of the NLC groups were protected
against disease, losing significantly less weight than the PBS group
at day 4 after infection (p < 0.001). Interestingly protection was
induced with a much lower dose of NLC-formulated saRNA than
pABOL, with the 0.1 mg group losing significantly less weight on
day 4 after infection (p < 0.01). It is of note that all groups of mice
receiving pABOL-formulated saRNA had detectable influenza virus
RNA in the lungs on day 7 after infection (Figure 1D). The high-
dose NLC group had cleared the virus, and there was a reduction in
detectable virus in the 1 mg NLC group.

We investigated the acute inflammatory cytokine profile in the
blood at 4 h after immunization. As with the antibody, there was
a dose response in the cytokines detected in the blood after immu-
nization (Figures 1E and S1). 10 mg pABOL induced a significantly
greater level of IP-10 after the prime immunization than PBS, and
10 mg NLC induced significantly greater levels of IL-6, IP-10, KC,
MIP-1B, and TNF than PBS. The level of IL-6, KC, MIP-1B, and
TNF in the blood was significantly greater after 10 mg saRNA in
NLC than the administration of 10 mg saRNA in pABOL. A similar
pattern of cytokine response was seen after the booster vaccination
(Figure S2) These results suggest that formulations that can induce a
systemic cytokine inflammation can boost the antibody response to
saRNA vaccines.

saRNA in an LNP induces more inflammation than pABOL

Having observed that there was an association between the cytokines
induced by saRNA vaccine formulations and the downstream anti-
body response, we explored the association with another formulation
platform that has been widely used for clinical RNA vaccine
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Figure 3. Systemic antibody responses correlate closely with level of cytokine induced after immunization

(A–G) Pooled analysis of data from studies presented in Figures 1 and 2: cytokine assessed by MSD in blood collected 4 h after immunization with saRNA in different

formulations. Spider diagram comparing 10 mg groups, where each point represents mean (A). Comparison of antibody and cytokine response, where data are presented by

formulation, pABOL in green, NLC in blue, and LNP in red, but correlation on all data (B). Correlations for IP-10 (C), KC (D), MCP-1 (E), MIP-1B (F), IFN-g (G), and IL-6 (H).

Combined data from two studies, n = 90 animals in total. Simple linear regression (B–H).
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delivery: LNPs. C57BL/6 mice were immunized intramuscularly with
increasing amounts (0.1 mg, 1.0 mg, and 10 mg) of saRNA formulated
with three different LNP in a prime-boost regime at 0 and 4 weeks,
before intranasal challenge with H1N1 influenza virus at 6 weeks.
Sera was collected after 4 and 6 weeks, and anti-HA responses were
assessed by ELISA. There was a dose response in antigen-specific anti-
body levels following vaccination with LNP1- and LNP2-formulated
saRNA, with the 10-mg dose inducing a significantly higher antibody
response than the lower doses after a single immunization (Fig-
ure 2A). We used 1 mg pABOL-formulated saRNA as a comparator,
where both 1 mg LNP1 and LNP3 led to a significantly higher anti-
32 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
body response than pABOL-formulated vaccine. Booster vaccination
increased the antibody response, with all three LNP formulations
leading to a significantly greater antibody response than the equiva-
lent dose of pABOL-formulated saRNA (Figure 2B). 6 weeks after
the first immunization, the mice were challenged with intranasal
influenza virus. All doses of all three LNP formulations led to signif-
icant protection against disease following infection (p < 0.05, days
3–5; Figure 2C). Mice immunized with 1 mg LNP-formulated RNA
lost significantly less weight on days 5 and 6 after infection than the
pABOL-immunized mice. While the pABOL immunized mice still
had detectable viral RNA after infection, most of the LNP-immunized



Figure 4. LNP-formulated RNA induces a type I IFN response and significant cell recruitment to the lymph nodes 24 h after immunization

(A–H) Female C57BL/6 mice were intramuscularly immunized with 1 mg saRNA encoding HA formulated in LNP. Mice were weighed after immunization (A). IFN-a (B) and

IFN-b (C) measured in blood at 4 and 24 h after immunization. Cells were collected from lymph nodes 24 h after immunization and analyzed by flow cytometry, with total cell

count (D), macrophages (E), cDC1 (F), neutrophils (G), and T cells (H). N = 5 mice per group, where points represent individual animals (D–H) or means (A–C). **p < 0.01,

***p < 0.001, ****p < 0.0001 as indicated; error bars represent SEM. Study performed once. Statistical analysis by two way ANOVA (A–C) and t test (D–H).
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mice had no detectable influenza virus RNA on day 7 after infection
(Figure 2D). Blood was taken 4 h after primary immunization to
determine the impact of the formulation on the systemic cytokine
response. There was a dose response in the cytokines detected in
the blood after immunization (Figures 2E and S2). LNP-formulated
saRNA induced IL-6, IP-10, KC, MCP-1, and MIP-1B in a dose-
responsive manner. The 10-mg dose of each LNP induced significantly
more IFN-g, IL-6, IP-10, KC, MCP1, MIP-1A, MIP-1B, and TNF in
the blood than PBS. Comparing the 1-mg dose with 1 mg pABOL, all
three LNPs induced significantly greater levels of KC and IP-10
(Figure S3).

While the two studies were performed separately, comparing the
overall pattern of responses (Figure 3), there was approximately a
log-fold greater level of cytokine detected in the blood to LNPs
than either NLC or pABOL. The cytokines IL-6, IP-10, and KC pre-
dominated the response to all three formulations (Figure 3A), with
MCP-1 also at higher levels in LNP-immunized animals. We explored
whether there was a correlation between cytokines and antibody
response (Figure 3B). All data from animals described above were
grouped from the three different formulations and PBS treatment.
For all nine of the cytokines measured in the blood, there was a sig-
nificant correlation with the amount of antibody measured at week
4 after immunization. The strongest correlation was with IP-10 (Fig-
ure 3C), MCP-1 (Figure 3D), and KC (Figure 3E); there was a weak
correlation with MIP-1B (Figure 3F), IFN-g (Figure 3G), and IL-6
(Figure 3H). A pattern of higher antibody and cytokines could be
seen with LNPs > NLC > pABOL.

We focused on the LNPs for further investigation, as these showed
a significantly greater response. To assess whether the inflamma-
tion induced by vaccination had a systemic effect, we measured
weight after immunization, and we saw a slight but significant
weight loss 24 h after immunization, suggesting systemic inflam-
mation and reactogenicity (Figure 4A). IFN-a increased from 4
to 24 h after immunization and was significantly greater than
the control group (Figure 4B). IFN-b peaked at 4 h after immuni-
zation and was significantly greater than the control group (Fig-
ure 4C). We then investigated the infiltration of immune cells to
the draining lymph node 24 h after immunization (gating strategy;
Figure S5). There was a significant increase in cell numbers recov-
ered (Figure 4D), with significant increases in macrophages (Fig-
ure 4E), dendritic cells (DCs) (Figure 4F), neutrophils (Figure 4G),
and T cells (Figure 4H). The inflammation following immuniza-
tion with LNP-formulated saRNA therefore induces an acute
recruitment of cells to the lymph nodes.

One potential advantage of saRNA is in dose sparing. We
compared protection against influenza virus infection with
small amounts of LNP-formulated saRNA using 0.01, 0.001, or
0.0001 mg saRNA formulated in LNP3. There was a dose
response in anti-HA IgG at both 4 (Figure S4A) and 6 (Figure S4B)
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 33
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Figure 5. Mice lacking IFN-a receptor signaling have altered cytokine responses and increased T cell response to saRNA vaccination

(A and B) Wild-type and Ifnar1�/� mice were immunized with 1 mg saRNA formulated in LNPs. 4 h after prime (A) and boost (B), cytokines were measured in blood. Cells

represent medians: in cell *p < 0.05 WT vs. Ifnar1�/�. (C–I) FN-a (C) and IFN-b (D) 4 and 24 h after primary immunization. Cells were collected from lymph nodes 24 h after

immunization and analyzed by flow cytometry, with total cell count (E), macrophages (F), cDC1 (G), neutrophils (H), and T cells (I). (J–P) Blood was collected for analysis of HA-

specific antibody 4 (J) and 6 (K) weeks after start of study and HAI at 6 weeks (L); 6 weeks after the study, spleens were collected and assessed for HA-specific T cells by

ELISPOT (M). Blood cytokines at 4 h after boost immunization were compared with T cell response for MCP-1 (N) and IP-10 (O) and antibody against IP-10 (P). Data from two

experiments combined, NR 5 mice per group, where points represent individual animals, *p < 0.05, **p < 0.01, ***p < 0.001; error bars represent SEM. Statistical analysis

was performed by ANOVA with Tukey test (A–D) and unpaired t-test (E–M); correlation on log-transformed data was by simple linear regression.
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weeks after first immunization. At 6 weeks after the first immuni-
zation, mice were infected intranasally with H1N1 influenza
virus. While all animals in the PBS control group had to be culled
at day 3 and all animals in the 0.0001 mg group had to be culled
on day 4, animals immunized with either 0.01 or 0.001 mg saRNA
were protected against severe disease. Both the 0.01 and 0.001 mg
groups lost significantly less weight than the naive control or
0.0001 mg groups on day 3 after infection (p < 0.05, Figure S4C),
but all animals in both the naive and 0.0001 mg groups had to
be culled by day 4 because of excess weight loss. There was
some influenza viral RNA detected in the lungs of the animals
34 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
in the 0.01 and 0.001 mg groups on day 7 after infection
(Figure S4D).

Impact of type I interferon signaling on response to saRNA

vaccine

Having seen that different formulations affect the inflammatory
response to saRNA, we investigated how early events in sensing
and responding to saRNA shape the immune response. Since saRNA
are foreign RNA, they are likely to induce a type I IFN response that
may affect the expression of the encoded antigen, as well as the
recruitment and activation of immune cells to the site of
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immunization. We therefore compared the response in mice lacking
the type I interferon receptor 1 (IFNAR1) through which IFN-a and
IFN-b signal. Responses were compared with wild-type (WT) mice of
the same background (C57BL/6), and mice were immunized with
1 mg saRNA formulated in LNP 3. There was a mild, transient weight
loss 1 day after prime and boost immunization, with no difference be-
tween the two strains (Figures S6A and S6B). Blood was collected 4 h
after both the prime and the boost immunization. Immunization
induced a range of cytokines in both WT and Ifnar1�/� mice. At
prime, WT mice had significantly more of the chemokines MCP-1
andMIP-1B in the blood (Figure 5A). 4 h after booster immunization
a similar pattern was seen (Figure 5B) with significantly greater levels
of MCP-1, MIP-1B, and IP-10. There was no difference in levels of
IFN-a between WT and Ifnar1�/� mice (Figure 5C); interestingly
there was significantly more IFN-b in Ifnar1�/� mice at both 4 and
24 h after prime immunization (Figure 5D).We compared the impact
of type I IFN signaling on the cellular recruitment to the draining
lymph node. There was no difference in the number of cells recovered
from lymph nodes (Figure 5E). Ifnar1�/�mice had significantly fewer
DCs (Figure 5F), but no differences in macrophages (Figure 5G), neu-
trophils (Figure 5H), or T cells (Figure 5G).

Adaptive immune responses were assessed by ELISA and ELISPOT at
6 weeks after first immunization; infectious challenge was not under-
taken because the underlying gene knockout in Ifnar1�/�mice would
have affected susceptibility to infection independent of vaccine re-
sponses. 16 There was no significant difference in antibody responses
between the two strains of mice either at 4 weeks (single dose) (Fig-
ure 5J) or 6 weeks (two doses) (Figure 5K) after immunization.
Neither was there any change in hemagglutination inhibition (HAI)
titer (Figure 5L). However, the Ifnar1�/� had significantly more
HA-specific IFN-g secreting T cells isolated from the spleen
measured by ELISPOT (Figure 5M). In post-hoc analysis, we
compared the T cell response to the cytokines that were significantly
different between the two strains. There was a significant inverse
correlation between the level of MCP-1 (Figure 5N) and IP-10 (Fig-
ure 5O) and the IFN-g producing T cell count. There was also a sig-
nificant correlation between IP-10 and antibody (Figure 5P).

Impact of saRNA vaccine sensing on adaptive immune response

We then investigated whether the way in which saRNA was sensed
impacted the outcome. Mice lacking the RLR adaptor MAVS or a
combined knockout for the TLR adaptors MyD88 and TRIF
(Myd88/Trif�/�) were compared with WT littermate mice. Mice
were immunized with 1 mg saRNA formulated in LNP 3. There
was a mild, transient weight loss in WT mice 1 day after prime
and boost immunization, but not in the Mavs�/� or Myd88/Trif�/�

mice (Figures S6C and S6D), suggesting that the inflammation was
associated with reduced systemic effects. Blood was collected 4 h af-
ter both the prime and the boost immunization. Immunization
induced a range of cytokines in both WT and knockout mice. At
prime, there was a trend in the Myd88/Trif�/� animals toward
reduced levels of IL-6 and TNF, although the differences were not
statistically significant (Figure 6A). 4 h after booster immunization,
there were significant differences in the responses between the three
strains (Figure 6B). The Mavs�/� mice had significantly reduced
IL-5 than WT mice. WT mice had significantly more IL-6 and
KC than Myd88/Trif�/� mice and more KC than Mavs�/� mice.
Mavs�/� mice had significantly less IFN-a at 4 and 24 h after pri-
mary immunization than WT mice, but there was no difference
between WT and Myd88/Trif�/� mice in IFN-a. There was no dif-
ference in IFN-b (Figure 6D). After primary immunization there
was no difference in IFN-g between the strains (Figure 6E), but after
boost immunization, there was significantly more IFN-g in
Mavs�/� mice (Figure 6F). 24 h after primary immunization, we
observed a significantly greater number of cells from the lymph no-
des of Mavs�/� mice (Figure 6G). There were significantly more
T cells (Figure 6H) and DCs (Figure 6I), but no difference in mac-
rophages (Figure 6J) or neutrophils (Figure 6I).

Adaptive immune responses were assessed at 4 and 6 weeks after
first immunization. As with the Ifnar1�/� mice, it was not possible
to perform a challenge because of the underlying gene knockouts.
17,18 Mavs�/� mice had significantly greater antibody responses after
prime immunization than either MyD88/Trif�/� or WT mice
(p < 0.05, Figure 7A). After a booster vaccine, a similar effect was
seen, and the antibody response was significantly greater in
Mavs�/� mice than Myd88/Trif�/� or WT mice (Figure 7B). There
was also significantly more HAI in Mavs�/� mice than WT (Fig-
ure 7C). There were significantly more HA specific IFN-g produc-
ing cells from the spleens of Mavs�/� mice than Myd88/Trif�/�

(Figure 7D). We performed post-hoc analysis of the cytokines
that were significantly different after booster immunization with
the antibody and T cell responses. IFN-g, IL-6, and KC
(Figures 7E–7G) correlated significantly with antibody titer, and
IFN-g and IL-6 but not KC correlated significantly with the
T cell response (Figures 7H–7J).

DISCUSSION
In this study we investigated the interplay of RNA vaccine-induced
inflammation and the downstream adaptive immune response. We
observed that the formulations that increased systemic cytokine re-
sponses at the time of immunization led to increased antibody re-
sponses and protection against influenza virus infection. The level
of cytokines in the blood correlated with the antigen-specific antibody
responses. We subsequently investigated the interface of innate
immune sensing of the RNA vaccine and the downstream adaptive
immune response. Mice lacking the IFNAR1 receptor that binds
IFN-alpha and beta had an altered response, with significantly less
MCP-1, MIP-1B, and IP-10 but significantly greater specific T cell re-
sponses. Interestingly mice lacking the MAVS adaptor, which is
important for the RLR sensing pathway, had significantly increased
IFN-g and decreased IL-5 and KC responses after immunization
with increased antibody responses after the primary immunization.
These data suggest that the sensing of formulated saRNA vaccine ma-
terial by the innate immune system is critical in inducing the adaptive
immune response and that some inflammatory responses are benefi-
cial, but others can be limiting.
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 35
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Figure 6. Mice lacking MAVS or MyD88/TRIF have altered innate responses to saRNA vaccination

(A–D) Wild-type, Mavs�/�, and Myd88/Trif�/� mice were immunized with 1 mg saRNA formulated in LNPs. 4 h after prime (A) and boost (B), cytokines were measured in

blood. Cells represent medians: in cell *p < 0.05 vs. WT. IFN-a (C) and IFN-b (D) 4 and 24 h after primary immunization. IFN-g 4 h after prime (E) and boost (F).

Cells were collected from lymph nodes (G–K) 24 h after immunization and analyzed by flow cytometry, with total cell count (G), T cells (H), DCs (I), macrophages (J), and

neutrophils (K). Data from two experiments combined (A, B, E, and F) and data from a single study (C, D, and G–K), NR 5 mice per group, where points represent individual

animals, *p < 0.05, **p < 0.01, ***p < 0.001; error bars represent SEM. Statistical analysis was performed by ANOVAwith Tukey test; correlation on log-transformed data was

by simple linear regression.

Molecular Therapy: Nucleic Acids

36 Molecular Therapy: Nucleic Acids Vol. 31 March 2023



Figure 7. Mice lacking MAVS have altered adaptive responses to saRNA vaccination

(A–D) Wild-type,Mavs�/�, andMyd88/Trif�/�mice were immunized with 1 mg saRNA formulated in LNP. Blood was collected for analysis of HA-specific antibody 4 (A) and 6

(B) weeks after start of study; HAI assessed 6 weeks after the start of the study (C); 6 weeks after the study spleens were collected and assessed for HA-specific T cells by

ELISPOT (D). (E–J) Blood cytokine at 4 h after boost immunization was compared with antibody at boost for IFN-g (E), IL-6 (F), and KC (G) and T cells responses for IFN-g (H),

IL-6 (I), and KC (J). Data from two experiments combined, where points represent individual animals, *p < 0.05, **p < 0.01, ***p < 0.001. Statistical analysis was performed by

ANOVA with Tukey test; correlation on log-transformed data was by simple linear regression.
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In this and other studies, we have tested a range of different saRNA
vaccine formulations. In these studies, the most potent formulation
of the saRNA vaccine was with LNPs. LNPs were used in the first
in human clinical study using an saRNA5 as well as in the licensed
mRNA vaccines from Pfizer/BioNTech and Moderna.2 In our study,
we observed that the LNP-formulated saRNA induced higher levels of
inflammation than polymer-formulated saRNA. Other studies have
also observed systemic inflammation following administration of
RNA formulated in LNP in mice14,19 and NHP.20 Understanding
what drives this inflammation is important in designing the next gen-
eration of RNA vaccines. An important question is whether the
formulation itself or the way in which it delivers the RNA shapes
the immune response to RNA vaccines. There is some suggestion
that the LNP themselves are inflammatory, which given their similar-
ity to oil-in-water-type formulations and the inflammatory nature of
nanoparticles is conceptually possible. Intramuscular immunization
with LNP alone induced upregulation of a number of inflammatory
genes in the muscle.21 In a preprint, injection of LNPs led to some
cellular recruitment, though the study did not perform a detailed
characterization of empty LNPs.22 However, in another in vitro study,
empty LNPs were not inflammatory when combined with isolated
mouse DCs.23 We did not directly explore the role of the physico-
chemical characteristics of the different formulations on inflamma-
tion, but these have been previously shown to have a significant
impact on the delivery of protein antigens and as such should be ex-
pected to have a similar impact on RNA vaccines,24 as has changing
the ionizable lipid component of the LNPs.25 LNPs were originally
designed as a method for silent delivery of RNA for therapeutic
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approaches, but the data presented here and elsewhere suggests that
inflammation is important for their role in vaccines, which may relate
to the specific formulation of the LNP and their properties. The clin-
ically successful vaccines may have hit a sweet spot between being
immunogenic and able to deliver cargo, though one observation
from the clinical studies is a relatively short-lived antibody response;
whether this is a feature of RNA vaccines or formulation is yet to
be seen.

The role of the formulation compared with the RNA cargo in the in-
duction of inflammation is an important consideration. Foreign RNA
is in and of itself inflammatory, triggering both inflammatory cyto-
kines and the type I/III IFN responses,7 so inflammation may reflect
the efficiency of RNA cargo delivery. The destination of the encapsu-
lated RNA may be critical in the downstream response; LNPs deliver
RNA through both phagocytosis and pinocytosis and potentially
fusion with the cell membrane. We observed different patterns of
both cytokine induction and adaptive immunity in the TLR and
RLR adaptor knockout mice, suggesting both pathways are involved
in the response, which may indicate that the RNA is in both the
cytosol and the endosome, but further research is required to confirm
this. A study comparing saRNA delivered by LNPs or electroporation
saw a very different kinetic both in terms of the transgene expression
and the IFN-b response, with longer transgene expression after elec-
troporation, whichmay correlate with significantly lower IFN-b at the
injection site.26 It is not clear what is driving this difference: it might
be associated with where the RNA is in the cell. It was of interest that
there was significantly more IFN-b in the blood of Ifnar1�/� than
control mice; this may reflect increased replication of the saRNA
construct or a failure to regulate the IFN response, where a similar in-
crease in sera IFN has been seen in West Nile virus infection.27

Whether differences seen between the different formulations were a
product of improved RNA delivery, different inflammatory profiles,
or altered cellular location of delivery is not clear.

To investigate the role of sensing of the LNP-formulated saRNA vac-
cine, we looked in gene knockout mice. Initially we looked at
Ifnar1�/� mice, through which receptor type I IFNs signal. These an-
imals had reduced IP-10, MCP-1, and MIP-1B and increased T cell
responses. A similar decrease in IP-10 was seen using a different
LNP containing an saRNA expressing the RSV-F gene,21 but in our
system, there was no impact of type I IFN signaling on antibody re-
sponses. Why type I IFN signaling only reduces T cell responses
and not antibody production in our model needs further investiga-
tion. We then wanted to investigate how the sensing of the RNA/
LNPs affected the immune response. Different patterns were seen
in the different knockout mice, and in mice lacking the TLR adaptors
MyD88 and TRIF, there was significantly less IL-6 and KC induction
after immunization. A recent study demonstrated cytokine release
following LNP exposure of bone marrow-derived DCs was TLR4
mediated,28 though this was with a different LNP formulation. In
mice lacking the RLR adaptor MAVS, there was significantly more
IFN-g and reduced IL-5, with a significant increase in antibody to
the vaccine. Interestingly in another study looking at gene expression
38 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
using the SEAP reporter gene following LNP delivery, there was no
difference in either Tlr7�/� orMavs�/� knockout mice, so potentially
the effect is not on gene expression but on the downstream immune
response.21 The basis for the difference seen between these two
different pattern recognition pathways is not immediately clear;
both induce NF-kB, IRF3, and IRF7. Since TLRs additionally trigger
IRF5 and AP-1, these may drive the cytokines that are beneficial for
the recruitment of immune cells.7 Interestingly, incorporation of viral
genes that specifically target the MDA5 pathway (ORF4a fromMERS
and V from PIV-5) increase saRNA transgene expression in vitro and
in vivo as well as increasing immunogenicity,29 while other proteins
targeting other aspects of the RNA sensing machinery had no effect.
The studies performed here focused on the LNP-formulated saRNA,
so responses and the impact of innate signaling need to be considered
in the context of the whole complex, not just the RNA component. As
described above, differences may be driven by where and how the
LNP/RNA complex enters the cells and may not be about the down-
stream signaling from the different receptors; more research is
required to understand the differences seen. Another area for further
investigation is the role of individual cytokines in the context of both
WT and PRR knockout mice, as different patterns of response were
seen; whether the cytokines have a functional role or a bystander
marker of something else needs further investigation. IP-10 has
been associated with better antibody responses following human
RNA vaccination, as part of a signature with IL-15 and IFN-g.30

An interesting finding was that the cytokine profile in response to the
LNP-formulated vaccines was similar to that induced by TLR ligands
in vitro human cells,31 in mice32 and NHP.33 We saw a similar
response to an MF-59-formulated influenza vaccine10 with similar
correlations between MCP-1 and KC and the antibody response.
However, these cytokines may be biomarkers of a global inflamma-
tory response to vaccination and not necessary for the induction of
an adaptive response. As we observed in the current study, decreased
MCP-1 in the Ifnar1�/� mice was associated with increased T cell re-
sponses. What is interesting is that in the mouse model, greater cyto-
kine responses in the blood to LNP-formulated RNA vaccine were
associated with better adaptive immune response, and pABOL-
formulated RNA induced fewer systemic cytokines and a poorer anti-
body response. A recent study using LNP-formulated mRNA vaccine
demonstrated that vaccine-induced IL-6 plays a role in the induction
of T follicular helper cells and germinal center B cells.25 We also saw a
significant correlation between IFN-g and antibody response, with
elevated IFN-g in Mavs�/� knockout mice after secondary immuni-
zation; a similar effect has been seen following immunization with an
LNP-formulated pseudouridine-containing mRNA vaccine.34 Inter-
estingly, there was a difference in the downstream T cell response
in the published data from MAVS knockout mice immunized with
a silenced mRNA vaccine, and in our data using saRNA, we observed
increased T cell responses by ELISPOT, where the mRNA study saw
increased IFN-g-producing CD8+ T cells by flow cytometry; this may
reflect the differences in the two vaccine types or methodology of
readout. Because of the need for translation of the RNA cargo, the
received wisdom is that inflammation may not be beneficial,9 and a
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number of strategies have been proposed to alter the response,9

including the incorporation of steroids within the LNP.35 But these
approaches may be too broad acting and act to inhibit the beneficial
cytokines in addition to those that dampen expression, though
different strategies will be needed for therapeutic proteins than
RNA vaccines. We saw a modest but significant acute weight loss
following vaccination in WT mice that was not observed in either
the RLR or TLR signaling knockout mice, suggesting the inflamma-
tion has some systemic effects.

One of the limitations that affect interpretation of these data in the
context of translation into clinical practice is the difference between
innate sensing of RNA in mice and humans. For example, TLR8 in
inbred mice has a different expression pattern and sensitivity to
ligands than human TLR8,36 lacking five amino acids in the ectodo-
main that may contribute to functionality.37 In a recent study, we
observed that ferrets have a variable response to saRNA vaccines,
and they have a more similar TLR8 to humans, which supports the
idea that sensing is important.38 So, the balance between inflamma-
tion and vaccine expression may differ. Another limitation of the
study is that we were unable to investigate protection against chal-
lenge in the knockout mice used because of the underlying differences
in response to the virus itself.

The COVID-19 pandemic accelerated a wave of vaccine innova-
tion,2 with a number of platforms that had previously only been
in pre-clinical and early clinical studies rapidly moving into efficacy
trials and deployment. Of these platforms, RNA vaccines were the
most rapid to be deployed and among the most effective. However,
it is still a relatively new technology, and improvements can be
made for both manufacturing and immunogenicity. In this study,
we investigated the role of LNP/saRNA sensing and vaccine-
induced inflammation on the adaptive immune response. We
observed that the induction of systemic cytokines after immuniza-
tion was associated with a greater antibody immune response and
protection against infection. Dissecting the innate response through
the use of gene knockout mice suggested that vaccine-induced
inflammation is required for an adaptive immune response. Under-
standing how this applies to humans is the critical next step in
further optimizing RNA vaccines, where formulations that get the
balance between recruitment of immune cells and suppression of
vaccine expression will be crucial.

MATERIALS AND METHODS
saRNA construct

saRNA was synthesized from a backbone plasmid vector based on a
Trinidad donkey Venezuelan equine encephalitis strain (VEEV) al-
phavirus genome as previously described.4 The gene of interest for
in vivo immunogenicity studies was hemagglutinin from the H1N1
A/California/07/2009 strain.

In vitro transcription of saRNA

Briefly, uncapped RNA was prepared using 1 mg of linearized DNA
template in a MEGAScript reaction (Ambion, UK) according to the
manufacturer’s protocol. Transcripts were then purified by over-
night LiCl precipitation at �20�C, pelleted by centrifugation at
14,000 RPM for 20 min at 4�C, washed once with 70% ethanol,
centrifuged at 14,000 RPM for 5 min at 4�C, and then resuspended
in UltraPure H2O (Ambion, UK). Purified transcripts were then
capped using the ScriptCap m7G capping system (CellScript,
Madison, WI, USA) and ScriptCap 20-0-methyltransferase kit
(CellScript) simultaneously according to the manufacturer’s proto-
col. Capped transcripts were then purified by LiCl precipitation,
as detailed above, resuspended in UltraPure H2O, and stored at
�80�C until formulation.

Vaccine formulation

pABOL (Mw = 8 kDa) polyplexes were prepared by the “titration
method” as previously described.12 Briefly, in a typical preparation,
5 mL of a stock solution of saRNA (1 mg/mL) was diluted in 35 mL
of HEPES buffer (20 mM HEPES, 5 wt % glucose in water, pH 7.4).
A volume of 4.5 mL of pABOL stock solution was diluted in 5.5 mL
of HEPES buffer. The saRNA solution was then added to the polymer
solution (mixed at 1,200 RPM) at a rate of 160 mL/min, for a final N:P
ratio of 45:1. Previous studies have shown these particles are�200 nm
in diameter with a zeta potential of 5 mV.12

The NLC formulation was prepared as described previously.13

Briefly, an oil phase consisting of squalene, glyceryl trimyristate,
sorbitan monostearate, and DOTAP (N-[1-(2,3-dioleoyloxy)pro-
pyl]-N,N,N-trimethylammonium chloride) was heated and soni-
cated at 60�C, and it was combined with a heated aqueous phase
consisting of polysorbate 80 in citrate buffer using high-shear mix-
ing. The formulation was subsequently processed by high-pressure
homogenization and terminally filtered through a 0.2-mm mem-
brane. Immediately prior to immunization, the NLC was complexed
with the aqueous RNA at an N:P ratio of 15:1. Previous studies have
shown these NLC particles to be �40 nm in diameter with a zeta
potential of 28 mV.13

Lipid nanoparticle production was achieved by rapid mixing of an
ethanolic solution of 1,2-distearoyl-sn-glycero-3-phosphocholine,
cholesterol, a PEG-lipid, and an ionizable cationic lipid with saRNA
dissolved in an acidic citrate or acetate buffer using an in-line mixer.
The PEG and LNP compositions are described in patent application
WO 2015/199952; the ionizable lipids for LNP 1, 2, and 3 are
described in patent applications WO 2015/199952, WO 2017/
004143, and WO 2017/075531, respectively. The post-in-line formu-
lation was subjected to Tangential Flow Filtration (Repligen, Wal-
tham WA) to remove the ethanol and exchange to 1x PBS. The
formulation was then filtered through a 0.2-micron filter and frozen
at �80�C in the presence of a cryoprotectant. The LNP had an
average hydrodynamic diameter of �85 nm with a monodisperse
distribution with a PDI <0.1 measured by dynamic light scattering
(Malvern NanoZS Zetasizer, Malvern, UK); the LNPs were
neutral at physiological pH. The encapsulation efficiency was >90%
when measured by the Ribogreen assay (Life Technologies,
Carlsbad, CA).
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Mouse immunization and infection

For WT, 6- to 8-week-old female C57BL/6 mice were obtained from
Charles River (Stirling, UK) and kept in specific-pathogen-free condi-
tions in accordance with United Kingdom’s Home Office guidelines.
All work was approved by the Animal Welfare and Ethical Review
Board (AWERB) at Imperial College, London.

For gene knockout mice, mice deficient in IFNAR1 (Ifnar1�/�) were
obtained from Caetano Reis e Sousa (Crick Institute, UK).39 Mice
deficient in MAVS (Mavs�/�) or deficient in MyD88/TRIF
(Myd88/Trif�/�) and control mice obtained from S. Akira (World
Premier International Immunology Frontier Research Center, Osaka
University, Osaka, Japan)40 were bred and maintained in specific
pathogen-free conditions. Both strains were Ifna6 gfp/+, but since
Ifna6 expression was not a primary readout, the mice are designated
asWT,Mavs�/�, andMyd88/Trif�/�mice. Themice were gender and
age matched (7–12 weeks) in each experiment.

Mice were injected with 50 mL intramuscular formulated saRNA or
PBS as a control. Blood was collected 4 h after immunization for cyto-
kine analysis.

For infections, mice were anesthetized using isoflurane followed by
intranasal application with 3 � 104 pfu A/California/7/2009
(H1N1) influenza virus from Prof. Wendy Barclay. Virus was grown
in MDCK cells, in serum-free DMEM supplemented with 1 mg/mL
trypsin. Mice were culled for humane reasons if they lost more than
80% weight.

Tissue and cell recovery and isolation

Lymph nodes were removed and digested 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
removed, and the cell pellet was treated with red blood cell lysis buffer
(ACK; 0.15M ammonium chloride, 1M potassium hydrogen carbon-
ate, and 0.01 mM EDTA, pH 7.2) before centrifugation at 200� g for
5 min. The remaining cells were resuspended in RPMI 1640 medium
with 10% fetal calf serum, and viable cell numbers were determined by
trypan blue exclusion.

Flow cytometry

Live lymph node cells were plated out onto a U-shaped 96-well plate
then spanned down at 2,000 rpm for 2 min at 4�C. 100 mL of Live/
Dead violet dye (BioLegend, Catalog: 423113) was added for
20 min at 4�C in the dark, then centrifuged at 2,000 rpm for 2 min,
and the supernatant was taken off. The cell pellet was resuspended
in Fc block (Anti-CD16, BD, catalog: 6266549) in PBS-1% BSA for
20 min and stained with the following surface antibodies Ly6G
(7046845 BD), CD11c (6209870, BD), F4/80 (15-4801-82, eBioscien-
ces), CD103 (BioLegend, catalog: 121406), NK1.1 (BD Biosciences,
catalog: 551114), and MHCII (4289686, eBiosciences) for 1 hour in
the dark at room temperature. The excess antibodies were washed
off with 1% BSA in PBS three times before being filtered through
the fluorescence-activated cell sorting tubes. This was performed on
40 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
an LSR Fortessa Flow cytometer (BD) and FlowJo. Fluorescent minor
one controls were used for surface stains. Analysis was performed us-
ing FlowJo.
Multiplex cytokine measurements

Cytokines in blood were assessed using a custom mouse kit from
Meso Scale Discovery (MSD) as a 10-spot U-PLEX kit
(K15069L-2), including the following analytes (lower limit of detec-
tion in pg/mL in parenthesis): 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). IFNa (140) and IFNb (1.6)
were measured using a customMSD 2 spot U-PLEX kit (K15069L-1).
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 H1N1 surface protein or a combination of
anti-murine lambda and kappa light chain specific antibodies (AbD
Serotec, Oxford, UK) and incubated overnight at 4�C. Plates were
blocked with 1% BSA in PBS. Bound IgG was detected using
A61horseradish peroxidase-conjugated goat anti-mouse IgG (AbD
Serotec). 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. 3,30,5,50-Tetramethylbenzidine (TMB) with H2SO4 as
stop solution was used to detect the response and optical densities
read at 450 nm.
Tissue and cell recovery and isolation

At specified time points after immunization, blood samples were
taken by tail vein bleed, and sera were isolated after clotting by
centrifugation. Mice were culled using 100 mL intraperitoneal
pentobarbitone (20-mg dose, Pentoject, Animalcare, UK), and tis-
sues were collected as previously described.15 Blood was collected
from carotid vessels, and sera were isolated after clotting by centri-
fugation. Lungs were removed and homogenized by passage
through 100-mm cell strainers, then centrifuged at 200 � g for
5 min. Supernatants were removed, and the cell pellet was 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 centrifugation at 200 � g for 5 min. The remaining cells
were resuspended in RPMI 1640 medium with 10% fetal calf
serum, and viable cell numbers were determined by trypan blue
exclusion.
T cell ELISPOT

IFN-g ELISPOT assays were performed using a commercial kit from
AbCam (ab64029) following the manufacturer’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 and EliSpot Reader software
V 7.0.
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HAI assay

All samples were analyzed by HAI assay using A/California/7/2009
(H1N1) virus strain as described.41 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 hour. RDE-treated
serum was 2-fold serially diluted across the plate with PBS and incu-
bated with pre-diluted 4 hemagglutinating units virus per well for
15 min at room temperature. 100 mL of 0.5% turkey erythrocytes
diluted in PBS was then added to each well, and the plate was incu-
bated for 30 min at room temperature before scoring the response.

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 converted into cDNA, and quantitative RT-PCR
was carried out using bulk viral RNA for the influenza M gene and
mRNA using 0.1 mM forward primer (50-AAGACAAGACCAA
TYCTGTCACCTCT-30), 0.1 mM reverse primer (50-TCTACGYTG
CAGTCCYCGCT-30) and 0.2 mM probe (50-FAM-TYACGCT
CACCGTGCCCAGTG-TAMRA-30) on a Stratagene Mx3005p
(Agilent technologies, Santa Clara, CA, USA).15 M-specific RNA
copy number was determined using an influenza M gene standard
plasmid.

Statistical analysis

Calculations as described in figure legends were performed using
Prism 9 (GraphPad Software, La Jolla, CA, USA).
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