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improve, respectively, the in vivo translation
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Synthetic mRNAs are an appealing platform with multiple
biomedical applications ranging from protein replacement
therapy to vaccination. In comparison with conventional
mRNA, synthetic self-amplifying mRNAs (sa-mRNAs) are
gaining interest because of their higher and longer-lasting
expression. However, sa-mRNAs also elicit an innate immune
response, which may complicate their clinical application. Ap-
proaches to reduce the innate immunity of sa-mRNAs have not
been studied in detail. Here we investigated, in vivo, the effect
of several innate immune inhibitors and a novel cellulose-based
mRNA purification approach on the type I interferon (IFN)
response and the translation and vaccination efficacy of our
formerly developed sa-mRNA vaccine against Zika virus.
Among the investigated inhibitors, we found that corticoste-
roids and especially topical application of clobetasol at the sa-
mRNA injection site was the most efficient in suppressing the
type I IFN response and increasing the translation of sa-
mRNA. However, clobetasol prevented formation of antibodies
against sa-mRNA-encoded antigens and should therefore be
avoided in a vaccination context. Residual dsRNA
by-products of the in vitro transcription reaction are known in-
ducers of immediate type I IFN responses. We additionally
demonstrate a drastic reduction of these dsRNA by-products
upon cellulose-based purification, reducing the innate immune
response and improving sa-mRNA vaccination efficacy.
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INTRODUCTION
Synthetic mRNAs have become an appealing therapeutic platform
with multiple biomedical applications ranging from protein replace-
ment therapy to vaccination.1,2 Compared with plasmid DNA and
viral vectors, synthetic mRNAs have some important advantages.
First, they do not have to cross the nuclear barrier to perform their
function, making them effective in dividing and non-dividing cells.1,3

Furthermore, synthetic mRNAs allow cell-free production and have
transient and more predictable expression.1,2 In recent years, syn-
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thetic self-amplifying mRNAs (sa-mRNAs) have also gained interest
because of their higher and longer-lasting expression compared with
non-amplifying mRNAs.4,5 Self-amplifying RNAs encode an RNA-
dependent RNA polymerase (replicase) that gives them the capacity
to trigger temporal amplification of their backbone. Additionally,
this replicase also generates many copies of smaller “subgenomic
RNA(s)” that encode the protein(s) of interest. By using synthetic
sa-mRNAs, it is possible to reduce the dose and the need for repeated
injections while still benefiting from the desirable features of synthetic
mRNAs.

However, innate immunity triggered by sa-mRNA may complicate
the clinical translation of this platform. The current in vitro produc-
tion process of synthetic (sa)-mRNAs generates by-products such as
short abortive transcripts and double-stranded RNA (dsRNA) spe-
cies, which are recognized as non-self by Toll-like receptors (TLRs),
cytoplasmic RIG-I-like receptors (RLRs), and other cellular pattern
recognition receptors (PRRs).1,6,7 This triggers production of proin-
flammatory cytokines and type I interferons (IFNs), which are unde-
sirable when synthetic (sa)-mRNAs are considered for protein
(replacement) therapy.7 In contrast, the cytokines induced by this
self-defense mechanism may serve as adjuvants and facilitate the ef-
fects of synthetic (sa)-mRNA vaccines.8 However, this view needs
to be nuanced because studies demonstrated that, depending on the
administration approach, type I IFN responses can also decrease
the efficacy of mRNA vaccines by negatively affecting immune re-
sponses9,10 and by inducing enzymes that inhibit mRNA transla-
tion.11,12 An important breakthrough was achieved when it was
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Figure 1. Structure of the innate inhibitors used in

this study

(A) The oligonucleotides ODN2088 andODN20958 inhibit

TLR7/8/9 and TLR7, respectively. (B) The chemical

structure of the TLR3/dsRNA complex inhibitor (called

“TLR3 inhibitor” in this paper). (C) BAY11 inhibits the

intracellular NRLP3 receptor and NF-kB activation. (D–F)

Clobetasol propionate (D) and hydrocortisone (E) are

topical corticosteroids, and dexamethasone (F) is an oral

corticosteroid. All three have broad immunosuppressive

properties, including NF-kB inhibition.
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demonstrated that the innate immunity of synthetic mRNAs can be
reduced drastically by incorporation of modified nucleotides and by
reverse-phase high-performance liquid chromatography (HPLC) pu-
rification.13–15 However, this was only demonstrated for non-ampli-
fying mRNAs. We recently demonstrated that the innate immune
response triggered by the sa-mRNA platform4,5,12 reduced the
cellular and humoral responses of an sa-mRNA vaccine against
Zika virus.16 Therefore, strategies that can reduce the innate immu-
nity of sa-mRNAs may improve the efficacy of sa-mRNA vaccines
and acceptance of sa-mRNA therapeutic agents in general.
Tempering the innate immunity of sa-mRNA by inclusion of modi-
fied nucleosides is expected to have a negative effect on replication
of sa-mRNA.4,17 Moreover, analogous to the size-dependent sensi-
tivity of DNA to shear-mediated degradation, we can expect that
the large size (>10 kb) of sa-mRNAs makes themmore prone to shear
forces, which complicates their purification by reverse phase HPLC
purification.18 Therefore, alternative strategies to decrease the innate
immunity of sa-mRNAs are needed.

In this work, we investigated the capacity of several innate immune
inhibitors to temper the innate immune response and improve
expression of an sa-mRNA vaccine against Zika virus (ZIKVac-sa-
mRNA). The tested inhibitors (Figure 1) were mixed with the sa-
mRNA vaccine or administered locally at the intradermal injection
site or administered orally via drinking water. Corticosteroids
strongly reduced innate immunity and especially local application
of clobetasol drastically improved the in vivo translation of sa-
mRNA. In an alternative approach to mitigate innate immune
responses triggered by dsRNA by-products, we also purified the
ZIKVac-sa-mRNA using a new cellulose-based procedure. This new
Mo
purification process drastically reduced innate
immunity and improved the expression and
vaccination efficacy of our ZIKVac-sa-mRNA
vaccine.

RESULTS
Tempering the innate immunogenicity of

sa-mRNA with innate immune inhibitors

It is known that the in vivo safety and efficacy of
sa-mRNA therapeutic agents are compromised
by their strong activation of type I IFNs. To
address this issue, we evaluated the capacity of a series of innate im-
mune inhibitors (Figure 1) to suppress the in vivo type I IFN response
elicited by ZIKVac-sa-mRNA. To this end, we co-administered innate
immune inhibitors with the ZIKVac-sa-mRNA vaccine in IFN-b
luciferase reporter mice (IFN-b+/Db-luc) (Figure 2A).19 In these trans-
genic mice, luciferase expression is under control of the promotor of
IFN-b, a key type I IFN. In the absence of co-administered innate im-
mune inhibitors, IFN-b reporter gene expression increased rapidly
and peaked within 0–5 h after intradermal electroporation of the ZIK-
Vac-sa-mRNA vaccine. After this peak, IFN-b reporter gene expres-
sion dropped sharply, and background IFN-b reporter gene expres-
sion was reached after about 1 week (Figure 2B). Furthermore, we
confirmed that the elicited IFN-b response mainly occurred because
of the ZIKVac-sa-mRNA vaccine, electroporation of solely PBS
induced only a moderate type I IFN response (Figure 2B, black curve).
Co-injection of the water-soluble oligonucleotide-based TLR inhibi-
tors ODN2088 and ODN20958 (Figure 1A) with the ZIKVac-sa-
mRNA vaccine significantly reduced the immediate type I IFN
response (Figures 2C and 2D). However, this innate immune-
tempering effect was lost after 1 day. The inhibitory effect of
ODN2088, which blocks TLR7/8/9, was slightly higher than that of
ODN20958, which only blocks TLR7 (Figures 2C and 2D). A lower
but still significant reduction of the early IFN-b response was also
achieved when the ZIKVac-sa-mRNA was co-injected with lower
doses (<20 mg) of these TLR inhibitors (Figures S1A and S1B).

Next we evaluated the TLR-3/dsRNA complex inhibitor and BAY11-
7082 (BAY11) (Figures 1B–1C). The latter inhibits the intracellular
oligomerization domain (NOD)-like receptor pyrin 3 (NLRP3) and
nuclear factor kB (NF-kB). DMSO was used to dissolve these
lecular Therapy Vol. 29 No 4 April 2021 1371
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Figure 2. Effect of innate immune inhibitors on the kinetics of the type I IFN response after intradermal electroporation of ZIKVac-sa-mRNA in IFN-b+/Db-luc

reporter mice

(A) Inhibitors were mixed with the ZIKVac-sa-mRNA vaccine before administration to IFN-b+/Db-luc reporter mice. (B–F) The graphs represent the kinetics of the type I IFN

response (y axis) after a single intradermal electroporation of the ZIKVac-sa-mRNA vaccine (1 mg in 50 mL), poly(I:C) (1 mg in 50 mL), or PBS control (B) and the capacity of

the inhibitors ODN2088 (C), ODN20958 (D), and BAY11 (F) to temper type I IFN responses elicited by the ZIKVac-sa-mRNA. Because DMSO is needed to dissolve BAY11,

the influence of DMSO was also studied (E). (G) The treatment schedule of repeated administration of inhibitors to IFN-b+/Db-luc reporter mice. (H and I) The effect of

repeated ODN2088 or BAY11 administration; the injection site was injected intradermally with the inhibitors 5 h prior to ZIKVac-sa-mRNA administration. Subsequently, the

(legend continued on next page)
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inhibitors because both are water insoluble. We first confirmed that
addition of a small amount of DMSO (1 mL) to our ZIKV-sa-
mRNA vaccine (50 mL) did not change its IFN-b induction capacity
(Figure 2E). Co-injection of ZIKV-sa-mRNA with 25 mg BAY11
significantly suppressed the IFN-b response during the first 24 h (Fig-
ure 2F), whereas 12.5 mg of BAY11 was not effective (Figures S1C). In
contrast, neither of the tested TLR-3 inhibitor doses tempered the
intrinsic innate immunogenicity of the ZIKVac-sa-mRNA vaccine
(Figures S1D and S1E).

In a subsequent experiment, we studied whether pre-treatment and
post-treatment of the injection spot with BAY11 or ODN2088 could
increase and prolong their capacity to temper the innate immunoge-
nicity of our sa-mRNA vaccine (Figure 2G). Surprisingly, pre-treat-
ment of the injection site with BAY11 or ODN2088 and twice daily
intradermal administration of these inhibitors after injection of the
ZIKVac-sa-mRNA slightly, but not drastically, increased or pro-
longed suppression of the IFN-b response (Figures 2H and 2I). In
another attempt to quell the type I IFN response, we considered
topical application of the corticosteroid clobetasol and hydrocorti-
sone as well as oral administration of dexamethasone. To that end,
the injection site was pre-treated with a clobetasol or hydrocortisone
ointment 12 h prior to administration of ZIKVac-sa-mRNA vaccine.
Subsequently, clobetasol or hydrocortisone treatment was repeated
twice daily for 3 days, starting on the day of ZIKVac-sa-mRNA injec-
tion. Dexamethasone was added to drinking water, and the mice had
free access to the water for 4 days. This schedule of local corticosteroid
treatment or oral application of dexamethasone drastically reduced
the elicited type I IFN response (Figures 2J–2L and S1F-S1H). A sig-
nificant inhibitory effect was observed up to 2 days after ZIKVac-sa-
mRNA injection, and overall, a 3-fold reduction of IFN-b reporter
gene expression was observed with these corticosteroids (Fig-
ure S1F-S1H).

Co-administration of multiple innate immune inhibitors

We next evaluated whether co-administration of multiple innate im-
mune inhibitors could further decrease the type I IFN response eli-
cited by our ZIKVac-sa-mRNA vaccine. In more detail, clobetasol
was co-administered with ODN2088 or BAY11 or with both inhibi-
tors. In these experiments, clobetasol was applied locally at the injec-
tion site twice daily for 3 days starting on the day of ZIKVac-sa-
mRNA injection. The ODN2088 or BAY11 inhibitors were given as
a single co-injection with the ZIKV-sa-mRNA vaccine (Figure 3A).
The clobetasol pre-treatment, which was skipped in this experiment,
seems to be of great importance because inhibition of the IFN-b
response was much lower without clobetasol pre-treatment (Figures
2J and S1F versus 3B and 3F). A drastic reduction of the type I IFN
response was observed when clobetasol was combined with BAY11
ZIKVac-sa-mRNA vaccine was administered together with the inhibitors ODN2088 (H

ODN2088 or BAY11 was given after 7 h. Local injection of the inhibitors continued twice

and hydrocortisone (K) were applied topically (25 mg/1 cm2) 1 day prior to ZIKVac-sa-mR

was administered orally in drinking water for 4 days starting on day �1. Each symbol r

PBS+ZIKVac-sa-mRNA blanc was repeated each time, except in (C) and (L), where we
or/and ODN2088 (Figures 3C–3E and 3G–3I). Especially combining
the three inhibitors (clobetasol+ODN2088+BAY11) was very suc-
cessful in inhibiting the type I IFN response elicited by our sa-
mRNA vaccine (Figures 3E and 3I).

Influence of innate immune inhibitors on translation of sa-mRNA

It is generally accepted that a strong innate immune response after
mRNA delivery has a negative effect on its translation efficacy.9,11,12,16

Therefore, we evaluated, in BALB/c mice, the effect of all three corti-
costeroids (clobetasol, hydrocortisone, and dexamethasone), BAY11,
and ODN2088 on the translation efficacy of sa-mRNA encoding
luciferase (LUC-sa-mRNA). The LUC-sa-mRNA was again adminis-
tered by intradermal electroporation. Pre-treatment and post-treat-
ment of the LUC-sa-mRNA injection site twice daily with a clobetasol
ointment for 3 days prolonged the translation with 1 week and
increased the initial translation within the first 6 days (Figures 4A
and 4B). This treatment regimen with clobetasol caused a 3.5-fold in-
crease in overall translation of the LUC-sa-mRNA (Figures 4B and
S2A). Topical treatment of the injection site with hydrocortisone
and oral dexamethasone only improved initial in vivo translation
on days 2 and 3 after sa-mRNA administration (Figure 4C, 4D,
S2B, and S2C). . Surprisingly, co-administration of BAY11 drastically
reduced translation of our LUC-sa-mRNA (Figures 4E and S2D).
This was not due to the DMSO solvent because LUC-sa-mRNA
with equal amounts of PBS and DMSO was as effective as LUC-
sa-mRNA with only PBS (Figures S2E). Co-injection of LUC-
sa-mRNA with ODN2088 did not change the translation profile
(Figure 4F).

Innate immunogenicity and translation efficacy of sa-mRNA

purified by cellulose chromatography

It is well known that dsRNA contaminants in synthetic (in vitro tran-
scription [IVT]) mRNAs play an important role in activation of type I
IFNs and translational inhibition.1,20 The classic purification strate-
gies, like the silica-based columns we use routinely, do not efficiently
remove dsRNAs. However, it has been shown recently that these
dsRNAs can be removed from short non-amplifying synthetic
mRNAs by a cellulose-based purification method.20 The applicability
of this method to synthetic sa-mRNAs, which are 3 to 4 times longer
than non-amplifying mRNAs, is unknown. Therefore, we investi-
gated the capacity of this method to remove dsRNAs, decrease innate
immunity, and improve the translation and vaccination efficacy of
synthetic sa-mRNAs. We first demonstrated that synthetic sa-
mRNAs purified with silica columns contained substantial amounts
of dsRNA contaminants that could be removed efficiently by the
novel cellulose-based purification method (Figure 5A). Subsequently,
the effect of cellulose-based purification on the innate immunoge-
nicity of the ZIKVac-sa-mRNA vaccine and expression of
) or BAY11 (I). On the day of sa-mRNA administration, a second local injection of

daily until day 3. (J and K) In contrast to the other inhibitors, clobetasol propionate (J)

NA administration, and this was repeated twice daily until day 3. (L) Dexamethasone

epresents the mean of four individual mice, and the error bars represent SEM. The

used the same blanc as in (A) and (K), respectively.
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Figure 3. Effect of topical clobetasol in combination with other inhibitors on the type I IFN response kinetics after intradermal electroporation of ZIKVac-sa-

mRNA in IFN-b+/Db-luc reporter mice

(A) Treatment schedule for the injection site. (B) ZIKVac-sa-mRNA vaccine (1 mg in 50 mL) administration was directly followed by topical application of clobetasol propionate

(25 mg/1 cm2) twice per day and continued over 3 days. (C–E) Additionally, clobetasol was combined with 25 mg BAY11 (C), 20 mg ODN2088 (D), or ODN2088 and BAY11

together (E). These inhibitors were co-injected once with the ZIKVac-sa-mRNA. The areas under the curve (AUCs) in (B)–(E) are presented in (F)–(I), respectively. Each symbol

or bar represents the mean of four individual mice, and the error bars represent SEM.
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LUC-sa-mRNAwas studied after intradermal electroporation in IFN-
b reporter and BALB/c mice, respectively. In addition, the effect of
pre- and post-treatment (twice daily for 3 days) of the injection site
with clobetasol was also studied.We confirmed that the silica-purified
ZIKVac-sa-mRNA vaccine elicits a strong type I IFN response that
can be tempered by clobetasol (Figure 5B, blue and black curves).
Interestingly, a similar reduction of the type I IFN response could
be obtained when the ZIKVac-sa-mRNA vaccine was purified by
the cellulose-based method (Figure 5B, green curve). Topical applica-
tion of clobetasol could not further decrease the overall elicited type I
IFN response of the cellulose-purified ZIKVac-sa-mRNA (Figure 5C),
but clobetasol strongly reduced IFN-b reporter gene expression
(approximately 10-fold) 5 h after administration of the cellulose-pu-
rified ZIKVac-sa-mRNA vaccine (Figures 5B, red curve, and 5C).
Although cellulose purification of the sa-mRNA significantly reduced
the elicited type I IFN response, it only slightly improved the transla-
tion efficacy of the sa-mRNA (Figure 5D, black and green curves).
Nevertheless, co-administration of clobetasol significantly increased
translation of the silica-purified as well as cellulose-purified LUC-
1374 Molecular Therapy Vol. 29 No 4 April 2021
sa-mRNA. The highest expression was observed in mice that received
the cellulose-purified LUC-sa-mRNA together with clobetasol (Fig-
ures 5D and 5E). As also shown in Figure 4A, clobetasol seems to pro-
long translation of the silica- and cellulose-purified LUC-sa-mRNA
(Figure 5D).

Cellulose-purified sa-mRNA vaccines elicit a stronger humoral

and cellular immune response

We finally investigated whether the novel cellulose-based purification
method could improve the efficacy of our ZIKVac-sa-mRNA vaccine.
It has been reported that inhaled and oral corticosteroids do not affect
the efficacy of influenza vaccines.21,22 We were triggered by these
counter-intuitive reports and decided to also investigate the effect
of clobetasol pre- and post-treatment on the efficacy of our ZIK-
Vac-sa-mRNA vaccine. Forty-eight BALB/c mice were randomized
into six groups and vaccinated by intradermal electroporation of cel-
lulose- or silica-purified ZIKVac-sa-mRNA with or without clobeta-
sol. LUC-sa-mRNA was used as a negative control (Figures 6A and
6B). The interval between the vaccinations was 4 weeks, and the
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Figure 4. Influence of innate immune inhibitors on translation of sa-mRNA encoding LUC in BALB/c mice

(A) Time schedule of the animal experiment. (B–F)Wild-type BALB/cmicewere electroporated intradermally with 1 mg of sa-mRNA encoding luciferase (LUC-sa-mRNA) in the

presence of clobetasol propionate (B), hydrocortisone (C), dexamethasone (D), BAY11 (E), or ODN2088 (F). Topical treatment of the injection site with clobetasol propionate

and hydrocortisone (25 mg/1 cm2) was performed 1 day prior to LUC-sa-mRNA injection and subsequently twice daily for 3 days. Dexamethasone was administered orally in

drinking water for 4 days starting on day�1. BAY11 (25 mg) and ODN2088 (20 mg) were co-injected with the LUC-sa-mRNA (1 mg in 50 ml). LUC expression was determined

by measuring the bioluminescence at the injection spot for 28 or 35 days. Each symbol represents the median of four individual mice, and the error bars indicate the in-

terquartile range.
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dose was 1 mg. Compared with the silica-purified vaccine, higher anti-
body titers and seroconversion rates were observed in mice receiving
the cellulose-purified ZIKVac-sa-mRNA vaccine after the prime as
well as after the booster vaccination (Figures 6C and 6D). As ex-
pected, a second vaccination further increased the antibody titers
and seroconversion rates of both vaccines. Four weeks after the first
booster, the mean antibody titer and seroconversion rate of the
mice vaccinated with the cellulose-purified ZIKVac-sa-mRNA vac-
cine were 122 and 75%, whereas these values were 40 and 37.5% in
mice that received the silica-purified ZIKVac-sa-mRNA vaccine (Fig-
ure 6D). Topical application of clobetasol at the injection site
completely abolished the efficacy of the ZIKVac-sa-mRNA vaccine
(Figures 6C and 6D). Because the humoral immune response
improved after the booster vaccination, we decided to give a second
booster to mice that received the ZIKVac-sa-mRNA vaccine without
co-administration of clobetasol (Groups 1–3). Again, the antibody
titer and seroconversion rates increased in both vaccinated groups,
and the mice that received the cellulose-purified sa-mRNA vaccine
developed the highest antibody titers. Moreover, the seroconversion
rate in this group increased to 100%, whereas the seroconversion
rate in mice immunized with the silica-purified ZIKVac-sa-mRNA
vaccine was only 62.5% (Figure 6E). In addition to this strong humor-
al response, increased ZIKV E protein-specific CD4+ and CD8+ T cell
responses were seen after the final immunization with the cellulose-
purified ZIKVac-sa-mRNA vaccine. These cellular responses were
significantly higher than those obtained with LUC-sa-mRNA-vacci-
nated mice (Figures 6F and 6G).

DISCUSSION
Synthetic sa-mRNAs are known for their high in vivo translation ef-
ficiency.23,24 However, in vivo administration of sa-mRNAs may
induce a strong type I IFN response.4,5,12 Although this can be consid-
ered advantageous when the sa-mRNA is used for vaccination pur-
poses,12,25 several studies have demonstrated that triggering type I
IFN production can negatively affect the intended adaptive immune
response of intramuscularly and intradermally administered mRNA
vaccines.9,12,16 Evidently, a strong type I IFN-mediated inflammatory
response should also be avoided when synthetic mRNAs are consid-
ered for protein replacement therapy, gene editing, or stem cell re-
programming.26,27 In line with previous reports,8,12,16 we found
that intradermal electroporation of our formerly developed ZIK-
Vac-sa-mRNA vaccine results in very rapid upregulation of type I
IFNs with maximal induction within 5 h after sa-mRNA administra-
tion (Figure 2). By-products originating from the IVT process, like
dsRNA and uncapped or untailed RNAs species, contribute to this
innate immune response.1 There is also concern that intracellular
amplification of sa-mRNAs, which occurs through dsRNA intermedi-
ates, may strongly trigger intracellular sensors such as RIG-I and
Molecular Therapy Vol. 29 No 4 April 2021 1375
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Figure 5. The effect of cellulose purification and

clobetasol on the type I IFN response and

translation of sa-mRNAs

(A) dsRNA by-products in silica- and cellulose-purified sa-

mRNAs (1,000 or 200 ng per dot) as analyzed by dot

blotting with the J2 dsRNA-specific monoclonal antibody

(mAb). (B) Type I IFN response kinetics after intradermal

electroporation of silica- and cellulose-purified ZIKVac-

sa-mRNA (1 mg) in IFN-b+/Db-luc reporter mice with or

without topical clobetasol treatment of the injection site.

(C) The AUCs of the curves in (B) (n = 4). (D) LUC

expression kinetics after intradermal electroporation of

LUC-sa-mRNA in wild-type BABL/c mice after silica- or

cellulose-based purification with or without clobetasol

treatment of the injection site. (E) The AUCs of the curves

in (D). Each symbol or bar represents the mean of four

individual mice, and the error bars represent SEM. The

statistical analysis of the data shown in (B) and (D) can be

found in Table S1.
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MDA5.28 However, our data do not fully support this idea because the
peak in IFN-b production occurs shortly after delivery of the sa-
mRNA instead of at maximal sa-mRNA replication. Moreover, we
recently reported similar IFN-b induction for replication-deficient
and replication-competent sa-mRNAs in mice.16 The absence of a
strong innate immune response against the dsRNA intermediates
that arise during sa-mRNA replication may be due to the location
of these intermediates in spherules that shield them from cytoplasmic
dsRNA sensors like RIG-I and MDA5.29,30

In an attempt to block the immediate type I IFN response elicited by
our ZIKVac-sa-mRNA vaccine, we screened several commercial TLR
and NF-kB/NLRP3 inhibitors (Figure 1). Endosomal or cell surface-
associated TLRs31,32 are one type of PRRs that recognize dsRNAs and
single-stranded RNAs (ssRNAs) in synthetic sa-mRNA.33,34 Co-in-
jection of TLR7 (ODN20958) or TRL7/8/9 (ODN2088) antagonists
with the ZIKVac-sa-mRNA vaccine seems to quickly block recogni-
tion of ssRNA species (Figure 2). This indicates that TLR7, which rec-
ognizes single nucleosides and short ssRNAs (oligoribonucleotides),
is involved in sensing our sa-mRNA vaccine.7,35 We also hypothesize
that degradation products from sa-mRNAs that did not enter the cells
after in vivo electroporation are recognized by cell surface-associated
TLR7. Moreover, it is also possible that TLR-mediated innate re-
sponses solely originate from sa-mRNAs that enter cells by endocy-
tosis during the brief period between injection and electroporation.
1376 Molecular Therapy Vol. 29 No 4 April 2021
This may also explain the short and limited ef-
fect of the TLR inhibitors. Co-administration of
our sa-mRNA vaccine with BAY11, which
blocks nuclear translocation of NF-kB and in-
hibits the NLRP3 inflammasome,36,37 also
significantly decreased the innate immune
response, but only directly after administration.
The short-lived downregulation of the type I
IFN response by co-injected ODN2088,
ODN20958, or BAY11 may also be due to rapid dilution of the inhib-
itors from the injection site. Therefore, we tested pre- and post-treat-
ment of the injection site with these inhibitors. However, this only
slightly increased and prolonged the reduction of the innate immune
response (Figure 2). Pre- and post-treatment with these inhibitors
should probably be performed closer to the moment of injection;
e.g., 15 min (instead of 5 h) before and 1 h (instead of 12 h) after in-
jection of the sa-mRNA vaccine. An interesting future approach
would be co-encapsulation of these innate immune inhibitors with
sa-mRNA into, e.g., lipid nanoparticles. Interestingly, no diminution
of the type I IFN response was observed when 12.5 mg or even 25 mg of
a TLR3 inhibitor was co-administered (Figure S1). This is remarkable
because a dot blot assay clearly indicated that dsRNA species are pre-
sent in the silica-purified sa-mRNA (Figure 5A). The massive
amounts of dsRNA in our silica-purified sa-mRNA possibly
completely outcompeted binding of the TLR3 antagonist to TLR3
receptors.

Besides the aforementioned specific innate immune inhibitors, we
also tested oral dexamethasone, topical hydrocortisone, and clobeta-
sol. The latter is a more potent topical corticosteroid than hydrocor-
tisone.38,39 Topical application of hydrocortisone and clobetasol at
the injection site efficiently inhibited the type I IFN response elicited
by our ZIKVac-sa-mRNA vaccine. However, it is essential that the in-
jection spot is treated with the corticosteroid prior to sa-mRNA
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Figure 6. Vaccination efficacy of silica- and cellulose-purified ZIKVac-sa-mRNA in BALB/c mice treated topically with or without clobetasol

(A and B) Experimental setup (A) and overview of the different vaccinated groups (B). Mice were electroporated intradermally with 1 mg of cellulose- or silica-purified ZIKVac-

sa-mRNA vaccine or LUC-sa-mRNA control on day 0, day 28, day 56, and day 84 (Groups 1–3, without clobetasol treatment) or on day 0 and day 28 (groups 4–6, with

clobetasol treatment). (C–E) Antibody titers in mice were determined by ZIKV E-protein-specific IgG ELISA 4 weeks (C), 8 weeks (D), or 12 weeks (E) after initial immunization

(n = 8). The dashed lines indicate the limit of detection of the assay. The percentage of seroconverted mice is depicted by a red line (right y axis). (F and G) Antigen-specific

CD4+ (F) and CD8+ (G) T cell responses in mice from groups 1–3 were assessed 1 week after the third booster by IFN-g staining in T cells stimulated with a ZIKV E protein

peptide pool (E pep +). Each bar represents the mean of eight individual mice, and the error bars represent SEM.
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administration (Figures 2 and 3). Moreover, additive effects were
observed when topical clobetasol was combined with ODN2088
and/or BAY11 (Figure 3). Oral dexamethasone was also able to
temper the innate immunity of the sa-mRNA, and its effects were
similar to that of topical corticosteroids. We also investigated the ef-
fects of these inhibitors on in vivo translation of sa-mRNA. Surpris-
ingly, only the corticosteroids improved the in vivo translation effi-
cacy of the sa-mRNA, and the highest improvement was observed
with clobetasol (Figures 4 and S2A–S2C). In more detail, a combina-
tion of pre-, co-, and post-treatment of the injection site with clobe-
tasol prolonged expression of the LUC-encoding sa-mRNA by 1 week
and significantly increased overall expression (Figures 4 and S2A).
However, topical corticosteroids can also induce systemic effects; it
is well known that they can pass through the skin and enter the cir-
culation.40 Moreover, although the ointment had penetrated the
skin completely before the mice woke up, we cannot exclude that
topical corticosteroids were ingested by licking the treated spot. Sur-
prisingly, ODN2088 did not improve in vivo translation, and BAY11
even decreased in vivo expression of the sa-mRNA (Figures 4 and
S2D). This observation agrees with the findings of Liu et al.,41 who
screened 15 different inhibitors and found that reduced IFN produc-
tion was not associated with enhanced mRNA translation in cultured
human foreskin fibroblast cells. Similar to our results, 7 of the tested
inhibitors even reduced mRNA translation efficacy.41 In contrast,
Awe et al.42 reported enhanced in vitro translation of the transcription
factor OCT4 from a synthetic mRNA upon BAY11 supplementation.
However, enhanced OCT4 translation was not achieved when the
type I IFN decoy receptor B18R was supplemented, indicating that
the observed increase in translation was independent of type I IFNs.42

As mentioned earlier, synthetic mRNAs produced by IVT contain by-
products such as dsRNAs and small abortive ssRNA species that are
known to strongly stimulate innate immune responses in mammalian
cells.1,20 Cellulose purification has been reported to efficiently remove
small by-products like dsRNA species larger than 30 bp.1,20,43 The
method has been applied successfully to non-amplifying in-vitro-
transcribed mRNA.20 Here we investigated whether cellulose-based
purification20 could also reduce the type I IFN response and increase
the in vivo translation efficacy of sa-mRNAs by removing dsRNA by-
products. Immunoblotting confirmed that cellulose-mediated purifi-
cation of sa-mRNA efficiently removed dsRNA species and,
compared with standard silica-based purification, cellulose-purified
sa-mRNA elicited a much lower type I IFN response that could be
reduced further by topical clobetasol (Figure 5). However, this
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beneficial effect of cellulose purification was not completely reflected
in the translation efficacy because significant increases in translation
efficacy were only observed when the mice were treated with clobeta-
sol (Figure 5). The untranslated regions (UTRs) in our sa-mRNA are
based on the RNA genome of Venezuelan equine encephalitis virus
(VEEV), which possesses structural elements in its 50 UTR that can
(partly) evade translational inhibition induced by a type I IFN
response.44 Therefore, this may explain why strategies that reduce
type I IFN do not drastically improve the translation efficacy of our
synthetic sa-mRNA. Alternatively, it is also possible that the drop
in type I IFNs induced by TLR7/8 antagonists or cellulose purification
is not enough to improve the translation efficiency of the sa-mRNA.
To further decrease the type I IFN response, inhibitors of other PRRs,
like the RLR, can be used, and cellulose-based purification can be
improved further. Indeed, the dot blot (Figure 5A) shows some re-
maining dsRNA species that are most likely caused byminor amounts
of remaining dsRNA-contaminants (because of incomplete removal)
or extensive double-stranded secondary structures in the sa-mRNA.
Short uncapped dsRNAs, which are especially recognized by
RIG-I,45 are probably also present in the sa-mRNA. Therefore, phos-
phatase treatment of the sa-mRNA prior to injection can also circum-
vent RIG-I-mediated detection of di/tri-phosphate 50 ends.46

In a final experiment, we demonstrated that the cellulose-purified
ZIKVac-sa-mRNA vaccine induced higher antigen-specific humoral
and cellular immune responses than the silica-purified ZIKVac-sa-
mRNA vaccine. This confirms that the by-products after IVT have
negative effects on the efficacy of our sa-mRNA-based vaccine. These
results also support our previous finding that silica-purified ZIKVac-
sa-mRNA elicits stronger humoral and cellular immune responses in
IFNAR1�/�mice, which show defective type I IFN signaling.16 Clobe-
tasol treatment of the vaccination site prevented induction of a hu-
moral immune response despite the beneficial effects of clobetasol
on the IFN response and translation of the sa-mRNA (Figure 6).
This is an important finding because it has been reported that inhaled
and oral corticosteroids do not affect the efficacy of influenza vac-
cines.21,22 Moreover, these data indicate that corticosteroids can be
used to prevent antibodies being raised against mRNA-encoded ther-
apeutic proteins; e.g., clotting factors or erythropoietin.

In summary, among a handful of commercial TLR and NF-kB/
NLRP3 inhibitors, topical application of clobetasol caused the stron-
gest reduction of the innate immune response elicited after intrader-
mal electroporation of our ZIKVac-sa-mRNA vaccine. Combining
clobetasol with a TLR7 antagonist and/or a NRLP-3/NF-kB inhibitor
further reduced the innate immune response. Clobetasol also
increased translation of intradermally electroporated sa-mRNA. In
a vaccination context, however, co-administration of clobetasol
with our ZIKVac-sa-mRNA vaccine completely blocked the cellular
and humoral immune response. In contrast, purification of the ZIK-
Vac-sa-mRNA vaccine with a novel cellulose-based method tripled
the antibody titers, doubled the cellular immune response, and
increased the seroconversion rate from 62.5% to 100%. This improve-
ment was associated with a drastic reduction of dsRNA by-products,
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which significantly decreased the type I IFN response elicited by the
sa-mRNA vaccine and slightly improved expression of the sa-
mRNA. It is important to note that the data in this study were
achieved by intradermal electroporation of the sa-mRNA vaccine
and, thus, without use of a carrier, which are known to drastically in-
crease mRNA vaccination efficacy. In a future project, we aim to
determine whether this novel purification method also improves
the efficacy of sa-mRNA therapeutics or vaccines that are delivered
by lipid nanoparticles.

MATERIALS AND METHODS
Mice

Female BALB/c mice, aged 6–8 weeks, were purchased from
Janvier (France). The heterozygous BALB/c IFN-b reporter mice
(IFN-b+/Db-luc) used in this study were from the Institute for Labora-
tory Animal Science, Hannover Medical School (Germany), and the
breed was maintained inhouse. All mice were housed in individually
ventilated cages and had free access to food and water. The mouse
experiments were approved by the Ethics Committee of the Faculty
of Veterinary Medicine, Ghent University (EC2019/62). During in-
tradermal injections and bioluminescence imaging, mice were under
isoflurane anesthesia (5% for induction and 2% for maintenance).

Inhibitors

The TLR3 and TLR7 inhibitors ODN2088 and ODN20958 (Miltenyi
Biotec, Belgium) were used in this study. Phosphorothioate-modified
ODN2088 (50-TCCTGGCGGGGAAGT-30) is a TLR7/8/9 antagonist,
and the phosphorothioate-modified oligonucleotide ODN20958 is a
TLR7 inhibitor (50-TCCTAACAAAAAAAT-30). The TLR3/dsRNA
complex inhibitor (C18H13ClFNO3S) was bought from Merck Milli-
pore (Belgium). The NF-kB and NLRP3 inhibitor BAY11 were
from InvivoGen (Belgium). The TLR3/dsRNA complex inhibitor
and BAY11 were dissolved in DMSO. Clobetasol propionate oint-
ment (0.05%, Dermovate cream) was from GlaxoSmithKline (GSK).
Hydrocortisone ointment (1% cream, Pannocort) and dexametha-
sone (2 mg/mL solution of Rapidexon) were obtained from a local
pharmacy.

mRNA and silica purification

Sa-mRNA was synthetized by IVT as described previously.16 Briefly,
the template DNA for transcription of ZIKVac-sa-mRNA was con-
structed by inserting the sequence of the Zika virus prM-E fusion pro-
tein of the Brazilian Rio-S1 ZIKV strain (GenBank: KU926310.1)
containing a signal peptide of Japanese encephalitis virus (JEV) at
the 50 terminal end into the pTK155 plasmid using Gateway Cloning
(Invitrogen). The sequence of firefly LUC was cloned into pTK155 to
produce LUC-sa-mRNA. The plasmids of VEEV-based ZIKVac-sa-
mRNA and LUC-sa-mRNA were transformed into competent
E. coli bacteria (Invitrogen, Waltham, MA, USA) and, after 24 h, pu-
rified with the Plasmid Plus Midi kit (QIAGEN, Germany). Subse-
quently, linearized plasmids were obtained using I-SceI endonuclease
(New England Biolabs [NEB], Ipswich, MA, USA), and the sa-
mRNAs were synthetized by IVT with a MEGAscript T7 transcrip-
tion kit (Thermo Fisher Scientific, Waltham, MA, USA). Next, the
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sa-mRNA was purified with the RNeasy Mini Kit (QIAGEN, Ger-
many) and capped post-transcriptionally using the ScriptCap m7G
capping system and a 20-O-methyltransferase kit (CELLSCRIPT,
Madison, WI, USA) to obtain cap-1. After capping, the sa-mRNA
was purified again with the RNeasy Mini Kit (QIAGEN, Germany).
Because a 40-nt-long poly(A) was encoded in the linearized plasmid
template, poly(A) tailing was not required. The quantity and quality
of the sa-mRNAs were determined with a Nanodrop spectrophotom-
eter (Thermo Fisher Scientific, Waltham, MA, USA), and sa-mRNAs
were stored at �80�C.

Cellulose-based purification of sa-mRNAs

After IVT, the mRNAs (LUC-sa-mRNA and ZIKVac-sa-mRNA)
were purified by LiCl precipitation and subsequently capped enzy-
matically as described above. Next, the capped sa-mRNAs were again
precipitated with LiCl and resuspended in HEPES-ethanol buffer
(10 mM HEPES [pH 7.2], 0.1 mM EDTA, 125 mM NaCl, and 16%
ethanol). Subsequently, additional cellulose-based purification was
performed to remove dsRNA by-products as described previously.20

Briefly, cellulose fibers (Sigma-Aldrich, Belgium) were suspended in
HEPES-ethanol buffer at a concentration of 0.2 g/mL. After 10 min
of vigorous mixing, 630 mL of the cellulose suspension was transferred
to a microcentrifuge spin column (NucleoSpin Filters, Macherey-Na-
gel, Düren, Germany) and centrifuged for 1 min at 14,000 � g. The
flowthrough was discarded, and 450 mL HEPES-ethanol buffer was
added to the cellulose fibers, followed by vigorous shaking for
5 min. Subsequently, the spin column was centrifuged for 1 min at
14,000 � g, and the flowthrough was discarded. 100–500 mg of sa-
mRNA in 450 mL HEPES-ethanol buffer was added to the cellulose
in the spin column, followed by vigorous shaking for 30 min to allow
association of the dsRNA by-products with the cellulose. Separation
of the cellulose-associated dsRNA from the sa-mRNA occurred by
centrifugation at 14,000 � g for 1 min. The collected flowthrough
containing the sa-mRNA was precipitated by adding 0.1 volume of
3 M NaOAc (pH 5.5, 50 mL) and 1 volume of isopropanol and
incubating this mixture for 30 min at �20�C. Next, the mRNA was
pelleted by centrifugation at 4�C for 15 min at 14,000 � g, and the
supernatant was discarded. The pellet was washed with 500 mL 70%
pre-cooled ethanol and centrifuged at 4�C for 5 min at top speed.
The supernatant was removed, and the cellulose-purified mRNA
was finally dissolved in nuclease-free water.

Dot blot analysis of dsRNA by-products

LUC-sa-mRNA and ZIKVac-sa-mRNA were diluted in nuclease-free
water to final concentrations of 40 and 200 ng/mL. Subsequently, 5 mL
aliquots (200 or 1,000 ng sa-mRNAs per dot) were loaded onto a posi-
tively charged nylon membrane (Whatman Nytran SuPerCharge,
Sigma-Aldrich) that was taped on a sheet of Whatman GB005 blot-
ting paper. After drying, the membrane was blocked in 5% (w/v)
non-fat dried milk in PBS-T buffer (0.1% (v/v) Tween-20 in PBS)
for 1 h at room temperature. After three washes with PBS-T buffer,
the membrane was incubated overnight at 4�C on a rolling mixer
with mouse J2 anti-dsRNA murine antibody (Scicons, Budapest,
Hungary) diluted 1:5,000 in PBS-T buffer containing 1% (w/v)
non-fat dried milk. Next, the membranes were washed three times
with PBS-T buffer and incubated for 1 h at room temperature with
horseradish peroxidase (HRP)-conjugated donkey anti-mouse
immunoglobulin G (IgG) (H+L, Jackson ImmunoResearch Labora-
tories, Cambridgeshire, UK) diluted 1:10,000 in PBS-T buffer con-
taining 1% (w/v) non-fat dried milk. After washing the membranes
three times with PBS-T buffer, detection of the target dsRNAs on
the membrane was performed using SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific) and the Chemi-
Doc MP Imaging System (Bio-Rad, USA).

In vivo IFN response

IFN-b+/Db-luc mice were used to investigate the effect of several innate
immune inhibitors on the IFN response elicited by our ZIKVac-sa-
mRNA vaccine. IFN-b+/Db-luc mice were shaved at their flanks and in-
jected intradermally into both flanks with 0.5 mg sa-mRNA vaccine in
25 mL PBS (without Ca2+ andMg2+) using 29G insulin needles (VWR,
the Netherlands). Electroporation, when used, was performed imme-
diately after each sa-mRNA injection with a 2-needle array electrode
containing 4 needles per row of 4 mm (AgilePulse, BTX Harvard
Apparatus, Massachusetts, USA). The procedure for electroporation
involved two short high-voltage pulses of 450 V with a duration of
0.05 ms and an interval of 300 ms, followed by eight long low-voltage
pulses of 100 V with a duration of 10 ms and an interval of 300 ms.4,16

Innate immune inhibitors (Figure 1) were co-injected with the sa-
mRNA vaccine. For certain experiments, the injection site was pre-
treated 5 h before sa-mRNA administration and post-treated twice
daily by intradermal injection of the innate inhibitors. The corticoste-
roids were not injected but applied topically as an ointment (clobeta-
sol and hydrocortisone) at the injection site (25 mg clobetasol/cm2) or
administered orally in drinking water (final concentration of dexa-
methasone, 5 mg/L in water). The type I IFN response was monitored
by measuring the bioluminescent signal at the injection sites daily
for 7 days. To that end, mice were injected subcutaneously with
200 mL D-luciferin (15 mg/mL, Gold Biotechnology, USA). Twelve
minutes later, the mice were anesthetized using isoflurane, and the
in vivo bioluminescence signal was recorded using an IVIS Lumina
II (PerkinElmer, USA).

In vivo translation kinetics

The effect of selected innate inhibitors and the cellulose-based purifi-
cation method on in vivo translation of the sa-mRNA was investi-
gated by intradermal electroporation (see above for the protocol) of
1 mg silica- or cellulose-purified LUC-sa-mRNA in BALB/c mice in
the presence or absence of the indicated innate immune inhibitors.
LUC expression was monitored for 28 or 35 days by in vivo optical
imaging, as described above.

Vaccination experiment

Shaved female BALB/c mice (6 weeks old) were anesthetized by inha-
lation of isoflurane and immunized by intradermal electroporation of
0.5 mg ZIKVac-sa-mRNA vaccine or the LUC-sa-mRNA in both
flanks using the vaccination schedule depicted in Figure 6A. Silica-
and cellulose-purified ZIKVac-sa-mRNA vaccines with and without
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clobetasol treatment of the injection site were investigated. Topical
treatment with clobetasol involved treatment of the injection site
12 h prior to vaccination and a treatment twice daily until 3 days after
immunization. Electroporation was performed immediately after
each ZIKVac-sa-mRNA injection using the protocol described above.

Zika virus-specific antibody titers

Amouse ZIKV ELISA kit (Alpha Diagnostic International, TX, USA)
was used to determine ZIKV E protein-specific antibody titers. 96-
well plates pre-coated with ZIKV E protein were equilibrated for
5 min at room temperature with 300 mL of the provided wash buffer.
Subsequently, 2-fold serial dilutions of the serum samples were made
(starting from a 50-fold dilution), and 100 mL of these dilutions was
added per well along with the calibration standards. After 1 h of in-
cubation at room temperature, the plates were washed four times
with wash solution. Next, 100 mL of anti-mouse IgG HRP conjugate
working solution was added to the wells and incubated at room tem-
perature. After 30 min, the wells were washed five times and incu-
bated with 100 mL of 3,30,5,50-tetramethylbenzidine (TMB) substrate
at room temperature. Enzymatic conversion of TMB was stopped af-
ter 15 min by adding 100 mL of stop solution, and the absorbance was
measured at 450 nm in an EZ 400 microplate reader (Biochrom, UK).
The antibody endpoint titers were defined as the highest reciprocal
dilution with an absorbance that was at least two times the back-
ground (obtained with serum from unvaccinated mice).

Zika virus-specific cellular immune response

Intracellular cytokine staining was performed to determine Zika vi-
rus-specific CD4+ and CD8+ T cell responses with flow cytometry.
Splenocytes were isolated 1 week after the last booster and stimulated
in 96-well plates (1� 106 cells/well) with 2 mg/mL of overlapping 15-
amino-acid-long peptides covering the ZIKV E protein (JPT, Berlin,
Germany) in 1640 RPMI medium. After 1 h of stimulation at 37�C
0.3 mL of protein transport inhibitor cocktail (Brefeldin A
[5.3 mM] + Monensin [1 mM], eBioscience) was added to 150 mL
of stimulated splenocytes, and the samples were incubated for 5 h
at 37�C. Splenocytes were then harvested, washed with cold PBS,
treated with mouse BD Fc Block (BD Biosciences), and stained with
anti-CD3-APC/CD4-PerCP/CD8-Alexa Fluor 488 antibodies (clones
145-2C11, RM4-5, and 53-6.7, BioLegend) for 30 min at 4�C accord-
ing to the manufacturer’s instructions. Subsequently, the cells were
fixed and permeabilized with fixation/permeabilization buffer
(eBioscience) for 30 min at 4�C before intracellular staining with
anti-IFN-g-PE antibody (clone XMG1.2, BioLegend) for 30 min at
room temperature. Finally, all samples were washed and stored at
4�C until analysis using a Cytoflex flow cytometer (Beckman
Coulter). Single and live cells were gated, and 300,000 events were
collected for each sample. Samples treated with cell stimulation cock-
tail (eBioscience) served as positive controls and unstimulated sam-
ples as negative controls.

Statistical analyses

Statistical analyses were performed with GraphPad Prism software
(version 7.0, GraphPad, San Diego, CA, USA). The longitudinal ex-
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periments with different animal groups were analyzed using
repeated-measures two-way ANOVA corrected for multiple compar-
isons (Bonferroni method). Differences between two groups were
compared with Student’s t test (non-parametric Mann-Whitney U
test). The data are represented as means ± SEM unless otherwise
noted. A p value below 0.05 is considered statistically significant
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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