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ABSTRACT: Microneedle-based skin allergen-specific immunotherapy (AIT) can benefit from adjuvants that can stimulate a
stronger Th1 response against the allergen. We evaluated two stimulator of interferon genes (STING) agonists, namely, cyclic
diguanylate monophosphate (c-di-GMP) and cyclic diadenylate monophosphate (c-di-AMP), as skin adjuvants using coated
microneedles (MNs). For comparison, the approved subcutaneous (SC) hypodermic injection containing alum was used.
Ovalbumin (Ova) was used as a model allergen. Ova-specific IgG2a antibody in serum, which is a surrogate marker for Thl type
immune response was significantly higher when STING agonists were used with coated MNs as compared to SC injection of
Ova+alum in mice. In contrast, IgG1 antibody, a surrogate marker for Th2 type immune response, was at comparable levels in
the MN and SC groups. Restimulation of splenocytes with Ova produced higher levels of Th1 cytokines (IFN-y and IL-2) in the
STING agonists MN groups as compared to the SC group. In conclusion, delivery of STING agonists into the skin using coated
MNs activated the Thl pathway better than SC- and MN-based delivery of alum. Thus, STING agonists could fulfill the role of
adjuvants for skin AIT and even for infectious disease vaccines, where stimulation of the Thl pathway is of interest.
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1. INTRODUCTION

Allergen-specific immunotherapy (AIT) is an established
method for the treatment of respiratory and hymenoptera
venom allergies.1 The treatment involves subcutaneous (SC)
hypodermic injections of increasing allergen amounts until
tolerance is achieved.” The high number of injections (50—80)
administered over multiple years (3—5 or more) cut down
patient-adherence rates dramatically.” To replace the painful
SC injections, we have recently proposed and demonstrated
that allergens coated on micrometer-sized needles commonly
known as microneedles (MNs) can be used to deliver the
allergen into the skin.”” MNs are minimally invasive and
painless® and could be self-applied by patients if deemed safe.
Coated MNs can easily penetrate the top barrier layer of the
skin called the stratum corneum and can directly deliver the
allergen into the underlying epidermis and dermis regions.”
SC AIT is also associated with adverse reactions including
fatal anaphylaxis.® MNs have the potential to improve this
safety profile, because MN length can be decreased to deliver
the allergen primarily in to the epidermis, which is non-
vascularized. The nonvascular nature of epidermis can reduce
systemic exposure of the allergen and hence the side effects.”
To further improve the efficacy and safety profile of AIT,
different adjuvants are being evaluated.'” Adjuvant use can
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reduce the amount of allergen required, which can in turn
improve safety. Furthermore, allergic patients have an
established Th2 bias;'' thus, selection of adjuvants that can
steer the immune response to a Th1 bias can help to enhance
the therapeutic effect of AIT and perhaps even reduce the
duration of treatment.'* For SC AIT, aluminum salts (Alum)
are licensed as adjuvants.'” Alum is however thought to have a
Th2 bias and is associated with risk of local granuloma
formation at injection sites."* Thus, there is a need for other
adjuvants for MN-based AIT. With this perspective, previously
we have shown that CpG, a TLR-9 agonist with a Th1 bias, can
be used as an adjuvant in MN-based skin AIT for prevention of
allergy progression in mice.’

In the current study, we wanted to expand the repertoire of
available Th1-biased adjuvants for MN-based AIT. Therefore,
we characterized stimulator of interferon genes (STING)
agonists, cyclic diguanylate monophosphate (c-di-GMP), and
cyclic diadenylate monophosphate (c-di-AMP) as potential
adjuvants. STING agonists have recently emerged as
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Figure 1. Allergen-coated microneedles. (A) Schematic showing the concept of allergen-coated microneedles for skin allergen-specific
immunotherapy. (B) Digital photograph of an uncoated microneedle patch containing ym-sized 57 needles. (C) Stereomicroscope image of Ova-
coated MN patch. (D) Zoomed-in stereomicroscope image of a single microneedle coated with Ova. (E) In vivo delivery efficiency of MNs coated
with Ova+STING adjuvant in mice skin. Gene expression analysis of (F) IRF-3, and (G) IFN-y in skin of mice immunized with Ova and STING
using coated MNs. Error bars denote +SEM; * p < 0.05, ** p < 0.01, and **** p < 0.0001.

adjuvants,”” and they are known to induce a broad Th1/Th2/
Th17 cellular activation,'® which could make them quite useful
as adjuvants for AIT. To our knowledge, STING agonists have
not been previously delivered as adjuvants into the skin using
MNs. Therefore, in this study, we have coated c-di-AMP and c-
di-GMP on MNs along with ovalbumin (Ova) as a model
allergen and delivered them to mouse skin. Subsequently, we
have characterized the systemic antibody responses and Th1/
Th2 cytokines secreted by splenocytes upon restimulation with
Ova to assess their immune response bias.

2. MATERIALS AND METHODS
2.1. Coating and Delivery Efficiency of MN Patch. A

MN patch with 57 individual micron-sized needles was
fabricated thorough a wet etch process. Individual MNs on a
patch were manually bent out of the plane to make them
perpendicular to the base of the patch and then coated using a
microprecision dip coater as previously described.” The
coating solution contained carboxymethylcellulose (CMC)
(1%, w/v) (low viscosity, USP grade, CarboMer, San Diego,
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CA, USA) as a viscosity enhancer and Lutrol F-68 NF (BASF,
Mt. Olive, NJ, USA) as a surfactant. Ovalbumin (MP
Biomedicals, OH, USA) with or without STING adjuvants,
namely, c-di-AMP and c-di-GMP (VacciGrade, InvivoGen,
CA, USA), were added to the coating solution.

To assess the delivery efficiency of coated MNs in mice skin,
Ova was conjugated with N-hydroxysuccinamide (NHS)-
activated fluorescein dye (Thermo Scientific, Rockford, IL,
USA), mixed with STING agonists c-di-GMP or c-di-AMP in a
1:1 ratio and then coated on MN patches. The delivery
efficiency of coated MN patches was determined as previously
described using calibrated fluorescence spectroscopy.'’~"”
Fluorescein-labeled Ova served a dual purpose: First, it
permitted direct measurement of Ova concentration, and
second, it served as an internal standard for measuring STING
agonist concentration, since Ova and STING agonists were
mixed in a 1:1 ratio (mass). In brief, coated MN patches (n =
3) were dissolved into 1 mL of PBS solution to obtain the
amount of Ova coated on patches. Another set of coated MN
patches was inserted into mice skin (n = 3) and held for 3 min.

DOI: 10.1021/acs.molpharmaceut.8b00768
Mol. Pharmaceutics 2018, 15, 5437—5443


http://dx.doi.org/10.1021/acs.molpharmaceut.8b00768

Molecular Pharmaceutics

Brief Article

A iImmunization
¢¢ ,
0 28 60 180
v Vv Vv
Blood collection time points
B Treatmentgroups and doses

M Splenocyte restimulation assay

Groups |

Description

| Comment

MNs:Without Ova

only but without Ova

MNs:Ova

MNs coated with Ova

(25 pg Ova)

MNs:c-di-GMP+Ova
Ova

MNs coated with c-di-GMP and

MNs coated with coating excipients  Negative control, to see the effect of

coating excipients

Test group to study the effect of Ova
alone

Test group to study effect of c-di-GMP
adjuvant

(25 pg c-di-GMP+25 ug Ova)

MNs:c-di-AMP+Ova
Ova

MNs coated with c-di-AMP and

Test group to study effect of c-di-AMP
adjuvant

(25 pg c-di-AMP+25 ug Ova)

MNs:Alum+Ova MNs coated with alum and Ova
(25 pg alum+25 pg Ova)
SC:Alum+Ova Ova (25 pg )+Alum (250 ug)

MNs: Microneedles; SC: Subcutaneous

Control group to see the effect of alum
adjuvant through MNs system

Positive control to mimic clinically
approved subcutaneous hypodermic
injection

Figure 2. Immunization schedule and treatment groups. (A) Immunization and sample collection schedule. (B) The different treatment groups and

vaccination doses.

For MN application, mice were anesthetized with isoflurane.
Their flank was shaved with an electrical hair trimmer. Hair
removing cream was next applied for a few seconds and
cleaned. The area was next washed with lukewarm water to
fully remove the cream and then dried gently with the help of a
paper towel. After MN patch application, patches were
removed and placed in 1 mL of PBS solution to obtain the
amount of Ova left on the patch. A cotton swab presoaked in
PBS solution was gently rubbed on skin surface and placed
back into 1 mL of PBS solution to quantify the amount of Ova
left on the skin surface. Finally, the delivered amount was
obtained by subtracting Ova left on skin and patches from the
amount of Ova available on unused coated MN patches. The
concentration of fluorescein-conjugated Ova was quantified
using a spectrofluorometer (Cary Eclipse, Agilent Technolo-
gies, CA, USA) at an excitation of 480 nm and an emission of
530 nm.

2.2. Mice and Immunization Schedule. Balb/c female
mice, 8—10 weeks old, obtained from Charles River
Laboratories, Inc. (Wilmington, MA, USA) were used in the
experiments. Experimental protocols were approved by the
Institutional Animal Care and Use Committee, Texas Tech
University (TTU).

Ova and the STING adjuvants were each coated at an
amount of 25 ug on the MNs. Mice were immunized at day 0
(d0) and boosted on day 28 (d28). Coated MN patches were
applied on hairless skin and held in place for 3 min.

2.3. Measurement of Gene Expression. Healthy mice
were immunized with coated MNs. Six hours later, skin
samples from application sites were harvested in Trizol reagent
(Invitrogen, Carlsbad, CA) and immediately stored in liquid
nitrogen until use. Total RNA was isolated from these samples
using Trizol reagent, and cDNA was synthesized from 1 pug of
total RNA using a high capacity cDNA synthesis kit
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(Invitrogen, Carlsbad, CA). Quantitative reverse transcription
polymerase chain reaction (qQRT-PCR) was performed with
PowerUp SYBR Green Master Mix (Invitrogen, Carlsbad, CA)
by using QuantStudio 3 Real-Time PCR System (Applied
Biosystems, Foster City, CA). RNA was normalized to the
expression levels of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), and relative expression was calculated with the
274AC method. The primer sequences used in qRT-PCR were
customized by Integrated DNA Technologies, Inc.,, CA. The
sequences of primers were as follows; GAPDH (sense S'-
TCCAGTATGACTCCACTCAC-3’, antisense 5'-GGCTA-
AGCAGTTGGTGGT-3'), IRF-3 (sense 5'- GTGCCTCTCC-
TGACACCAAT-3’, antisense 5'- TCGAACTCCCATTG-
TTCCTC-3") and IFN-y (sense 5'-CACGGCACAGTCATT-
GAAAG-3’, antisense 5'- GCTGATGGCCTGATTGTCTT-
3).

2.4. Antibody Analysis. To assess the antibody response,
blood was collected at different time points: before first dose
(at d0), before booster dose (d28), at d60, and at d180. Anti-
Ova IgG, IgGl, IgG2a, and IgE antibodies were analyzed in
these samples using ELISA.*

2.5. Splenocytes Culture. Spleens were harvested at the
end of the study, and splenocytes were cultured in triplicates at
a concentration of 1 000 000 cells per well in 96-well plates for
72 h with (i) Ova (200 pg/mL), (ii) culture medium as a
negative control, or (iii) a positive control of S ug/mL of
concanavalin A (Con A) (Sigma-Aldrich, MO, USA). RPMI
(Gibco, Life Technologies, USA). Cell culture media was
supplemented with fetal bovine serum (FBS) and penicillin/
streptomycin antibiotics. Supernatants of cultured cells were
collected after 14 h for IL-2 measurement and after 72 h for
measurement of IFN-y, IL-4, and IL-5 cytokines. Cytokines
were analyzed through sandwich ELISA. For each group,
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cytokine levels after stimulation with media alone were
subtracted from Ova-stimulated wells.

2.6. Statistical Analysis. Statistical analysis was conducted
using Graphpad Prism 6 software (CA, USA). All ELISA
experiments were run in triplicate, and a two-way ANOVA test
was used to compare the response between the groups at
different time points, while a one-way ANOVA test was
applied for statistical calculations between the groups.
Significance was considered for p < 0.0S for a 95% confidence
interval.

3. RESULTS

3.1. Allergen and STING-Coated MN Patch. The
concept of using an allergen-coated MN patch for skin AIT
is shown in Figure 1A. A MN patch with 57 individual needles
(Figure 1B) was prepared and used for skin immunization.
Through precision coating, Ova with or without the STING
adjuvants was successfully coated onto MNs of a patch (Figure
1C). Of note, the coatings were localized just on the MN shafts
without contaminating the MN patch flat substrate. Figure 1D
is a zoomed-in image of a single MN of the patch, which shows
that coatings were evenly produced without bare spots. Using
calibrated fluorescence spectroscopy, it was found that 78.8%
(+4.2) of coated Ova was delivered into the skin, while 4.2%
(£1.1) of Ova was found on the skin, and 17.0% (+4.0) of
Ova remained on the MN surface (Figure 1E). Since Ova and
the STING adjuvant were mixed in a 1:1 ratio, by considering
Ova as the internal standard, delivery efficiency of STING
adjuvant is considered to be the same as Ova.

To determine whether STING adjuvants were activating the
STING pathway, expression of IRF-3 and IFN-y in skin was
quantified. IRF-3 and IFN-y expression was significantly higher
in the groups receiving the STING adjuvants (Figure 1F,G).

3.2. Serum Antibody Analysis. Mice were immunized on
d0 and boosted on d28 (Figure 2A). Mice were divided into six
groups with five mice per group (Figure 2B): (i) MNs coated
with just the coating formulation but without Ova
(MNs:Without Ova), (ii) MNs coated with Ova in coating
formulation (MNs:Ova), (iii) MNs coated with c-di-GMP and
Ova in coating formulation (MNs:c-di-GMP+Ova), (iv) MNs
coated with c-di-AMP and Ova in coating formulation
(MNs:c-di-AMP+Ova), (v) MNs coated with alum and Ova
in coating formulation (MNs:Alum+Ova), and (vi) subcuta-
neous alum+Ova injection (SC: Alum+QOva).

Anti-Ova IgG response is shown in Figure 3A. After one
dose, on d28, low anti-Ova IgG response was seen in the MN
STING groups (MNs:c-di-GMP+Ova and MNs:c-di-AMP
+Ova) and other control groups (SC:Alum+Ova, MNs:Alum
+0va, and MNs:Ova). As expected, the control MNs:Without
Ova group did not show any IgG response, because this group
did not receive Ova but just the coating excipients. After the
second dose, on d60, anti-Ova IgG response increased
considerably in all the groups that received Ova. No significant
difference was observed between the MN STING groups
(MNs:c-di-GMP+Ova and MNs:c-di-AMP+Ova) and the
SC:Alum+Ova group or MNs:Alum+Ova group. Even the
MNs:Ova group that had no adjuvants stimulated a strong IgG
response. The IgG response persisted until six months (d180)
post immunization, indicating the capability of STING
adjuvants and the SC route to induce a long-term immune
response.

A response pattern similar to IgG was seen for anti-Ova
IgG1 at d28 and d60. However, at d180, MNs:Alum+Ova had
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Figure 3. Anti-Ova response in serum at different time points. (A)
Anti-Ova IgG response at 1:100 serum dilution, (B) anti-Ova 1gG1
response at 1:100 serum dilution, (C) anti-Ova IgG2a response at
1:100 serum dilution, and (D) IgE response at 1:20 serum dilution.
ELISA was used to measure anti-Ova antibody responses in the form
of optical density at 492 nm. Individual mice serum was used in
analysis. Error bars denote +SEM; * p < 0.05, *** p < 0.001, **** p
< 0.0001, and ns: not significant.

higher IgG1 than MNs:c-di-AMP+Ova (Figure 3B). Interest-
ingly, however, a different response pattern was seen for the
anti-Ova IgG2a response (Figure 3C). On d28, all vaccinated
groups showed low anti-Ova IgG2a response without any
considerable difference between them. However, the response
considerably increased on d60 in the MNs:c-di-GMP+Ova (p
= 0.0002) and MNs:c-di-AMP+Ova (p < 0.0001) groups in
comparison to the SC:Alum+Ova group and MNs:Alum+Ova
group, indicating the Thl bias of the STING adjuvants over
alum. MNs:c-di-GMP+Ova and MNs:c-di-AMP+Ova groups
were not significantly different from each other (Figure 3C).
The anti-Ova IgG2a response was low in the control MNs:Ova
group at all time points (Figure 3C). Unlike IgG and IgGl
responses, IgG2a response decreased on d180 in all groups
(Figure 3C); however, a trend of elevated IgG2a could be seen
in groups receiving STING adjuvants.

Anti-Ova IgE response was low (<0.07 OD) in the STING
adjuvant groups and the SC:Alum+Ova group, and it was
similar to the negative control group of MNs:Without Ova that
contained just the coating formulation (Figure 3D). This
shows that codelivery of STING adjuvants and the model
allergen Ova into the skin using MNss is safe, and it should not
exacerbate IgE mediated allergic conditions. However, at d180,
the group MNs:Alum+Ova had a considerably higher anti-Ova
IgE response than the other Ova immunized groups (Figure
3D).

3.3. Splenocytes Culture Analysis. To further study the
Th bias induced by delivery of the STING agonist into the skin
using coated MNs, we restimulated the splenocytes with Ova
and analyzed Thl and Th2 cytokines in the culture medium.
Upregulation of Thl type cytokines (IFN-y and IL-2) was
observed in STING adjuvant groups unlike in the SC:Alum
+Ova group (Figure 4A,B). In the MNs:c-di-GMP+Ova and
MNs:c-di-AMP+Ova groups, IFN-y expression was signifi-
cantly higher than in the SC group (Figure 4A). Similarly, IL-2
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Figure 4. Splenocytes culture supernatant analysis. Spleens were
collected at end of the experiment and cultured for 72 h with medium
alone as a negative control, 200 xg/mL Ova, or 5 pug/mL
concanavalin A as a positive control. Supernatant of cultured cells
were collected after 14 h for IL-2 and 72 h for IFN-y, IL-4, and IL-S
analysis. Expression levels of (A) IFN-y, (B) IL-2, (C) IL-4, and (D)
IL-S cytokines. Error bars denote +SEM; * p < 0.05, ** p < 0.01,
*¥¥% p < 0.0001, and ns: not significant. Values are presented after
subtraction of media alone cytokine levels. Data for concanavalin A is
not plotted.

expression was considerably higher in the MNs:c-di-GMP
+Ova and MNs:c-di-AMP+Ova groups in comparison to the
SC:Alum+Ova group (Figure 4B). No significant difference
was observed between MNs:c-di-GMP+Ova and MNs:c-di-
AMP+Ova groups. The groups MNs:Alum+Ova and MNs:O-
va showed a low amount of Thl cytokine secretion (Figure
4A,B). The Th2 cytokine, IL-4, was considerably higher in the
MNs:c-di-GMP+0Ova, MNs:c-di-AMP+Ova, and SC:Alum
+Ova groups in comparison to the MNs:Without Ova group
(Figure 4C). However, IL-S cytokine expression was lower in
the MN STING groups and the SC:Alum+Ova group as
compared to the MNs:Alum+Ova group (Figure 4D). No
significant difference was observed between the MN STING
groups and SC:Alum+Ova group (Figure 4D). In the positive
control (Con A stimulation), cytokine expression was
significantly higher than Ova stimulation (data not plotted).

4. DISCUSSION

MNs are painless® and offer a simple approach for AIT. Our
long-term goal is to establish an MN-based AIT as a viable
treatment option that can substitute for SC allergy shots. To
achieve this goal, it may be desirable to mix adjuvants with the
allergen so that the immune response can be enhanced and
steered toward the Thl pathway. Since not many adjuvants
have been characterized with respect to their delivery into the
skin using MNs, in this work, our objective was to characterize
the Th1/Th2 bias produced by use of STING agonists as
adjuvants for skin AIT. Study of the Thl/Th2 bias is
important, because it is known that a Th2-biased immune
response against the allergen can initiate and maintain allergic
inflammation in patients, while stimulation of a Thl type
immune response against the allergen can yield therapeutic
effects.”’ In this regard, to develop a MN-based AIT, it is
important to deliver adjuvants into the skin that have a Thl
bias. We have previously shown that CpG is one such
adjuvant.” Recently, STING agonists have emerged as a new
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class of adjuvants. When used as adjuvants via the intranasal
and intramuscular routes, they produce a broad Thl/Th2
stimulation.">'® A Th1 bias was also seen when a STING
agonist, 2'3’-cyclic guanosine monophosphate—adenosine
monophosphate (cGAMP) was injected intradermally.””
Furthermore, cGAMP was also found to be more potent
than CpG through intradermal injection.”” However, to our
knowledge, the adjuvant effect of STING agonists after
delivery into the skin using MNs has not been previously
studied.

Therefore, in this study, we selected two STING agonists, c-
di-AMP and c-di-GMP, for comparison. We found that since
both c-di-AMP and c-di-GMP were hydrophilic, they could be
readily mixed with Ova and coated onto MN shafts of the
patch with uniform coverage.

The coated MN patch reliably delivered a significant amount
of Ova allergen and STING adjuvants into the mouse skin.
The delivery efficiency observed in this study was around 78%
of the coated allergen. This is consistent with previous studies
with coated MNs where 63 to 91% of coated protein or drug
was delivered into skin or oral cavity mucosal tissue.'” "
STING activation causes activation of the transcription factor
IRF-3.”"*° Consistent with this, we found that delivery of
STING adjuvants cAMP or cGMP into skin using coated MNs
induced a significantly higher expression of IRF-3 gene in the
skin as compared to when Ova alone was delivered. Moreover,
it has recently been shown that STING activation increases
IFN-y production from CD4+ T cells.”® IFN-y is an important
Th-1-biasing cytokine. IFN-y gene expression was also
significantly higher when STING adjuvants were delivered
into the skin.

After two doses, the c-di-AMP and ¢-di-GMP MN groups
generated Ova-specific IgG and IgGl antibodies at levels
similar to those in the SC injection group, which contained
alum as an adjuvant. This response persisted up to six months
postimmunization, suggesting the capacity of STING adjuvants
to sustain longer term allergen-specific immune response,
which may in turn lead to longer duration desensitization. In
mice, antibody subtype IgG2a is considered a surrogate marker
for Th1 type immune response.”” When we measured anti-Ova
IgG2a response it was significantly higher in the c-di-AMP and
c-di-GMP MN groups as compared to the groups receiving
alum as adjuvant via subcutaneous injection or coated MNs,
indicating the Thl bias of STING adjuvants over alum when
delivered into the skin via MNs.

The two STING agonists c-di-AMP and ¢-di-GMP did not
provoke Ova-specific IgE response in serum. This suggests that
STING agonists, when delivered via the skin, are safe and
should not stimulate allergic inflammation against the allergen.
However, a significant amount of Ova-specific IgE was
generated when alum was used as an adjuvant with MNs,
which indicates the possibility that alum may cause skin
sensitization. In contrast, when alum was used as an adjuvant
via the subcutaneous route, insignificant IgE response was
generated, suggesting that the route of administration can
impact adjuvant effect.

Higher secretion of Thl cytokines, IFN-y and IL-2, was also
seen in stimulated splenocyte cultures in groups of mice that
received STING agonists as adjuvants via coated MNs. This,
together with higher IgG2a secretion in serum, suggests that
STING agonists when delivered into the skin via MNs steer
the immune response to a Thl pathway.
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Alum produced a predominantly Th2-biased response.
Despite this well-known Th2 bias of alum, it is still widely
used in clinics in Europe as an adjuvant for SC AIT.”” In
contrast, STING adjuvants generated a stronger Thl-biased
immune response as compared to alum. The STING agonists
are known to stimulate both Th1 and Th2 responses.'® Indeed,
a Th2 response, evidenced by high IgG1 and Thl cytokine
secretion, was also seen in our study. It is possible that the low
Ova-specific IgE antibody that resulted from the use of STING
adjuvants was due to their dual Th1/Th2 profile, while the
significantly higher IgE response from alum (when delivered
with MNs) resulted from the Th2 bias and lack of Thl
response from alum. IgE antibodies are implicated in allergic
diseases, and thus, their stimulation is not desirable."””* Thus,
the dual Th1/Th2 stimulation by STING agonists over the
predominantly Th2-biased response of alum suggests that
STING adjuvants might be of use in skin AIT using MNs and
perhaps AIT through other routes of delivery.

The potential benefits and effects of STING adjuvants in SC
AIT should be further studied in animal models of allergy.
There are many cyclic dinucleotides that are STING agonists,
and they show different grades of adjuvant effects.'® Here we
have evaluated two of them, namely, c-di-AMP and c-di-GMP.
Thus, in future studies, other STING agonists should be
evaluated to identify the optimal STING agonist for use with
MNs. It has also been shown that one of the STING agonists,
namely, cGAMP, is more potent than CpG through intra-
dermal injection.”” Therefore, to identify the optimal adjuvant
formulation for MN-based AIT, the synergistic effect of mixing
a STING agonist with CpG should also be investigated.
STING is located in the cytoplasm anchored to the
endoplasmic reticulum.”®> Despite the negative charge
associated with the STING agonists, we saw that even though
we used STING agonists in their soluble form, the STING
pathway was still activated as evidenced by increase in IRF-3
gene expression. A similar phenomenon has been seen
previously wherein a STING agonist both in its soluble and
nanoparticle-encapsulated forms was able to enter the
dendritic cells in vitro at equivalent levels.”” However, that
study also showed that the in vivo targeting and eflicacy was
significantly improved by encapsulating STING agonist in a
nanoparticle. Thus, formulating a STING agonist in a
nanoparticle form should be considered. Since Thl immune
responses are also involved in immunity against intracellular
viral and bacterial pathogens.,28 the STING agonists could also
be used as adjuvants to develop infectious disease vaccines
based on MNs. A STING agonist ADU-S100 (Aduro Biotech)
is currently being tested in phase 1 clinical trials for cancer
therapy (Clinicaltrials.gov IDs: NCT02675439 and
NCTO03172936), indicating the translational potential of
STING agonists for human use.

5. CONCLUSION

This study demonstrated that STING agonists coated on MNs
stimulate the Thl and Th2 pathways and have potential for
activation of long-term allergen-specific immune responses.
Thus, STING agonists coated on MNs may have potential as
adjuvants for treatment or prevention of allergies. Since
infectious disease vaccines can also benefit from the activation
of Thl pathway, STING agonists could be beneficial for the
development of coated MN-based infectious disease vaccines
as well.
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