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Abstract

A potent adjuvant without incurring any significant skin reactogenicity is urgently needed for
cutaneous vaccination. Here, we report that a natural agonist of STING, 2’3’- cyclic GMP-AMP
(cGAMP) robustly augmented and prolonged cellular and humoral immune responses provoked by
H5N1 and 2009 H1N1 pandemic influenza vaccines after a single dose of intradermal, but not
intramuscular, immunization. The potency of cGAMP for cutaneous vaccination was ascribed to a
large number of antigen presenting cells resident in the skin ready for immediate activation by
cGAMP injected. On the contrary, its potency was severely compromised in the muscle because
antigen presenting cells could not be promptly recruited to the injection site before injected
cGAMP was diffused out. The superior adjuvant effect and safety of holds great promise to be an
ideal adjuvant for cutaneous vaccination.
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Introduction

Current vaccines are mostly administered into the muscle despite the fact that the skin is a
more potent site for vaccination. Apart from inconvenience, lack of non-inflamed, potent
adjuvant remains a key issue for cutaneous vaccination (Hickling et al, 2011). As the first
line of our body’s defense system, epidermis and dermis contain a large number of antigen
presenting cells, making the skin not only being effective for vaccination but also prone to
severe local reactogenicity. This dilemma precludes many potent adjuvants for skin
vaccination due to prolonged and high levels of local inflammation. For instance, commonly
used aluminum salt (Alum), squalene-based emulsions MF59 and ASO3, water-in-oil
emulsions montanide ISA 51 and ISA 720, and several Toll-like receptor (TLR) agonists
(e.g. R837) provoke severe local reactions including erythema, swelling, and ulceration for
weeks at the injection site (Mogelbruch et al, 2000, Chen et al, 2012, Ginhoux et al, 2012).
Yet a safe and effective adjuvant is indispensable for subunit- or weak vaccines in order to
enhance, shape and broaden immune responses. The adjuvant is also crucial for antigen
dose-sparing and rapid and strong protective immunity in very young and elder populations
(Reed et al, 2013). To date, only a few adjuvants have been approved for prophylactic
vaccines, including Alum, squalene-based emulsion and monophosphoryl lipid A (MPL),
but all of them are approved for intramuscular (IM) administration only. There is not any
adjuvant approved for skin immunization so far.

An ideal adjuvant for cutaneous vaccination should have the following properties. Firstly, it
is natural and metabolizable components generated from humans so that a risk of inducing
antibody against the molecule can be minimized even after repeated uses. Secondly, the
adjuvant activity should be localized and transient averting unwanted adverse events in the
skin while sufficiently retaining its ability to bolster vaccination. Thirdly, the adjuvant is
potent and its underlying mechanism is well characterized. Understanding of the
mechanisms ensures the specificity and predictability of the immune responses in different
individuals, in sharp contrast to those adjuvants empirically developed like Alum. Recently,
we reported a laser-based adjuvant that met these criteria and could potentially serve as a
safe and effective adjuvant for intradermal (ID) vaccination (Wang et al, 2014, Chen et al,
2013). We used non-ablative factional laser (NAFL) to generate an array of micro-injuries in
the skin that robustly activated sterile innate immunity. While these micro-injuries stimulate
robust innate immune responses and sufficiently augment ID vaccination, the micro-injuries
can be healed, concomitant with resolution of the associated micro-inflammation within 48
hours (Manstein et al, 2004, Wang et al, 2014). Our further investigation unraveled that
dsDNA released from laser-damaged cells was sensed by intracellular sensors cyclic GMP-
AMP synthase (cGAS) (Sun et al, 2013, Wang et al, 2015). cGAS subsequently generated
2’3’-cyclic guanosine monophosphate-adenosine monophosphate, designated as cGAMP
hereafter, as a second messenger that binds the stimulator of interferon genes (STING), also
known as TMEM173/MPYS/MITA/ERIS (Wu et al, 2013, Ishikawa et al, 2009, Jin et al,
2008, Zhong et al, 2008). Stimulation of STING then activate Interferon Regulatory Factor 3
(IRF3) and NFB pathways, greatly increasing the transcription of type | interferons and
other cytokines, and a strong Th1 immune response results (Paludan and Bowie, 2013). The
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finding raises an intriguing possibility that cGAMP may replace laser treatment as a safe,
simple, and potent adjuvant for skin vaccination.

cGAMP is a natural metabolizable molecule in humans and hydrolyzed quickly by ecto-
nucleotide pyrophosphatase/phosphodiesterase (ENPP1) when located outside plasma
membrane (Li et al, 2014). The quick hydrolysis ensures that its adjuvant activity is
transient, effectively circumventing unwanted systemic inflammation. Moreover, because
cGAMP is a small, negatively charged hydrophilic molecule, induction of antibody against
this small self-molecule is highly unlikely. The adjuvant effect of cGAMP has been
demonstrated in mice by co-injection cGAMP and ovalbumin, a model protein vaccing, into
the muscle (Li et al, 2013). Its bacterial analog, cyclic di-GMP (cdGMP) has been studied
extensively as a potential vaccine adjuvant for bacteria vaccines through IM, subcutaneous,
intraperitoneal or intranasal vaccinations (Karaolis et al, 2007, Ogunniyi et al, 2008,
Ebensen et al, 2007a, Ebensen et al, 2007b, Blaauboer et al, 2015). Recently, modified
nonhydrolyzable cGAMP analogs have also been shown to have potent anti-tumor activity
when administered intratumorally (Corrales et al, 2015).

The current study evaluates the potential of cGAMP as a safe and potent adjuvant for
influenza vaccines administered intradermally. Our results showed that cGAMP could be an
“ideal” adjuvant for cutaneous vaccination against both seasonal and pandemic influenza
vaccines. It greatly enhanced protective humoral and cellular immune responses while
evoking little local skin reactions. Strikingly, 1D delivery of cGAMP showed superior
adjuvant effect compared to IM vaccination, presumably owing to abundant antigen
presenting cells resident in the skin and ability of the skin to better retain the small molecule
than the muscle. The potency and safety of cGAMP as a cutaneous adjuvant were also
confirmed in swine model.

cGAMP induces superior immune responses against ID influenza vaccines

To determine adjuvanticity of cGAMP for ID influenza vaccines, Swiss Webster mice were
ID immunized with a monovalent influenza vaccine, A/California/07/2009 H1N1 at a dose
of 300 ng HA per mouse with or without 20 pg cGAMP. The vaccine was also IM
administered either alone or along with 20 ug cGAMP or AddaVax for efficacy comparison.
AddaVax is a squalene-based vaccine adjuvant with similar composition as commercial
adjuvant MF59 that has been used in seasonal influenza vaccine in the elderly for a decade
in Europe. MF59 or another squalene-based adjuvant ASO3 has also been used in 2009
pandemic influenza vaccine in Europe and Canada. Immunization with the vaccine alone
through either IM or ID did not elevate the number of CD4+ or CD8+ T cells secreting
interferon gamma (IFN-vy) over unimmunized mice (Fig. 1a and b). Inclusion of cGAMP or
AddaVax into IM vaccination failed to augment the cellular immune responses either (Fig.
la and b). However, cGAMP significantly elevated the number of IFN-y-secreting CD4*
and CD8™* T cells if it was ID delivered along with the vaccine (p<0.05, Fig. 1a and b).
None of the immunizations tested augmented Th2 cellular responses, as suggested by a
similar number of CD4* T cells producing IL-4 among unimmunized and all immunized
mice (data not shown).
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Humoral immune responses were next measured 4 weeks later by hemagglutination
inhibition (HAI) assay, a gold standard of influenza vaccination, in which a serum HAI titer
>1:40 is considered protective. As shown in Fig. 1c, immunization of the vaccine alone by
an ID or IM route did not give rise to protective immune responses (mean titer <1:20),
neither did IM immunization of the vaccine mixed with cGAMP or AddaVax adjuvant. In
marked contrast, ID immunization of the vaccine mixed with cGAMP brought about 5-10
times higher HAI titers than any other immunization strategies tested (p<0.001, Fig. 1c).
Effect of cGAMP on Thl and Th2 immune responses were subsequently assessed by
measurement of influenza HA-specific IgG1 and IgG2a antibodies. Unlike AddaVax
augmenting both Thl and Th2 immune responses similarly and modestly, cGAMP
preferably strengthened Th1 immune responses, resulting in a higher 1gG2a titer in both IM
and ID immunizations with more predominant effect on the latter (Fig. 1d and e).
Consequently, the mice produced the highest level of 1gG2a after receiving ID immunization
with a mixture of cGAMP and the vaccine compared to all other vaccination procedures
tested (Fig. 1e). While augmenting Th1 immune responses robustly, cGAMP displayed little
influence on Th2 immune response irrespective of whether it was delivered via an 1D or IM
route. In accordance with superior immune responses elicited by ID immunization, all mice
(8/8) receiving the vaccine mixed with cGAMP survived a viral challenge, concurrent with
only a slight body weight loss (<10%) (Fig. 1f and g). In sharp contrast, all mice died within
7 days after the viral challenge in the absence of adjuvant irrespective of the route of
immunization. IM vaccination in the presence of either cGAMP or AddaVax exhibited only
12.5% or 25% protection, respectively (Fig. 1g)

CGAMP doesn’t evoke significant skin irritation in mice

Given the superior adjuvant effect of cGAMP for skin vaccination, we next addressed its
local reactogenicity by ID injection of PBS, 20 ug cGAMP, 20 ug resiquimod, 300 ng HIN1
vaccine or the vaccine plus 20 ug cGAMP. cGAMP did not evoke any overt irritations from
day 1 to day 5 at the inoculation site (Fig. 2a 2nd panel). In contrast, resiquimod, a TLR7/8
agonist, provoked significant local skin reactions on day 1 and 2, forming a scar on day 5
(Fig. 2a 3rd panel). ID injection of HLN1 vaccine alone, or along with cGAMP did not
cause skin irritation either (Fig. 2a last two panels). Histological examination confirmed a
normal morphology of epidermis and dermis and little infiltration of inflammatory cells in
the tissue 2 days after ID injection of cGAMP either alone or with H1N1 vaccine (Fig. 2b-
e), whereas thickness of epidermis (Fig. 2c) and dermis (Fig. 2d) was increased apparently
by resiquimod, concurrent with greatly increased cell numbers (Fig. 2¢) in the skin,
indicating skin infiltration of numerous inflammatory cells.

CGAMP is a potent adjuvant for H5N1 avian influenza vaccine

Immunogenicity of pandemic H5N1 avian influenza vaccine is rather weak and requires two
doses of vaccination to induce protective immunity or an HAI titer higher than 1:40. To test
whether cGAMP could elicit protective immunity against this virus after a single dose of
immunization, Swiss Webster mice were 1D immunized with split H5N1 vaccine (A/
Vietnam/1203/04) at 300 ng HA per mouse with or without 20 ug cGAMP. H5N1 vaccine
alone exhibited a weak immune response with low HAI and 1gG2a titers regardless of an
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immunization route, consistent with poor immunogenicity of the vaccine (Fig. 3a and b).
The vaccine elevated 1gG1 production strongly when given intradermally but weakly if
given intramuscularly (Fig. 3c). Once again, cGAMP greatly bolstered the protective
immunity of the vaccine producing much higher HAI and 1gG2a titers when ID administered
(Fig. 3a and b). HAI and 1gG2a titers were increased to 1:58 or 1:1460 in the presence of
cGAMP, from 1:13 or 1:32 in its absence, respectively (Fig. 3a and b), which should protect
the mice from the viral infection, based on the current gold standard of HAI level, although
further study using H5N1 viral challenge is required to conclude it. In contrast, cGAMP did
not elevate HAI titers although it significantly augmented IgG2a responses when IM
administered (Fig. 3a and b). Similar to HIN1 influenza vaccine, cGAMP had little effect
on Th2 immune responses whether the vaccine was delivered intradermally or
intramuscularly (Fig. 3c).

cGAMP displays more potent adjuvant effect than its bacterial analogs

The adjuvant effect of cGAMP (2’3’-cGAMP) was further compared with its bacterial
analogs, cdGMP and 3’3’-cGAMP. The same amount (20 pg) of cyclic di-nucleotides
(CDNs) was ID injected along with HSN1 vaccine. As shown in Fig. 3d, 2’3’-cGAMP
showed similar adjuvanticity as 3’3’-cGAMP but more robust than cdGMP, although all
three CDNs profoundly augmented Th1l immune responses, not Th2 immune responses (Fig.
3e and f). Early studies showed that mouse STING responded similarly to bacterial 3°3’-
CGAMP and vertebrate 2°3’-cGAMP, but 2°3’-cGAMP bound human STING at a higher
affinity. We thus used 2°3’-cGAMP in our studies.

cGAMP is a more potent cutaneous adjuvant than CpG and MPL

The adjuvant effect of ID cGAMP was independent of mouse strains. When inbred C57BL/6
mice were ID immunized with a mixture of 300 ng HA H5N1 vaccine and 20ug cGAMP, the
mice generated higher 1gG2c titers (Fig. 3g) as well as 1gG1 (Fig. 3h), slightly different
from Swiss Webster mice (Fig. 3c). STING deficiency (STING-/-) completely abrogated
the adjuvant effect of cGAMP on Th1 immune responses, but only partially impaired Th2
immune responses (Fig. 3g and h). The adjuvant effect of cGAMP on Th2 immune
responses appeared to be independent of type I Interferons (IFNs) and interferon stimulating
genes (ISGs), since the interferon-a/p receptor (IFNAR) knockout mice generated similar
levels of 1gG1 as wild-type controls (Fig. 3h). On the contrary, IFNs and 1SGs contributed
only partially to the adjuvant effect of cGAMP on Th1 immune responses (Fig. 39).

We next compared the adjuvant effect of cGAMP with other prominent experimental
adjuvants in ID vaccination. Our previous study showed that most of adjuvants including
alum, oil-in-water emulsion, etc. induced severe local reactions and were excluded from skin
immunization, except for CpG and MPL (Chen et al, 2012). Therefore CpG and MPL were
included for comparison study. C57BL/6 mice were ID immunized with H5N1 vaccine and
varying doses of cGAMP, 20 ug CpG or 20 ug MPL. The adjuvant doses selected are
commonly used in mouse study (MacLeod et al, 2011, Wegmann et al, 2012). As shown in
Fig. 3i, at the same dose of 20 pg, cGAMP induced robustly higher HALI titer (p<0.001) and
IgG2c titer (p<0.001) than either CpG or MPL. At the same molar dose of 11.3 nmol,
cGAMP still induced significantly higher HAI (p<0.05) and 1gG2c (p<0.01) titer than MPL.

J Invest Dermatol. Author manuscript; available in PMC 2018 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 6

Although there was no significant difference in HAI titers, the 1gG2c titer induced by 3.3
nmol of cGAMP was significantly (p<0.01) higher than that induced by the same molar of
CpG. All adjuvants showed similar effects on IgG1 production. Apparently, cGAMP is a
more potent adjuvant than CpG or MPL in cutaneous vaccination.

H5N1 vaccine induces long-lasting protective immunity in the presence of cGAMP

We went on to evaluate how long the protective immunity could last. C57BL/6 mice were 1D
immunized with H5N1 vaccine with or without cGAMP as above, followed by collection of
serain 2, 4, 8 and 40 weeks post-immunization. A combination of squalene-based adjuvant
and TLR4 agonist has been demonstrated to be the most promising adjuvant for HSN1
vaccine so far (Clegg et al, 2012) and thus was also set up for comparison, in which
AddaVax and an FDA-approved TLR4 agonist MPL were combined. ID immunization of
the vaccine alone was totally ineffective, but ID immunization of HSN1 vaccine mixed with
cGAMP elicited a protective HAI titer >1:40 within two weeks, whereas it took 4 weeks to
achieve similar HAI titers by the vaccine adjuvanted with AddaVax+MPL (Fig. 4j). The
HAI titer was sustained over 1:40 for at least 40 weeks after ID immunization of the vaccine
mixed with cGAMP, despite a slight drop from the peak at the end of study (Fig. 4j). The
mice also produced 1000-fold or 10fold higher 1gG2c titers than mice receiving the vaccine
alone or the vaccine plus AddaVax+ MPL, respectively, throughout the experimental period
of 40 weeks (Fig. 4k), although cGAMP and AddaVax+MPL boosted 1gG1 production
similarly (Fig. 41). The data suggests that cGAMP if injected intradermally, is at least
similar, if not more potent than AddaVax+MPL in adjuvantation of HSN1 vaccine.

cGAMP evokes little skin inflammation in swine model

The skin response to influenza vaccines is similar between swine and humans and swine is
commonly used to assess skin reaction to ID influenza vaccines. Hence, four-month-old
Yorkshire pigs were ID administered H5N1 vaccine at a dose of 6 pg HA per pig either
alone or along with 200 ug cGAMP. H5N1 vaccine mixed with cGAMP evoked slightly
higher levels of local reactions than the vaccine alone in the first two days, as shown by a
slightly larger area of erythema (Fig. 4a, 1st and 2nd panel), but it was completely resolved
by day 5. Yet, the skin reactogenicity was less severe than that provoked by ID seasonal
influenza vaccine (Fig. 4a, 3rd panel), which has been FDA approved for humans for years,
suggesting acceptability of the skin reaction in humans. After boosting immunizations,
H5N1 vaccine provoked severer local reactions than priming, and once again the skin
reaction was completely resolved by day 5 (Fig. 4a, 4th panel). The skin reaction induced
by the vaccine was not worsened by cGAMP (Fig. 4a, fifth panel). Immunologically,
cGAMP greatly augmented the immune responses induced by H5N1 vaccine in both
priming and boosting vaccinations with more prominent effect on the latter in terms of HAI
titers (Fig. 4b and c). Importantly, sera from the two animals had HA\ titers >1:40.
Although the number of swine was too low to conclude protective immunity in the animals,
the trend appeared to point this possibility positively.
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cGAMP activates antigen presenting cells in the skin

In accordance with strong adjuvanticity in the skin, cGAMP stimulated vigorous cytokine
and chemokine productions at the inoculation site and in draining lymph nodes 6 hours after
ID vs. IM administration (Fig. 5a and b). These included cytokines important for Thl
immune responses such as IFN-, CXCL10, CXCL9, CCL2, IL-6, and IL-B, except for
IL-12 (Fig. 5a and b). ID cGAMP did not raise the level of TGF-p over IM delivery. By
using mice expressing green fluorescent protein (GFP) infused with MHC-11 (Boes et al,
2002), we found that cGAMP not only robustly stimulated cytokine and chemokine
productions at the inoculation site, but also enhanced the velocity of antigen presenting cells.
The velocity of these antigen presenting cells peaked during 4-6 hours after cGAMP
injection (Fig. 5¢) but was completely blunted in STING-deficient mice (Fig. 5¢),
confirming the movement of these antigen presenting cells dependent on the adjuvanticity of
cGAMP. Moreover, cGAMP at a concentration as low as 0.04 pg/ml could significantly
stimulate CXCL10 expression in dendritic cells derived from bone marrow cells (p<0.001,
Fig. 5d) and the response was detectable as early as 1 hour of the stimulation (Fig. 5e),
during which a majority of injected cGAMP remained in the skin in sharp contrast to the
muscle. As shown in Fig. 5f, fluorescently labeled cGAMP was sustained locally at a much
higher concentration and a longer time after ID delivery than IM delivery. cGAMP
concentration in the skin was above 10 or 1 pg/g of wet tissue after 3 or 6 hours of injection,
respectively, whereas cGAMP declined precipitously in the muscle within 3 hours of IM
injection (Fig. 5f). The injected cGAMP drained into lymph nodes also significantly higher
after ID compared to IM delivery, in particular, at 3 hours of the injection (Fig. 5g). The high
sensitivity, quick responses, and the ability of the skin to strongly retain cGAMP explain
why cGAMP is so effective in ID but not in IM immunization.

Discussion

A new generation adjuvant should have a well-defined component and action mode in
addition to its efficacy and safety. The present study demonstrates that natural STING
agonist cGAMP can be such an adjuvant for skin vaccination. In contrast to many vaccine
adjuvants like Alum whose action modes are just emerging after more than 90 years of
clinical applications, the mechanism whereby cGAMP stimulates type | interferon-
associated pathways is well defined to date, which is a major anti-viral pathway in humans
(Cai et al, 2014). cGAMP binds to STING, activates the downstream IRF3 and NF,B
pathways, and triggers the transcription and expression of a great deal of cytokines and
chemokines pivotal for Th1 immune responses. The ability of selectively stimulating
immunological pathways to obtain the desired immune response warrants its safety,
tolerability and efficacy in clinical applications and helps understanding of any variations
among different populations. Secondly, cGAMP is a negatively charged, hydrophilic, small
molecule in contrast to many other adjuvants that are not homogeneous and their
compositions are not well characterized. Because of its small and hydrophilicity, cGAMP
diffuses from the injection site quickly, averting prolonged local inflammation that remains a
major issue for hydrogel, emulsion, nano/microparticles or positively charged molecule
adjuvants in skin vaccination (Ginhoux et al, 2012, Chen et al, 2012). These adjuvants tend
to remain at the injection site for a long time causing severe skin inflammation for an
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unnecessarily long period of time. Several studies, including ours, have shown that brief
inflammation at the inoculation site is sufficient to “educate” antigen presenting cells for
effective skin vaccination (Hutchison et al, 2012, Wang et al, 2014). In fact, surgical removal
of the inoculation site containing alum 2 hours after vaccination did not affect the
adjuvanticity of Alum (Hutchison et al, 2012), an argument strongly supported by our
current and previous investigations (Wang et al, 2014, Wang et al, 2015). Thirdly, cGAMP is
a metabolizable molecule, whose systemic exposure could be well confined by intrinsic
enzymes (e.g. ENPP1) that are located abundantly in serum, liver and spleen, further
limiting its systemic distribution and any unwanted effects (Li et al, 2014).

However, a quick diffusion from the inoculation site confers a very narrow window of
opportunity for this molecule to stimulate antigen presenting cells, which presents a
significant challenge of IM immunization as few antigen presenting cells reside in the tissue.
The first wave of immune cells, neutrophils and monocytes, recruited into the muscle occurs
3-6 hrs after vaccination and dendritic cells appear atthe vaccination site as late as 16 hours
post-vaccination (Calabro et al, 2011), at which time point more than 99% cGAMP already
leaves the injection site in the muscle (Fig. 5f), explaining a relatively weak adjuvanticity of
CGAMP when IM administered. The quick diffusion is likely a common property for all
CDNs and the analogs in light of their similar chemical structures and solubility. Several
strategies have been developed to overcome this limitation of CDNs and their analogs, one
of which is to encapsulate cdGMP into nanoparticles to limit its diffusion and prolong its
local exposure (Hanson et al, 2015). Another approach is to design nonhydrolyzable analogs
to prevent enzymatic digestion (Li et al, 2014, Corrales et al, 2015). In contrast, our
investigation suggests a simple but effective strategy to overcome the limitation while
preserving the safety of cGAMP by delivering it into the skin. Skin contains a large number
of antigen presenting cells that are ready to be activated by cGAMP immediately upon
injection. Skin appears to be able to sustain cGAMP much longer than the muscle,
maintaining a cGAMP concentration above 1 pug/ml for at least 6 hours as opposed to only 1
hour in the muscle after injection (Fig. 5f). ID injection also results in a high level of
cGAMP in the draining lymph nodes in comparison with IM delivery. Taken together, ID
immunization offers abundant antigen presenting cells and sufficient retention time for
cGAMP to sufficiently activate innate immune system and fully realize its adjuvant potential
in the skin.

Pandemic influenza poses a huge threat to global public health due to its unpredictability in
its onset, duration, and severity. In the 2014-2015 flu season, the worst animal influenza
virus outbreak in U.S. history killed 48 million birds and the virus may come back any time.
Although no humans have been infected yet, there is a serious concern that the bird
influenza virus may mutate and make a jump from animals to humans, which is rare but
within the realm of the possible. These potential threats urge development of effective
pandemic influenza vaccine. However, most people do not have preexisting immunity to
newly emerged viral strains and immunogenicity of some pandemic antigens are extremely
poor. For instance, HSN1 vaccine in the absence of adjuvant requires two doses in an
interval of two weeks each at 90 pg that is 6 times higher than seasonal influenza vaccine, to
induce protective immunity in only 58% recipients (Treanor et al, 2006). However, the
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current vaccine manufacturing capacity is ~ 1 billion doses per year, which only meets
1/10th of global need to vaccinate 70% population for two doses. Therefore, effective and
safe adjuvants are urgently needed for pandemic influenza vaccine to shorten the time of
immunization and to spare the antigen dose. cGAMP, if ID delivered only once, along with
H5N1 pandemic influenza vaccine, elicited higher HAI titers than that induced by AddaVax
plus MPL delivered intramuscularly. The high level of HAI was induced faster and
maintained longer as well (Fig. 3). The study concludes that cGAMP is at least comparable,
if not superior to the combination of AddaVax plus MPL, which has been considered a most
effective adjuvant for HSN1 vaccine so far.

Besides safety and potency, cCGAMP doesn’t increase any viscosity of a vaccine and thus it
is readily incorporated into any vaccine formulation designed for skin vaccination, which is
always required to be concentrated into a very small volume. cGAMP is also highly
compatible with new transcutaneous delivery methods such as biodegradable microneedles
or fractional laser delivery owing to its small molecule mass, hydrophilic property, and
excellent stability against extreme temperature or lyophilization. Taken together, cGAMP
shows great promise to be an “ideal” adjuvant for skin vaccination and merits further clinical
studies.

Materials and Methods

IFNAR-/- mice (Muller et al, 1994) were purchased from Jackson Laboratories. MHC II-
GFP mice expressing MHC class Il molecule infused into enhanced green fluorescent
protein (GFP) and STING-/- mice were kindly gifts of Dr. Hidde Ploegh, Massachusetts
Institute of Technology and Dr. Glen Barber, University of Miami, respectively (Boes et al,
2002, Ishikawa et al, 2009). MHC I1-GFP STING-/- mice were generated by breeding
MHC 11-GFP mice with STING—/- mice. Male Yorkshire pigs at 4 months of age were
obtained from the Teaching and Research Resources at Tufts University. All studies were
reviewed and approved by the MGH Institutional Animal Care and Use Committee. Data are
presented as mean £ s.e.m. p value was calculated by PRISM software (GraphPad, CA) and
a difference was regarded significant if p value was less than 0.05. Full details of methods
are described in Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. cGAMP shows superior adjuvant effect on cutaneous vaccination
Swiss webster mice were immunized with 300 ng (HA content) 2009 H1N1 vaccine alone or

with 20 pg cGAMP either intradermally (ID) or intramuscularly (IM). Un-immunized mice
or mice receiving the vaccine and AddaVax adjuvant intramuscularly (IM+AddaVax) served
as controls. Peripheral blood mononuclear cells were isolated one week after the
immunization and stimulated by inactivated influenza virus and anti-CD28 antibody, and
percentages of CD4™" (a) or CD8* (b) secreting IFN+y were measured by flow cytometry. (c-
e) HAI, 1gGL1, or IgG2a titers were measured in serum 4 weeks later. Mice were intranasally
challenged with 10x LDsg of A/California/7/2009 H1N1 virus 5 weeks after immunization.
Body weight (f) and survival (g) were monitored daily for 14 days. n=8. Data are presented
as meants.e.m. *, p<0.05; **, p< 0.01 or ***, p<0.001, between indicated groups or
between ID+cGAMP and other groups. ns, no significance.
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Figure 2. cGAMP evokes little local reaction in mice
Mice were 1D injected with PBS, 20 ug cGAMP, 20 ug resiquimod, 300 ng HIN1 influenza

vaccine or the vaccine plus 20 pg cGAMP. Photos were taken at indicated times and
representative photos are shown with 4 mice in each group (a). Scale bar, 2.5 mm.
Representative H&E stained sections of the inoculation site on day 2 are shown in (b). The
outlined areas in the left are enlarged showing epidermis/dermis (dashed) and dermis/
hypodermis (solid), respectively. Scale bar, 100 um. The thickness of epidermis and dermis
was summarized in (c) and (d) respectively. The cell numbers in dermis and hypodermis
were quantified in (e). ***, p<0.001 between indicated groups and ns, no significant
difference.
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Figure 3. cGAMP augments ID H5N1 vaccine
Swiss webster mice were 1D or IM immunized with 300 ng (HA content) H5N1 pandemic

influenza vaccine alone (ID) or with 20 ug cGAMP (a-c). Separate groups of the mice were
also ID immunized similarly with H5SN1 vaccine alone or the vaccine mixed with 20 pg
cdGMP, 2°3’-cGAMP or 3’3’-cGAMP (d-f). (g, h), STING-/-, IFNAR-/- and C57BL/6
control mice were 1D immunized as (a). Serum HAI (a), 1gG2b or IgG2c (b, f, g), and 1gG1
(c, e, h) and total 1gG (d) were measured 2 weeks after immunization. (i), C57BL/6 mice
were ID immunized with H5N1 vaccine plus varying doses of cGAMP, 20 ug MPL or 20 ug
CpG. Humoral immune responses were measured 2 weeks after immunization as (a-c). (j-I)
C57BL/6 mice were ID immunized or IM immunized as (a) with HSN1 vaccine
adjuvantated by AddaVax+MPL adjuvant. Humoral immune responses were measured 2, 4,
8 and 40 weeks later. n=8. Data are presented as meanzs.e.m. *, p<0.05; **, p< 0.01 or ***,
p<0.001, respectively.

J Invest Dermatol. Author manuscript; available in PMC 2018 August 14.

[—)

4



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duoasnuepy Joyiny

Wang et al.

H5N1

H5N1
+200 pg
cGAMP

Seasonal

Flu vaccine

H5N1
Boost

H5N1
+200 pg
cGAMP
Boost

15 Min b

1gG titer Log10
ko

C

100-

801 o
£ 601 —
N

200 © o

o
L oé‘ 5
e

o
e,
KOS

Figure 4. Efficacy and safety of ID cGAMP in swine
The exterior hind legs of Yorkshire pigs were 1D vaccinated with 6 ug (HA content) HSN1

influenza vaccine alone or with 200 ug cGAMP. A booster immunization was performed
similarly 2 weeks later. Pigs receiving the same amount of seasonal influenza vaccine once
served as controls. Local reactions were photographed in 15 minutes, 1, 2, 3, 5, 7 and 9 days
after priming and boosting (a). Scale bar, 5 mm. Serum 1gG (b) and HAI (c) titers were
measured 14 days after priming or 7 days after boosting. Each symbol represents data from
individual animals, and horizontal bars indicate the mean.
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Figure 5. cGAMP activates antigen presenting cells in the skin
cGAMP was ID or IM injected into mice followed by measurement of cytokine and

chemokine expressions by real-time PCR 6 hours later at the injection site (skin or muscle)
(@) and in draining lymph nodes (b). n=4. The ears of MHC 1I-GFP mice and MHC 1I-GFP
STING—-/- mice received ID injection of 10 ug cGAMP or PBS, followed by tracking the
velocity of antigen presenting cells by intravital two-photon microscopy for 12 hours. The
velocities were summarized in (c) where each dot represents one cell with a total of 31
analyzed in each sample. Bone marrow derived dendritic cells were incubated for 6 hrs with
difference concentrations of cGAMP, after which CXCL10 mRNA was measured. n=4. The
cells were also stimulated with 20 pg/ml cGAMP for indicated times before measuring
CXCL10 mRNA as (a). n=4. Skin, muscle or inguinal lymph nodes involved were collected
immediately or at indicated times after FITC-labeled cGAMP (20 pg) were ID or IM
injected into the lower dorsal skin or legs of mice. The local concentration of cGAMP was
measured by fluorescence plate reader. n=4. Data are presented as meanzs.e.m. *, p<0.05;
** p<0.01 or ***, p<0.001, respectively.
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