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Cyclic dinucleotides(CDNSs) are a class of bacterial and mammalian second messengers with potent immunomodulatory
and immunostimulatory properties. CDNs mediate a potent systemic as well as a mucosal vaccine response and induces
a balanced memory Th1/Th2/Th17 and CD8+ T cell response. CDNs do not cause acute toxicity in mice and have been
reported safe in humans from the recent clinical trials (ClinicalTrials.gov: NCT02675439, NCT03010176, NCT03172936,
NCT03937141, and NCT0414414). As therapeutic cancer vaccine adjuvants, CDNs induce potent anti-tumor immunity,
including cytotoxic T cells and NK cell activation that achieve durable regression in multiple mice models of tumor. In this
entry, we review the status of CDN vaccine adjuvant research, including their superior adjuvant activities, in vivo mode of
action, and confounding factors that affect their efficacy in humans.
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| 1. Introduction

Vaccination is one of the notable achievements of modern medical science. With a successful demonstration of the
prevention of smallpox in people infected with cowpox, Edward Jenner laid the foundation of vaccinology. Vaccine
development has come a long way since then and significantly reduced disease burden worldwide. With the introduction
of recombinant technology, recombinant and sub-unit antigens with improved reactogenicity and safety profile have
emerged. However, these new generations of vaccine antigens often require an adjuvant to improve the magnitude and
quality of the vaccine response. Since it's discovery in the 1930s, alum/aluminiuim hydroxide has been the choice as an
adjuvant in commercially available vaccines . As a vaccine adjuvant, alum significantly boosts antibody production but is
limited to Th2 response rendering it ineffective against intracellular pathogens that require Thl and CD8+ T cell response.
Despite intensive research on new vaccine adjuvants, very few adjuvants have been licensed for human application.

| 2. CDNs as A Universal Vaccine Adjuvant

Cyclic dinucleotides (CDNSs) including cyclic di- AMP (CDA); cyclic di-GMP (CDG) or cyclic GMP-AMP (cGAMP) are a
class of bacterial and mammalian second messengers with potent inmunomodulatory functions@EI4E CDN adjuvanted
protein subunit vaccines generated mucosal immunity and protected mice from respiratory bacterial and viral infections
such as influenza I8 Mycobacterium tuberculosis &, anthrax 9, Klebsiella pneumoniae M and Streptococcus
pneumoniae A8l Acinetobacter baumannii 14, and methicillin-resistant Staphylococcus aureust23. CDNs also induce
long-lasting CD8+ T cell immunity in mice [24125],

2.1. CDNs as Vaccine Adjuvants Against Infectious Diseases

The mucosal surface is a natural point of entry for many respiratory pathogens such as influenza, Streptococcus
pneumoniae, Mycobacterium tuberculosis, Staphylococcus aureus, B. anthracis, coronavirus, rotavirus, etc. Moreover,
immunization at one mucosal surface, particularly intranasal vaccination in mice, monkeys, and humans has generated
not only a local IgA response, but also enhanced the IgA response in salivary glands, upper and lower respiratory tracts,
and even in distant genital tracts, and the small and large intestines28IIL7ILEILN20]  Fyrthermore, rectal immunization of
mice with a non-living peptide-based vaccine effectively induced a systemic CTL responsel2ll. However, a major obstacle
in the development of a mucosal vaccine is the availability of a potent mucosal adjuvant, which not only generates a local
mucosal IgA response but also enhances mucosal Th and CTL responses along with a systemic reaction. The most
common mucosal immunostimulatory molecule used for vaccine studies are the bacterial enterotoxins, cholera toxin, and
E. coli heat-labile toxin. Mechanistically, these toxins form a pentameric subunit, which binds to the gangliosides
(preferentially GM1), thereby facilitating the uptake. Recent studies, however, raised safety concerns. Studies found that
the enterotoxins are accumulated in the olfactory epithelium nerves and the olfactory bulb that induce inflammatory
responses in meninges, the olfactory nerve, and glomerular layers of the olfactory bulb promoting neuronal damage [22123]
(241 Moreover, when immunized intranasally, CDNs induce potent mucosal vaccine responses comparable to the cholera



toxin that is the most potent experimental mucosal adjuvant so farEl. In 2007, Ebensen et al. first demonstrated CDNs as
a mucosal adjuvant!Z. They showed that CDG/B- Gal i.n. immunized mice not only mounted a systemic IgG response but
also generated an enhanced B-Gal specific IgA response after 42 days in lung BALF and vaginal lavage . Intranasal
immunization of CDG/B-Gal

also enhanced the serum IgG2a and IgG1 production by 640- and 320-fold as compared to only B-Gal immunized mice [,
The systemic cellular response was also enhanced by CDG/B-Gal immunization, as was observed with the production of
interferon (IFN)-y (2000-fold), IL-5, and IL-2 in the ex vivo recall assay compared to only B-Gal immunized mice . CDNs
also induce mucosal Th17[23 The mucosal adjuvant potential of CDNs was further strengthened when Madhun et al.
showed that i.n. administration of a plant-based H5N1 influenza antigen induced high frequencies of multifunctional Thl
cells [, In comparison, the same vaccine when it immunized i.m. did not generate a Thl response, which is critical for
viral infections [,

2.2. CDNs as An Adjuvant in Cancer Therapy

Cancer-related death is the second leading cause of death. Cancer development is accompanied by an
immunosuppressive microenvironment and T cell dysfunction and exhaustion 2827, CDNs have a potent anti-tumor
activity. Demaria et al. showed that intratumoral injection of cGAMP enhanced the anti-tumor CD8+ T cell response
inhibiting the growth of injected tumors in mice models of melanoma and colon cancerl28l. Intratumoral injection of cGAMP
in B16F10 lung metastasis induced a systemic CD8+ T cell response to restrict the growth of distant tumors 2. Nicolai et
al. showed that the CDA activated natural killer (NK) cells-dependent and CD8+ T cell-independent mechanism for tumor
rejection originated from different tissue types®2. CDA induced tumor regression even in Rag2-/- mice but was strongly
depleted in Rag2-/- I12rg-/- mice lacking NK cells, B, and T cells 22, Moreover, suppressing the NK cell activity by NK1.1
antibody resulted in rapid tumor growth of MC-38-B2m-/- (colorectal), B16-F10-B2m-/- (melanoma), CT26-B2m-/-
(colorectal), C1498-B2m-/- (leukemic), and RMA-B2m-/- (lymphoma) tumour modelsd. The study was clinically relevant
as human tumors such as Hodgkin's lymphoma often exhibit a partial loss of MHC | thereby unable to activate a CTL
response. Activating NK cell-mediated anti-tumor immunity then becomes essential. A major hurdle in cancer
immunotherapy is the "cold" tumors, which lack inherent immunogenicity reflecting in the inability of checkpoint inhibitors
to attenuate tumor growth. A study by Francica et al. showed that the CDN mediated tumor necrosis factor (TNF)-a
production by innate immune cells are responsible for acute tumor clearance, and blocking TNF-a inhibits tumor necrosis
and clearance

against "cold" tumors24,

2.3. CDNs Induce Potent, Safe, and Balanced Vaccine Response

The safety profile of the vaccine adjuvant is crucial while administration avoids unwanted side effects. Histopathology
studies and cytokine profiling suggested that the CDG adjuvanted vaccine also induced the production of anti-
inflammatory cytokine-like IL-10, thereby maintaining a balanced pro- and anti-inflammatory cytokine profilel33. CDG also
induced the production of IL-22, thereby facilitating lung epithelium repair along with effectively clearing S. pneumoniae
from the organst®2. Thus, CDNs have shown promising and safe mucosal vaccine activities in animal models.

| 3. Particle Mediated Delivery of CDNs

One hurdle in CDN delivery is the negative charge of the phosphate molecules that may prevent them from crossing the
plasma membrane to activate STING in the cytosol. However, with the advent of nanotechnology, nanoparticle, and
microparticle mediated delivery vehicle such as liposomes, emulsions, virus-like particles, biodegradable polymers,
immune-stimulating complexes (ISCOM) have received tremendous attention. These new delivery methods provide a
sustained release of the cargo from the matrix and improve bioavailability and dosing frequency2334l. Thus, nanoparticle
or microparticle encapsulated CDNs have been fabricated and studied as an alternative delivery approach of CDNs in
vivo.

3.1. Encapsulated CDN Adjuvants for Infectious Diseases

In 2015, Hanson M. C. et al. showed that CDG encapsulated in a PEGylated liposome enhanced its retention in the lymph
node by 15-fold, which otherwise disseminated into the blood following s.c. immunization B3l Incorporation of HIV GP
antigen membrane-proximal external protein (MPER) with a CDG encapsulated liposome enhanced 5.3-fold antigen-
specific Tfh cell formation as compared to CDG or liposome only immunized mice2®. There were improved germinal
center B cell production and 11-fold increased antigen-specific 1gG titersi22l. Lastly, the humoral responses were more
durable than vaccines administered with the TLR agonist MPLA [35  Acetylated-dextran encapsulating cGAMP



microparticles enhanced type | IFNs responses by nearly 1000-fold in vitro and 50-fold in vivo [28l. cGAMP microparticles

(i.m.) increased antigen-specific antibody titers by~100-fold, enhanced Thl responses, and expanded germinal center B
cellsi28l,

Most recently, Wang J. et al. designed a biomimetic pulmonary surfactant encapsulating the cGAMP (PS-GAMP) Perth
H3N2 vaccinel®l. The PS-GAMP adjuvanted flu vaccine (i.n.) provided heterotypic cross-protection against the Michigan15
H1N1 strain 30 days post-immunization in ferretsl€. These biomimetic liposomes activated STING pathways in both
alveolar macrophages and alveolar epithelial cells and enhanced the recruitment of CD11b+ DC and the differentiation of
CD8+ T cell and humoral response 8. It generated heterotypic protection against H3N2, H5N1, H7N9 viruses as early as
two days after a single dose of immunization and promoted the formation of a durable CD8+ Trm in micel&!.

3.2. Encapsulated CDN Adjuvants for Cancer Imnmunotherapy

Schulz et al. demonstrated that administering a 100 ng of cGAMP/dextran microparticle (i.t.) was sufficient to reduce the
tumor size as compared to the soluble cGAMP, which had to be immunized at a 10x higher concentration to obtain the
same effect®. Miyabe et al. synthesized a pH-sensitive synthetic lipid YSKO5 for cytosolic delivery of CDG as a result of
the high fusogenic property of the lipid vesicle at acidic pH 28, In a mouse model infected with EG7-OVA cells, s.c.
immunization of liposome/CDG (300 ng) completely inhibited tumor growth while the soluble CDG could not restrict tumor
growth (8],

Intravenous injection of liposome/cGAMP in tumor-bearing mice led to over 200-fold increase of lung IFNp B2,
Liposome/cGAMP treated mice showed a significantly reduced median tumor nodule length in the lung when compared to
PBS-treated controls 2. In comparison, free cGAMP treated mice failed to reduce the tumor length. Furthermore,
liposome/cGAMP formulation generated tumor-specific memory and provided nearly total protection against re-challenge
even after 60 days of treatment 22,

Intratumoral injection of immunostimulants is effective in the local site. However, it often fails to generate a systemic
response and is ineffective on distant tumor sites. Using a phosphatidylserine coated liposome loaded with cGAMP (NP-
cGAMP) in combination with radiotherapy (IR), Liu Y. et al. detected significantly elevated lung IFN(, and TNFa, IFNy, IL-
6, IL-12p40 in a lung metastasis mouse model2Y. The combinatorial therapy inhibited metastases in both the IR- and non-
IR-treated lungs and caused complete regression of lung metastases in some mice. This combinatorial therapy also
promoted an anti-tumor memory response 49,

In summary, CDNs can be administered directly via i.n., s.c., or encapsulated in nano/microparticles via i.m., s.c., i.n., i.t.,
or i.v. routes. Encapsulated CDNs lower the dose (>10-fold less) needed to induce effective vaccine responses in vivo.
Furthermore, encapsulated CDNs offer the advantage of long term storage upon lyophilization, which is desirable in
developing countries.

| 4. Mode of Action of CDN Adjuvants

Figure 1. The molecular mode of action of cyclic dinucleotides (CDNs) in dendritic cells (DCs). Inmunized CDNs
are taken up by pinocytosis or phagocytosis by dendritic cells in vivo. In the cytoplasm, CDNs bind to STING dimers
located on the endoplasmic reticulum (ER) membrane, which undergoes conformational changes and activation. The
STING (Stimulator of interferon genes) activation recruits kinases TANK binding kinase 1 (TBK 1) or IkB kinase (IKke).
TBK 1 phosphorylates interferon regulatory factor 3 (IRF3), which dimerizes and translocates to the nucleus to activate
type | IFNs. Ikke phosphorylates nuclear factor-kB (NF-kB) inhibitor IkBa leading to dissociation of IkBa from NF-kB and
translocation of the later to the nucleus to activate pro-inflammatory cytokines such as TNF-a.



Figure 2. Cellular mechanism of CDN adjuvanticity by lung DCs. Intranasal immunization of CDN promotes its uptake
by functionally distinct lung DC subsets: cDC1, TNFR2* ¢cDC2, and TNFR2  ¢cDC2. Upon the CDN uptake, cDC1 and
TNFR2* ¢cDC2 mature and migrate towards the lung draining lymph node where they direct naive T cells towards Thi,
Th2, and Thl7 effector cells. The TNFR2  cDC2 population, on the CDN uptake, is activated but does not migrate.
Instead, the TNFR2™ ¢cDC2 produces transmembrane TNF, which engages TNFR2 on monocyte-derived DCs (moDCs) to
trigger lung moDCs activation. Activated lung moDCs induce Tfh, GC formation, and IgA production in the lung.

| 5. Confounding Factors in CDN Adjuvanticity in Humans

Murine studies have consistently shown promising results for CDN adjuvants in infectious diseases and cancer
therapeutics. However, CDN human clinical trials have failed to yield the desired effect. Merck's synthetic CDN MK-1454
(NCT03010176) administered intratumorally failed to generate any response against metastatic solid tumors patients
(head and neck squamous cell carcinoma, triple-negative breast cancer, and anaplastic thyroid carcinoma). Aduro
Biotech's synthetic CDN, ADU-S100, also had disappointing clinical responses (weak response in only 5% of the treated
patients) (NCT02675439). Two confounding factors may explain the ineffectiveness of CDNs in humans.

5.1. The Heterogeneity of the Human STING Gene

The CDN adjuvanticity depends on STING in vivo Y. Unlike murine STING, the human STING gene is highly
heterogeneous and shows population stratification 2243144 Hyman STING genes have five alleles that have a population
frequency above 1%. They are R232 (WT), H232, HAQ (R71H-G230A-R293Q), AQ (G230A-R293Q), and Q293. The
HAQ-STING is extremely popular

in East Asians but very rare in Africansi2. In contrast, AQ and Q293 are only found in Africans#. In a recent clinical trial,
Sebastian M. et al. showed that HAQ carriers had low anti-PPS antibodies production in response to Pneumovax®
23 immunization (ClinicalTrials.gov: NCT02471014). The result is in line with the previous data from a HAQ knock-in
mouse mode 22481 | astly, Kennedy R. B. et al. demonstrated that PBMC from H232/H232 individuals had an impaired
STING-mediated innate immunity (~90% decrease of IFNa induction) to poxviruses. A large human population carries
these STING alleles®Z. For example, the HAQ/HAQ, HAQ/WT, HAQ/H232, and H232/H232 humans account for ~65% of
East Asians and ~30% of Caucasians#243l47144] Thys, |large human populations carry STING alleles that impact CDN
vaccine responses.

5.2. The Impact of Age in CDN Adjuvanticity

The median age of patients in one CDN clinical trial was 61 (ClinicalTrials.gov: NCT02675439). How age affects CDN
efficacy was not well-addressed. In early 2019, Wannemuehler and M et al. showed that CDN induced serum antibody
production in 20-month-old female BALB/c micel8!, They did not examine memory T cells responses or distinguish high-
and low-affinity antibodies production 48, They immunized mice (s.c.) with 20 pg CDN 48] a rather high dose of CDN for
mice. In 2020, Gogoi H et al. reported that CDG (5 ug, i.n.)-induced high-affinity, durable antibodies, and Th1/Th17
responses were severely reduced in one-year-old (~equivalent age of 42.5-year-old in humans) and two-year-old
(~equivalent age of 70-year-old in humans) C57BL/6J mice [109]. Aging decreases the response to vaccination 2EAGL
(521, Thus, similar to most vaccines, CDN vaccine adjuvanticity is also negatively impacted by age.



| 6. Conclusion and Future of CDN Vaccine Adjuvants

CDN adjuvants induce balanced, durable humoral, cellular mucosal immune responses, and potent anti-tumor immunity

that is highly desirable for vaccine protection from a broad spectrum of pathogens and cancers. STING-targeting CDNs,

thus, will continue to garner attention from the community. To advance CDNs as a human vaccine and cancer adjuvants,

more rigorous research to understand their mode of action in vivo are needed. For example, examine the therapeutic

efficacy of CDNs in vivo using mice that have the equivalent age of human cancer patients and develop CDN

compositions that may enhance their adjuvant activities in aged mice.
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