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STINGV155M is a potent genetic adjuvant
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mRNA vaccines induce potent immune responses in preclin-
ical models and clinical studies. Adjuvants are used to stimu-
late specific components of the immune system to increase
immunogenicity of vaccines. We utilized a constitutively
active mutation (V155M) of the stimulator of interferon
(IFN) genes (STING), which had been described in a patient
with STING-associated vasculopathy with onset in infancy
(SAVI), to act as a genetic adjuvant for use with our lipid
nanoparticle (LNP)-encapsulated mRNA vaccines. mRNA-en-
coded constitutively active STINGV155M was most effective at
maximizing CD8+ T cell responses at an antigen/adjuvant
mass ratio of 5:1. STINGV155M appears to enhance develop-
ment of antigen-specific T cells by activating type I IFN
responses via the nuclear factor kB (NF-kB) and IFN-stimu-
lated response element (ISRE) pathways. mRNA-encoded
STINGV155M increased the efficacy of mRNA vaccines encod-
ing the E6 and E7 oncoproteins of human papillomavirus
(HPV), leading to reduced HPV+ TC-1 tumor growth and
prolonged survival in vaccinated mice. This proof-of-concept
study demonstrated the utility of an mRNA-encoded genetic
adjuvant.
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INTRODUCTION
mRNA vaccines represent a significant advancement in vaccine
technology, providing flexibility and precision in antigen design
with rapid scalability. We and others have demonstrated that
mRNA-based vaccines can induce potent immune responses for
various infectious agents in preclinical models and in clinical
studies, as well as against tumor neoantigens.1–11 Importantly, since
mRNA-based vaccines allow direct processing of antigens through
endogenous major histocompatibility complex (MHC) class I anti-
gen presentation pathways, this vaccine platform should be ideal
for generating CD8+ T cell responses. Cytolytic CD8+ T cells are
critical components in the response to intracellular pathogens and
for cancer immunotherapy.12,13 Detectable antigen-specific T cell re-
sponses have been demonstrated after mRNA vaccine administra-
tion in nonhuman primates14 and in patients with melanoma.11

(For recent reviews, see Pardi et al.,15 Jackson et al.,16 and Li-
nares-Fernández et al.17)
M
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Conventional vaccines, typically composed of inactivated pathogens,
recombinant proteins, or protein subunits, are usually administered
in the presence of adjuvant to potentiate a vaccine response. Genera-
tion of an adaptive immune response to infection requires the pres-
ence of antigen and simultaneous sensing of damage-associated
molecular patterns (DAMPs)18 by pattern-recognition receptors
(PRRs).19 Although some approved adjuvants, such as GlaxoSmithK-
line’s AS04 and AS01B, act by activating PRRs to trigger signaling
pathways that induce transcription factors associated with an im-
mune response, the basis of the adjuvant effect of others, such as
alum, MF59, and AS03, is poorly characterized. The use of a well-
defined stimulatory pathway to produce adjuvant activity offers the
advantage of allowing more precise identification of biomarkers of
safety and mechanism of action of adjuvanticity. In addition, despite
some success of licensed adjuvants to improve humoral responses to
vaccines, challenges remain to develop vaccines and vaccine adju-
vants to improve cellular immunity mediated by CD4+ and CD8+

T cells, which also contribute to protective immunity.20 Notably,
type I interferons (IFNs) have been shown to potentiate CD8+

T cell immunity.21 Vaccines or vaccine adjuvants that induce type I
IFN responses would therefore be expected to enhance CD8+ T cell
development or function.

Toll-like receptors (TLRs) are PRRs that recognize structurally
conserved microbial molecules; most TLRs signal through the tran-
scription factor myeloid differentiation factor 88 (MyD88) to activate
IFN-a.22Other key pathways/factors include activator protein 1 (AP1)
and nuclear kB (NF-kB), which induce production of inflammatory
cytokines, and IFN response element 3 (ISRE3) and ISRE7 through
IFN response factor 3 (IRF3) and IRF7, respectively, which induce
production of type I IFNs, IFN-a, and IFN-b.22 Cytosolic double-
stranded DNA (dsDNA) can act as a PRR agonist to activate stimu-
lator of IFN genes (STING), which in turn activates signaling through
NF-kB and IRF3/7.22 Mitochondrial antiviral signaling protein
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(MAVS) is an adaptor for PRRs that senses double-stranded RNA,
which also activates type I IFNs through transcription factors IRF3,
IRF7, andNF-kB.23 Adjuvants that could induce cell-mediated immu-
nity via PRRs could be beneficial for designing T cell vaccines.

Although exogenous mRNA itself has immunostimulatory proper-
ties,24 untimely activation of an innate immune response can interfere
with protein translation, antigen expression, and processing, which
can lead to a suboptimal immune response. However, the inhibition
of antigen translation can be circumvented with naturally occurring
base modifications, such as replacing uridine with pseudouridine.25,26

In previous studies, we have demonstrated that administration of
lipid nanoparticle (LNP)-encapsulated modified mRNA encoding
influenza H10 hemagglutinin targeted antigen-presenting cells
(APCs) and elicited transient priming of antigen-specific T cells
in vivo in the absence of exogenous adjuvant, in mice and in
nonhuman primates.14 In this study, we aimed to improve our cur-
rent vaccine design to induce selective activation of type I IFN
signaling in vivo, while preserving and maximizing antigen expres-
sion during mRNA vaccine delivery. We tested the potential and
feasibility of using constitutively activated signaling molecules and
transcription factors as mRNA-encoded genetic adjuvants to improve
CD8+ T cell responses when coadministered with mRNA-encoded
antigens in a murine tumor model using E6 and E7 oncoproteins of
human papillomavirus (HPV).

RESULTS
Constitutively active mutations of the innate immune receptor

signaling pathway mediator STING provided the best adjuvant

effect

We used mRNA to express constitutively active forms of DAMP and
PRR signaling molecules. We targeted activation of type I IFN path-
ways through coformulation of mRNA to encode proteins that consti-
tutively activate the TLR, IRF3/7, MAVS, and STING signaling path-
ways with mRNA-encoded antigens into LNP. Several constitutively
active mutations of STING have previously been described,27–31 and
mutated STING expressed in vitro was shown to potently stimulate
the induction of type I IFN.30,32,33 In particular, a dominant gain-
of-function mutation (V155M) was first described in affected individ-
uals with familial inflammatory syndrome with lupus-like manifesta-
tions28 and in STING-associated vasculopathy with onset in infancy
(SAVI).30 The constitutively active form of STING (V155M) was en-
coded into mRNA and transfected into a STING-knockout (KO) re-
porter cell line, which has a stably integrated IFN-responsive secreted
embryonic alkaline phosphatase (SEAP) reporter. STING (V155M),
but not the wild-type counterpart, showed potent IFN-b-inducible
IFN-stimulated gene (ISG)54 promoter activity (Figure 1A). The
constitutively active TAK1 construct is an engineered fusion of
TGF-b-activated kinase 1 (TAK1/MAP3K7) kinase domain and
the minimal domain of TAK1-binding protein 1 (TAB1) required
for TAK1 activation. The TAK1-TAB1 fusion functions as a
constitutively active mitogen-activated protein kinase kinase kinase
(MAPKKK) and induces both AP1 and NF-kB transcription.34

Wild-type murine TRAM/TICAM2 is an adaptor protein involved
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in MyD88-independent signaling by TLR4.35–37 MyD88 is an adaptor
protein that mediates TLR and interleukin (IL)-1 receptor signaling.
A point mutation of MyD88 (L265P) has been identified as an onco-
gene in the activated B cell subtype of diffuse large B cell lym-
phoma.38,39 Mechanistically, the L265P mutation allows nucleation
of MyDDosomes in a TLR4-independent manner, resulting in consti-
tutive activation of prosurvival NF-kB signaling.40 These previously
described constitutively active (ca) forms of TAK1 (caTAK1),
TRAM (caTRAM), and inhibitor of NF-kB kinase subunit beta
(caIKKb) were encoded into mRNA and the proteins were expressed.
The relative activity of engineered versions of TRAM, caTAK1, and
caIKKb was first tested in vitro and all were shown to induce potent
NF-kB signaling (Figure S1; Supplemental materials and methods)

The selected variants were assessed for adjuvant potency when coad-
ministered with mRNA encoding ovalbumin (OVA). To measure the
effect of coformulation of genetic adjuvants on antigen-specific T cell
responses, C57BL/6 (B6) mice were immunized with LNP-encapsu-
lated mRNA expressing OVA. A construct of mRNA encoding
OVA combined with a nontranslatable mRNA (NTFIX) served as a
negative control. At days 21 and 50, animals receiving STINGV155M

had higher antigen-specific CD8+ T cell responses than did the other
TLR/MyD88 molecules tested (Figure 1B).

Two key downstreammediators of STING signaling are the transcrip-
tion factors IRF3 and IRF7, which transcriptionally upregulate type I
IFNs and ISGs.22 Constitutively active proteins were designed and as-
sayed in vitro for relative potency in activation of the B16 KO STING
cell line, which has a stably integrated IFN-responsive SEAP reporter
(Figure S2A). One of the most potent IRF3 mutations was a phospho-
mimetic point mutant of human IRF3 (S396D),41 whereas the most
potent version of IRF7 was a variant of the murine sequence with
several point mutations that mimic phosphorylation of key sites as
well as tandem deletion of an autoinhibitory domain (del.238-410/
S429.430.431.437.438.441D) (Figure S2B).42 In addition, a constitu-
tively active form of MAVS comprising full-length MAVS with a
truncation mutant of latent membrane protein 1 (LMP1) from
Epstein-Barr virus (DLMP-MAVS),43 which induces a high level of
IFN-b in vitro, was also included (Figure S1). caIRF3, caIRF7, ca-
MAVS, and STINGV155M were then evaluated as adjuvants when
coadministered with OVA (Figure 1C; Supplemental materials and
methods). Although caIRF3, and to a lesser extent caIRF7, increased
antigen-specific CD8+ T cell responses initially to OVA, STINGV155M

was more potent at both time points tested (days 21 and 50) and the
constitutively active DLMP-MAVS was the second most potent
variant. Both pathways are known to activate the downstream protein
kinase TANK-binding kinase 1 (TBK1).

As an alternative to inducing constitutively active innate immune
sensor signaling pathways as genetic adjuvants, we also attempted
to induce two forms of programmed cell death: necroptosis and py-
roptosis.44 Both mechanisms result in loss of cell membrane integrity
and subsequent release of DAMPs such as high mobility group
box 1 (HMGB1) and ATP. The pseudokinase mixed lineage kinase



Figure 1. Comparison of vaccine adjuvant effect among constitutively active variants of mediators of innate immune receptor signaling pathways

(A) B16-Blue ISG-KO-STING IFN-inducible reporter cells were transfectedwith wild-type and constitutively active STING variants encoded bymRNA or treatedwith 103 U/mL

mouse IFN-b protein as a positive control. At 24 h after transfection, the levels of IRF-induced secreted embryonic alkaline phosphatase (SEAP) were quantitated. C57BL/6

mice were immunized intramuscularly on day 0 and day 14 with LNPs (10 mg/mouse) encapsulating mRNA encoding OVA and test mRNAs. On day 21 and/or day 50, the

percentage of SIINFEKL-specific CD8+ T cells in spleens was determined by intracellular staining of IFN-g, or the percentage of OVA-specific CD8+ T cells in the spleens was

determined by flow cytometric analysis of intracellular staining for IFN-g. (B–E) Results are shown for coformulations with (B) OVA and STINGV155M, caTAK1, caTRAM, or

caMyD88; (C) OVA and STINGV155M, caIRF3, caIRF, or caMAVS; (D) OVA and STINGV155M, caspase-1/4+caIKKb, or MLKL; and (E) OVA and STINGV155M, caIKKb, or

caIRF3+caIRF7+caIKKb. (F and G) C57BL/6 mice were immunized intramuscularly on day 0 and day 14 with LNPs (10 mg/mouse) encapsulating mRNA encoding HPV16 E7

(F), or tumor neoantigens derived fromMC38murine colon adenocarcinoma cells (G). (H) HLA-A11 transgenicmice were immunized intramuscularly on day 0 and day 14with

LNPs (10 mg/mouse) encapsulatingmRNA encoding HLA-A11-restricted viral epitope for HIV NEF, EBV EBNA4, and EBVBRLF1 and STINGV155M. Data are representative of

at least two independent experiments. Data plotted are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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domain-like isoform 1 (MLKL1) contains a four-helical bundle
domain that forms pores in the cell membrane to induce necropto-
sis.45 In vitro, a constitutively active variant of MLKL1 (caMLKL1),
consisting of the four-helical bundle pore-forming domain encoded
by mRNA induced cell death, resulting in HMGB1 and ATP release
(Figure S3). We also tested the combination of caspase-1, caspase-4,
and caIKKb. Providing caIKKb and caspase-4/5 mRNA to produce
the corresponding proteins recapitulates key molecular signaling
pathways that underlie canonical and noncanonical pyroptosis.
caIKKb potentiates NF-kB signaling and transcription of pro-inflam-
matory cytokines while caspase-4 and caspase-5 cleave gasdermin D
(GSDMD), which is a necessary step in pyroptosis.46 Although
Molecular Therapy Vol. 29 No 7 July 2021 2229
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MLKL1 or the combination of caspase-1, caspase-4, and caIKKb
demonstrated some adjuvant effect at an earlier time point, none
was as potent an adjuvant as STINGV155M in sustaining the anti-
gen-specific memory CD8+ T cell population (Figure 1D).

We also compared the adjuvant effects of STING with a combination
of caIRF3 and caIRF7, with or without caIKKb, a regulator of NF-kB
activity. While expression of only caIRF3, caIRF7 (Figure 1C), or
caIKKb alone (data not shown) demonstrated minimal adjuvant ac-
tivity at late time points, the combination of these three transcription
factors to some extent recapitulated the adjuvant effect on effector
T cell response seen with STINGV155M, but neither combination
was as potent as STINGV155M at generating a memory T cell response
(Figure 1E). To confirm the adjuvant activity of STINGV155M for
other antigens, mice were immunized with LNP-encapsulated
mRNA expressing the E7 oncoprotein of HPV (Figure 1F), or with
ADR neoantigen concatemer (three peptides with mutant epitopes
for Adpgk, Dpagt1, and Reps1 from the MC38 murine colorectal
tumor cell line) (Figure 1G).47 Lastly, STINGV155M potentiated the
CD8+ T cell response to known human A11-restricted CTL epitopes
when the histocompatibility leukocyte antigen (HLA)-A11 transgenic
mice were immunized with LNP-encapsulated mRNA expressing
concatemer composed of epitopes for HIV-NEF, EBV-EBNA4, and
EBV-BRLF1 (Figure 1H).

mRNA-encoded STINGV155M demonstrated the greatest ability

to induce IFN and NF-kB activity in vitro and the best vaccine

adjuvant effect in vivo

Given that STINGV155M was the most potent genetic adjuvant tested
in previous experiments, additional STING single or multiple muta-
tions were designed based on mutations identified.27–31 Of note, the
N154S and V147Lmutations were also reported in patients diagnosed
with SAVI.30 All three mutations are clustered in exon 5. It has been
suggested that these mutant residues act by localizing STING to the
endoplasmic reticulum-Golgi intermediate compartment and acti-
vate downstream signaling through the TBK1-IRF3 axis.27 Recently,
additional new mutations in STING isolated from patients with
SAVI have been identified.31 Unlike the previously described muta-
tions, these residues cluster within the cyclic guanosine monophos-
phate (cGMP)-binding domain (CBD) in exons 6–7. All caSTING
mRNA constructs were tested in B16-Blue ISG-KO-STING cells to
determine whether they could activate the I-ISG54 promoter (Fig-
ure S2C). In addition, the constructs were also assayed for their ability
to induce IFN-b in B16F10 murine melanoma cells. Most variants
induced significant IFN-b responses that were higher than levels
induced by overexpressed human or mouse wild-type STING (Fig-
ure 2A). The activity of R375A showed the lowest activity (similar
to wild-type), while V155M was consistently one of the most potent
mutations in this cell-based assay. Combining single mutants into
triple or quadruple mutant constructs did not meaningfully impact
the extent of IFN-b activation in vitro.

STING is also known to activate the NF-kB pathway,48 which was
examined using a reporter cell line engineered to express SEAP
2230 Molecular Therapy Vol. 29 No 7 July 2021
uponNF-kB activation. Most mutations induced 2-fold higher activa-
tion of NF-kB-responsive SEAP relative to human and murine wild-
type versions, similar to IFN induction results in B16F10 cells
(Figure 2B).

In vivo administration of LNP-encapsulated mRNA encoding
STINGV155M induced rapid production of IFN-ameasured in serum,
as well as other proinflammatory cytokines such as IL-6, monocyte
chemotactic protein-1 (MCP-1), regulated on activation, normal
T cell expressed and secreted (RANTES), and macrophage inflamma-
tory protein-1b (MIP-1b) at 6 h after administration (Figure 2C). We
also compared different mRNA-encoded caSTING mutations as vac-
cine adjuvants. Single-point mutant variants (V155M and R284M)
and two combined mutants (R284M/V147L/N154S/V155M and
V147L/N154S/V155M) that showed consistently strong activity
in vitro were coformulated into LNPs with the mRNA encoding
OVA antigen.

Antigen-specific CD8+ T cell responses were assessed by intracellular
staining of IFN-g, tumor necrosis factor a (TNF-a), and IL-2 after re-
stimulation ex vivo with the cognate peptide. Immunization with
OVA combined with all caSTING mutations resulted in a much
higher percentage of antigen-specific T cells over the negative control
group that received NTFIX (Figures 2D and 2E). No immune poten-
tiation was observed when mice were immunized with OVA plus
wild-type STING (data not shown). We also observed that mice
vaccinated with OVA and caSTINGV155M showed a slightly higher
percentage of CD8+ T cells expressing IL-2 compared to the group
vaccinated with antigen only.

An antigen/STINGV155M ratio of 5:1 demonstrated maximal

immunogenicity

Although type I IFNs are crucial for induction of protective immu-
nity, they can also be detrimental to vaccine responses, largely due
to the timing and intensity of the type I IFN signals relative to
T cell receptor (TCR) activation.21 For example, it has been shown
that stimulation of T cells with type 1 IFNs prior to TCR activation
led to T cell apoptosis (activation-induced T cell death) and upregu-
lation of the coinhibitory receptor PD-1 (programmed cell death pro-
tein 1), thus limiting the T cell responses elicited.49 In other studies,
TCR activation, when coincided with signaling induced by inflamma-
tory cytokines such as type 1 IFN (“signal 3”), led to stronger effector
and memory responses and better T cell survival.50,51 These observa-
tions suggest the timing and amount of type I IFNs induced are crit-
ical for maximal immune potentiation. Therefore, we hypothesized
that modulating the antigen/STINGV155M mass ratio of the mRNA
encapsulated within the LNP would impact the adjuvant effect
observed.

We first varied antigen/STINGV155M mRNA mass ratios in the ADR
neoantigen model. An antigen/STINGV155M mass ratio of 5:1 (molar
ratio 13.8) resulted in the highest antigen-specific CD8+ T cell re-
sponses (Figure 3A), although all ratios tested showed some adjuvant
effect. Antigen-specific CD8+ T cell responses in mice immunized



Figure 2. Constitutively active STING variants encoded by mRNA demonstrated similarly potent IFN-inducing activity in vitro and vaccine adjuvant effect

in vivo

(A) B16F10 cells were transfected with mRNA-encoded wild-type or constitutively active STING variants. The concentration of murine (m)IFN-bwas determined by ELISA. (B)

THP1-Dual NF-kB-inducible reporter cells were transfected as described in (A). At 24 h after transfection, NF-kB activation was evaluated by measuring the level of SEAP in

supernatants. (C) C57BL/6 mice were injected intramuscularly with mRNA-LNP encoding STING at the indicated amounts. Serum cytokine levels were assessed at 6 h after

injection. (D and E) C57BL/6 mice were immunized intramuscularly on day 0 and day 14 with mRNA-LNP (10 mg/mouse) coformulated into LNPs with OVA and caSTING

variants. On day 21, the percentage of SIINFEKL-specific CD8+ T cells in spleens was determined by intracellular staining of IFN-g, TNF-a, and IL-2 after a 4-h ex vivo

stimulation with cognate peptide. Representative flow cytometry plots gated on total CD8+ T cells are shown. Data are representative of at least two independent experiments

with four to five mice per group. Data plotted are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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with HPV16 E6/E7 mRNA-LNP were similar across antigen/
STINGV155M ratios based on intracellular IFN-g production, but
peak responses were observed with antigen/STINGV155M mass ratios
of 1:1 (molar ratio 2.76) or 5:1 (molar ratio 13.8) (Figure 3B). Simi-
larly, by combining the HPV E7 protein as antigen with varying
mass ratios of STINGV155M, the peak frequencies of E7-specific
CD8+ T cells were also recovered at these ratios (Figures 3C and 3D).

We also characterized the T cell phenotypes that were induced when
STINGV155M was used as a vaccine adjuvant. Among CD44 antigen-
experienced populations (ADR vaccine model) and E7-specific CD8+

T cells (HPV vaccine model), there was an increase in the percentage
of CD62Llo among CD44hi T cells (Figures 3E and 3F), suggesting that
STINGV155M likely induces cells of an effector memory phenotype,
which are more likely to remain in circulation and peripheral tissues
for immune surveillance. No other noticeable differences were
observed among other surface markers examined, including killer
cell lectin-like receptor G1 (KLRG1), CD127 (IL-7 receptor), chemo-
kine receptor CX3CR1, or CD27 (a member of the TNF receptor su-
perfamily) (data not shown).
Molecular Therapy Vol. 29 No 7 July 2021 2231
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Figure 3. mRNA-encoded STING was most effective at maximizing antigen-specific CD8+ T cell responses at an antigen/adjuvant mass ratio of 5:1

(A and B) C57BL/6 mice were immunized intramuscularly on day 0 and day 14 with LNP formulated with mRNA encoding (A) MC38 tumor neoantigens or (B) HPV E6/E7 at

varying antigen/STINGV155Mmass ratios as indicated. (C and D) C57BL/6mice were immunized as described in (B). At 21 days after immunization, spleens were assessed for

the frequency of CD8+ T cells specific for the HPV16-E7 epitope RAHYNIVTF by flow cytometry. (E) C57BL/6 mice were immunized with mRNA-LNP for HPV E6/E7 as

described at varying ratios. The percentage of CD62Llo among E7-specific CD8+ T cells was determined by flow cytometry at the indicated time points. (F) C57BL/6 mice

were immunized with mRNA-LNP formulated with MC38 tumor neoantigens at varying antigen/STING mass ratios. The percentage of CD62Llo among CD44hi CD8+ T cells

was determined by flow cytometry at indicated time points. Data are representative of at least two independent experiments with four to five mice per group. Data plotted are

mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Evaluation of mRNA-encoded constitutively active STINGV155M

as an adjuvant in murine tumor models

Vaccines using STING agonists (e.g., cyclic dinucleotides [CDNs])
show overall improvement of adaptive immune responses to poorly
immunogenic antigens in preclinical studies.52 Importantly, tumor-
2232 Molecular Therapy Vol. 29 No 7 July 2021
bearing mice immunized with vaccine containing a STING agonist
had delayed tumor growth and longer survival.53 Therefore, we tested
whether addition of STINGV155M to an mRNA-encoded cancer anti-
gen vaccine with HPV16 E6 and E7 model antigens could result in tu-
mor volume reduction and/or longer survival.



Figure 4. mRNA-encoded STING adjuvant increases efficacy of HPV E6/E7 cancer vaccine in murine tumormodel and requires the presence of CD8+ T cells

(A) C57BL/6mice (n = 10 per group) were inoculated with 2.5� 105 TC-1 tumor cells. mRNA vaccine was administered intramuscularly on days 0 and 7 in established tumors

(100 mm3). (B and C) Tumor growth and Kaplan-Meier survival curves of mice treated with mRNA vaccine encoding HPV E6/E7 with or without STINGV155M or the mouse

STING agonist DMXAA (B); in similar experiments, anti-CTLA-4 (9H10) antibodies were given on days 0, 3, and 6 after the first immunization (C). (D and E) Tumor growth and

Kaplan-Meier survival curves of mice were treated as described in (A) with or without depleting antibodies for CD8 or CD4 throughout the duration of the study. (F) C57BL/6

mice were immunized intramuscularly on day 0 and day 14 with mRNA-LNP (10 mg/mouse) coformulated into LNPs with HPV E6/E7 and STINGV155M. Mice were treated with

depleting antibodies for CD4 prior to each immunization. On day 21, the percentage of HPV E7-specific CD8+ T cells in spleens was determined by intracellular staining of

IFN-g. Data are representative of at least two independent experiments. Data plotted are mean ± SEM. Statistical significance for survival analyses was calculated using the

log-rank test: *p < 0.05, ***p < 0.001, ****p < 0.0001; ns, not significant. Data are representative of two independent experiments.
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We utilized a TC-1 cell line that was derived from primary lung
epithelial cells from C57BL/6 mice and transformed with HPV16
E6 and E7 oncoproteins.54 Tumors were implanted subcutaneously
in mice and their growth was monitored (Figure 4A). Vaccination
with mRNA-encoding antigen coformulated with STINGV155M

mRNA, when the vaccine was given therapeutically after TC-1 tu-
mors reached an average of 80–120 mm3, resulted in significant inhi-
bition of tumor growth compared to vaccine alone and prolonged
survival; ~50% of tumor-bearing mice that received vaccination
with STINGV155M survived at day 60 (Figure 4B). We also examined
the potential for enhancing the adjuvant effect of STING by inhibition
of cytotoxic T lymphocyte-associated protein 4 (CTLA-4) function
with a blocking antibody (9H10). Addition of anti-CTLA-4 anti-
bodies had minimal synergy with STINGV155M in prolonging survival
and only slightly delayed tumor growth in this model (Figure 4C; Fig-
ure S4). In addition, we compared mRNA encoded STING to
DMXAA, a known murine STING agonist.55 We did not observe
additional survival benefit in the vaccine group treated simulta-
neously with DMXAA when coadministered intramuscularly with
the same mRNA vaccine (Figures 4B and 4C; Figure S4). Antitumor
Molecular Therapy Vol. 29 No 7 July 2021 2233
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Figure 5. mRNA-encoded STING adjuvant increases efficacy of HPV E6/E7 cancer vaccine in murine lung metastasis tumor model

(A) C57BL/6 mice (n = 10 per group) were inoculated intravenously with 5� 105 TC1-Luc tumor cells. mRNA vaccine was administered intramuscularly on days 10, 15, and

20 after tumor inoculation. (B andC) Lungmetastases were evaluated by in vivo bioluminescent imaging and Kaplan-Meier survival curves of mice treated withmRNA vaccine

encoding HPV E6/E7 with or without STINGV155M, or the STING agonist DMXAA (200 mg coadministered intramuscularly with LNP). Representative flow cytometry plots

gated on total CD8+ T cells are shown. Statistical significance for survival analyses was calculated using the log-rank test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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effects associated with STINGV155M were abrogated by depletion of
CD8+ T cells, but not by depletion of CD4+ T cells (Figures 4D and
4E), suggesting a critical role for CD8+ T cells in STINGV155M-adju-
vanted mRNA vaccine responses. Significant HPV E7-specific CD8+

T cell function (production of IFN-g and TNF-a) was induced by
STINGV155M-adjuvanted mRNA vaccine even with depletion of
CD4+ T cells (Figure 4F).

We further examined the efficacy of STINGV155M as a genetic adju-
vant in a murine lung metastasis model using firefly luciferase-ex-
pressing TC1 (TC1-Luc) cells (Figure 5A). In this model, mice vacci-
nated therapeutically after tumor implant with an mRNA antigen
coformulated with STINGV155M alone or coadministered with the
STING agonist DMXAA resulted in inhibition of lung tumor growth
(Figure 5B). Mice vaccinated with mRNA-encoded antigen with
mRNA-encoded STINGV155M showed improved survival benefit
over unvaccinated mice or mice vaccinated with mRNA-encoded an-
tigen alone (Figure 5C). Overall, these results demonstrated that
enhanced vaccine responses to HPV-derived tumors can be achieved
with constitutively active STING as an mRNA-encoded genetic
adjuvant.

DISCUSSION
mRNA vaccines have been shown to be effective at inducing immune
responses. We evaluated several potential candidates for genetic adju-
vants encoded bymRNA to be coadministered with viral or tumor an-
tigens also encoded by mRNA, including constitutively active forms
of mediators of TLR, MAVS, and STING signaling pathways and me-
diators of cell death. Of all variants tested in different antigen models,
the constitutively active mutation STINGV155M, which had been
2234 Molecular Therapy Vol. 29 No 7 July 2021
described in a patient with SAVI, was most potent at inducing anti-
gen-specific CD8+ T cell responses, possibly because it could activate
NF-kB, IRF3, and IRF7. STINGV155M and other constitutively active
STINGmutations induced IFN-g, TNF-a, and IL-2 production in an-
tigen-specific CD8+ T cells in vivo, as well as inflammatory cytokines
IFN-a, IL-6, MCP-1, MIP-1b, and RANTES in serum. We further
optimized the antigen/STINGV155M mass ratio (5:1) to maximize an-
tigen-specific CD8+ T cell responses. Notably, mRNA-encoded
STINGV155M increased the efficacy of cancer vaccines in murine tu-
mor models and a murine lung metastasis model.

STING has been shown to participate in immune responses to viral
infections, including DNA viruses, RNA viruses, and retroviruses,
as well as bacterial infections, including both Gram-negative and
Gram-positive bacteria.56 STING has been postulated to play a role
in autoinflammatory diseases associated with inappropriate leakage
or exposure of nucleic acids, such as rheumatoid arthritis and sys-
temic lupus erythematosus, and with antitumor activity (via activa-
tion of adaptive immunity).56 This signaling molecule is therefore
integral to many cellular processes involved in cell defense.

Given the importance of STING in generating cellular immunity, ad-
juvants to activate STING (most notably CDNs) have been devel-
oped.57 STING agonists have been shown to be effective adjuvants
in both viral and cancer vaccine models in preclinical studies.52,53

For example, synthetic CDN derivatives enhanced antitumor re-
sponses in therapeutic models of established cancers in mice.53

Notably, direct activation of STING using CDNs injected into tumor
cell lines resulted in regression of established tumors and develop-
ment of immunologic memory.58 However, using unformulated
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CDNs presents challenges that limit their use as adjuvants. For
example, CDNs are anionic and do not readily cross cellular mem-
branes, preventing them from reaching the cytosol where STING is
localized.59 Moreover, CDNs are rapidly cleared from the body
with modest delivery to tumors and/or lymph nodes. However, these
challenges can be partially overcome by using a polymer nanoparticle
formulation, as CDNs used as a nanoparticulate adjuvant induced
expansion of vaccine-specific CD4+ T cells and increased germinal
center B cell differentiation in lymph nodes.60

Providing constitutively active STING as an mRNA-encoded genetic
adjuvant has advantages over coadministration of vaccine with a
STING agonist (as CDNs) in an LNP delivery system. For example, a
challenge with coadministration of STING agonists with adjuvants
such as CDNs is inefficient drug loading (i.e., a low ratio of drug to car-
rier), which has been reported to be <10% in current nanomedicines61

and only ~35% in a bench-level formulation.52 Drug loading is not an
issue with a genetic adjuvant that is encoded bymRNA rather than pre-
sented as a CDN. The use of LNP as the delivery system to deliver
mRNA-encoded STING as a genetic adjuvant formRNA-encoded vac-
cines provides several benefits. First, LNPs are biodegradable, and the
components of LNPs have been approved for clinical use by the US
Food and Drug Administration (FDA) and the European Medicines
Agency (EMA) at much higher (systemic) exposures than would be ex-
pected for vaccines.62 Second, LNPs protect, stabilize, and improve the
bioavailability of the encapsulated mRNA. Third, intracellular mRNA
is rapidly degraded, preventing prolonged activation of STING path-
ways and avoiding any subsequent undesirable inflammatory reactions.
Moreover, we have demonstrated the ability of an mRNA-LNP vaccine
against influenza to activate APCs in non-human primates.14 Since
direct activation of APCs is required to generate appropriate effector
T cells,63 we postulate that codelivery of STINGV155M and antigens,
both encoded by mRNA and delivered via LNP, will further enhance
the T cell responses elicited by the vaccine. Because we are using
mutant STING (V155M), there is a slight possibility of cross-reactivity
to normal STING proteins. However, the mutant STING (V155M) is
only transiently expressed and is an intracellular protein; therefore,
the risk of eliciting cross-reactivity is considered low. An alternative
in vivo strategy would be to use a constitutively active bacterial
cGMP-AMP synthase (cGAS) molecule encoded by mRNA, which
has been done for an adenovirus-based vaccine.64 cGAS binds to cyto-
solic DNA and produces CDNs that can then indirectly activate the
STING pathway in host cells. However, this approach is unlikely to
provide sufficient STING ligand in the mRNA-based vaccine.

We did not explore the role or impact of mRNA-encoded
STINGV155M on innate immunity, such as natural killer (NK) cells.
Previous studies have shown that CD8+ T cells, but not NK cells,
were required for anti-tumor immunity and prevented TC1 tumor
growth in other vaccination settings, including E7/HSP70 DNA and
Listeria-expressing E7 models.65,66 However, because some recent re-
ports suggest a role of STING on NK cell activation,67,68 this possibil-
ity should be explored in future studies, perhaps in a different disease
or tumor setting. In addition, it would be of interest to conduct tumor
rechallenge experiments in cured mice to further characterize the
memory response that was observed in the present study.

This proof-of-concept study showed that including an mRNA-en-
coded genetic adjuvant with an mRNA-encoded antigen in a LNP
vaccine enhances immune responses to viral and tumor antigens.
These results demonstrate the exciting potential of genetic adjuvants
to enhance immune responses to mRNA vaccines.

MATERIALS AND METHODS
mRNA synthesis and formulation

mRNAwas synthesized in vitro by T7 RNApolymerase-mediated tran-
scription with N1-methylpseudouridine in place of uridine. The linear-
ized DNA template incorporates the 50 and 30 untranslated regions
(UTRs) and a poly(A) tail as previously described.3 The final mRNA
was capped to increase mRNA translation efficiency. After purification,
the mRNA was diluted in citrate buffer to the desired concentration.

The mRNA was coformulated in the same LNP at the indicated mass
ratio. LNP formulations were prepared using a modified procedure of
a method previously described.1 Briefly, lipids (ionizable/helper/
structural/polyethylene glycol [PEG]) were dissolved in ethanol and
combined with an acidification buffer of 50 mM citrate buffer (pH
4.0) containing mRNA at a ratio of 2:1 aqueous/ethanol using syn-
chronized syringe pumps (Harvard Apparatus). Formulations were
diafiltered and concentrated against 20 mMTris (pH 7.4) with 8% su-
crose using Pellicon XL 100-kDa tangential flow membranes (EMD
Millipore), passed through a 0.22-mm filter, and stored frozen until
use. The structure and composition of the LNP was similar to that
described previously.69 Formulations were tested for particle size,
RNA encapsulation, and endotoxin. All were found to be 80–
100 nm in size by dynamic light scattering and with >80% encapsu-
lation and <10 endotoxin units (EU)/mL endotoxin.

In vitro IFN and NF-kB induction assays

B16-Blue ISG-KO STING (#bb-kostg) and THP1-Dual (#thpd-nfis)
stable cell lines were purchased from InvivoGen (San Diego, CA,
USA). Cells were seeded in duplicate wells at a density of 25,000
cells/well in 96-well plates and transfected with STING mRNA vari-
ants or mCitrine mRNA at 250 ng/well using 0.3 mL/well Lipofect-
amine 2000 (Thermo Fisher Scientific, USA; #11668019) according
to the manufacturer’s instructions. Supernatants were harvested
24 h after transfection, and IFN-b levels were determined by a stan-
dard murine IFN-b ELISA assay (BioLegend, San Diego, CA, USA;
#439408) according to the manufacturer’s instructions. Optical den-
sity (OD) was measured at 450 nm on a microplate reader (Synergy
H1, BioTek, Winooski, VT, USA). NF-kB and ISG activation were
determined by assessing the levels of SEAP using QUANTI-Blue re-
agent (InvivoGen), with the OD read at 655 nm. Data analysis was
performed using GraphPad Prism (GraphPad, La Jolla, CA, USA).

In vivo immunogenicity

All animal procedures and experiments were approved by the Institu-
tional Animal Care and Use Committee at Moderna. Female C57BL/
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6NCrl mice (8 weeks old, 19–21 g; Charles River Laboratories, King-
ston, NY, USA) or female CB6F1-Tg(HLA-A*1101/H2-Kb)A11.01
mice (5–10 weeks old; Taconic Biosciences, Rensselaer, NY, USA;
#9660-F) were vaccinated intramuscularly on study days 0 and 14
with mRNA-encoded antigens in the presence of a genetic adjuvant
or nontranslatable mRNA (NTFIX; negative control). Spleens and
whole blood were harvested at indicated time points. For ex vivo stim-
ulation, splenocytes were plated at 2 � 106 cells/well and stimulated
with peptide mixture (1 mg/mL), or medium only (negative control),
and incubated with 6.25 mg/mL brefeldin A (BioLegend, San Diego,
CA, USA; #420601) for 4–5 h. Peptides were synthesized by GenScript
(Piscataway, NJ, USA) or purchased from JPT Peptide Technologies
(Berlin, Germany). Following restimulation, cells were stained for
extracellular markers and with viability dye eFluor 780 (Thermo
Fisher Scientific, USA; #65-0865-14) for 30 min at 4�C. Cells were
permeabilized and fixed (Cytofix/Cytoperm fixation/permeabiliza-
tion solution kit; BD Biosciences, San Jose, CA, USA; #554714) for
10 min at 4�C before intracellular cytokine staining. Data were ac-
quired on a flow cytometer (LSRFortessa, FACSCanto II; BD Biosci-
ences, San Jose, CA, USA) and analyzed with FlowJo (FlowJo, Ash-
land, OR, USA). Splenocytes were stained with antibodies to CD8b
(BioLegend, San Diego, CA, USA; #YTS156.7.7), CD45 (30-F11),
CD44 (IM7), CD62L (MEL-14), IFN-g (XMG1.2), TNF-a (MP6-
XT22), or IL-2 (JES6-5H4). H2-Kb/RAHYNIVTF Pentamer+ was
purchased from Proimmune (Oxford, UK), and staining was per-
formed according to the manufacturer’s protocol.

TC-1 and TC-1 luc murine tumor models

TC-1 is a murine cell line derived from primary lung epithelial cells of
C57BL/6 mice and cotransformed with HPV16 E6, HPV16 E7, and
cHa-RAS oncogenes.54 TC-1 cells were retrovirally infected with
pLuci-thy1.1 and isolated by preparative flow cytometry to yield
TC-1 luc cells.70,71 Both cell lines were licensed from Johns Hopkins
University through a material transfer agreement. Efficacy studies
were conducted by Charles River Discovery (NC, USA).

TC-1 cells used for implantation were harvested during log phase
growth. Female C57BL/6 mice were injected with a single-cell suspen-
sion of 2.5 � 105 cells/animal subcutaneously. Tumor growth was
measured using a caliper to determine the tumor size. The first
dose of mRNA-LNP vaccine was given intramuscularly when TC-1
tumors reached an average of 80–120 mm3. The second dose of
mRNA-LNP was given 7 days after the first injection. For some
experiments, anti-CTLA-4 9H10 (Bio X Cell, West Lebanon, NH,
USA; lot no. 624316D1B) was administered intraperitoneally
(5 mg/kg on day 0; 2.5 mg/kg on day 3 and day 6) or DMXAA (Inviv-
oGen, San Diego, CA, USA) was coadministered with the mRNA vac-
cine intramuscularly (200 mg/animal).

For the TC-1 luc study, female C57BL/6 Albino mice (B6N-Tyrc-Brd/
BrdCrCrl, 8 weeks old; Charles River) were injected intravenously
with 5� 105 cells. Luciferase activity was measured in live animals us-
ing IVIS SpectrumCT (PerkinElmer, Waltham, MA, USA) equipped
with a charge-coupled device camera. On the day of imaging, animals
2236 Molecular Therapy Vol. 29 No 7 July 2021
were injected with VivoGlo D-luciferin substrate (Promega, Madison,
WI, USA; #P1043) (150 mg/kg intraperitoneally). Light emitted from
the bioluminescent cells was detected, digitalized, and imaged to allow
for anatomical localization. Data were analyzed and exported using
Living Image software 4.5.1 (PerkinElmer). Flux (photons/s) equaling
the radiance in each pixel summed or integrated over the region of
interest (cm2) � 4p was used to report quantifiable bioluminescent
signal reflecting tumor burden.

Statistical analyses

Statistical analyses were performed using GraphPad Prism software
(version 7.03). All values and error bars are mean ± standard error
of the mean (SEM) unless otherwise indicated. Comparisons of mul-
tiple groups were performed using one-way analysis of variance
(ANOVA), unless otherwise noted. An adjusted p value of <0.05
was considered significant.

Data and materials availability

All data needed to evaluate the conclusions in the paper are present in
the paper and/or in Supplemental information. Additional data
related to this paper may be requested from the authors.
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