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Stimulator of interferon genes (STING) is a cytoplasmic dinu-
cleotide sensor used as an immunomodulatory agent for cancer
treatment. The efficacy of the STING ligand (STING-L) against
various tumors has been evaluated in mouse models; however,
its safety and efficacy in non-human primates have not been
reported. We examined the effects of escalating doses of
cyclic-di-adenosine monophosphate (c-di-AMP) or cyclic [G
(30,50)pA (30,50p] (30-30-cGAMP) administered intramuscularly
or intravenously to cynomolgus macaques. Both ligands
induced transient local and systemic inflammatory responses
and systemic immunomodulatory responses, including the up-
regulation of interferon-a (IFN-a) and IFN-g expression and
the activation of multiple immunocompetent cell subsets.
Better immunological responses were observed in animals
that received c-di-AMP compared with those that received 30-
30-cGAMP. Multi-parameter analysis using a dataset obtained
before administering the ligands predicted the efficacy
outcome partially. Importantly, the efficacy of these ligands
was reduced in older macaques. We propose that 0.5 mg/kg
c-di-AMP via intramuscular administration should be the
optimal starting point for clinical studies. Our study is the first
to demonstrate the age-dependent safety and efficacy of
STING-L in non-human primates and supports the potential
of STING-L use as a direct immunomodulator in vivo.
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INTRODUCTION
Pattern recognition receptors (PRRs) detect various pathogens and
damage-associated molecular patterns and provide a link between
innate and adaptive immunity.1 As PRR activation triggers signaling
cascades and activates both the innate and adaptive immune systems,
PRR ligands are used as vaccine adjuvants or immune modulators in
the treatment of infectious diseases and cancer.2,3 To date, approxi-
mately 20 PRRs have been reported. Among them, we focused on
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stimulator of interferon genes (STING, also known as MPYS/
MITA/ERIS/TMEM173), as STING ligands are one of the best candi-
dates for producing type I interferon (IFN) and IFN-g in vitro.4

STING is an endoplasmic reticulum-associated PRR that serves as a
sensor of cytoplasmic cyclic dinucleotides (CDNs).5–8 STING is ex-
pressed ubiquitously6–8 and plays an essential role in defense against
DNAviruses or bacterial pathogens. Experiments using Sting-knockout
(KO) mice have shown that STING is essential for type I IFN produc-
tion.9 Furthermore, vaccine-induced cytotoxic T cell (CTL) responses
were reduced in these mice,9 indicating that STING is essential for
inducing the CTL response.

STING activation is triggered in response to CDN—for example, cy-
clic [G (3ʹ,5ʹ)pA (3ʹ,5ʹ)p] (commonly known as 2ʹ-3ʹ-cGAMP) is pro-
duced in response to the activation of cyclic GMP-AMP synthase
(cGAS)—binding.6,10–12 The binding of STING to cGAMP results
in the release of type I IFN via NF-kB activation and TANK binding
kinase 1 (TBK1)-mediated phosphorylation and the subsequent nu-
clear translocation of interferon regulatory factor 3 (IRF-3).

Various agonists have been used to delineate the molecular mecha-
nisms underlying the cGAS–STING axis. 2ʹ-3ʹ-cGAMP is considered
a natural STING ligand (hereafter referred to as STING-L) in human
cells, and bacterial CDNs such as c-di-AMP and c-di-GMP that struc-
turally resemble cGAMP also serve as STING-Ls.5,13 3ʹ-3ʹ-cGAMP
and c-di-AMP have been reported to activate STING in human,14,15
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Figure 1. Safety assessment for the in vivo administration of STING ligands

(A) Schematic depiction of the experimental schedule. Cynomolgus macaques were administered with different doses of STING-L (either c-di-AMP or 3ʹ-3ʹ-cGAMP) intra-

muscularly. (B) Representative images for the inflammatory response at the local administration site. Grades were determined using the criteria described in the materials and

methods section. (C) Statistical values of scoring in each dosing group are shown. The terms mean, max, and occurrence indicate the mean and maximum scores, and the

(legend continued on next page)
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rhesus monkey, and cynomolgus macaque peripheral bloodmononu-
clear cells (PBMCs) in vitro.4,16 In addition to mammals, diverse
species express STING; these include zebrafish, frogs, fruit flies, sea
anemones, and bacteria.17 However, some ligands exhibit species-spe-
cific properties. For example, murine STING-L DMXAA and its de-
rivative CMA can activate rodent STING, but not human STING.18,19

The intratumoral administration of synthetic CDNs has been re-
ported to induce tumor regression at both primary and metastatic
sites and stimulate the recruitment of tumor-specific CD8 T cells.20

Therefore, STING has been recognized as an attractive target for
treating tumors.21,22 Thus, STING-Ls can serve as potent immuno-
therapeutic agents, and various types of STING-Ls have been
examined in clinical trials.23

Although the activity of the cGAS-STING axis is rigidly controlled by
a negative-feedback loop,24 sustained STING activation results in le-
thal STING-dependent proinflammatory diseases in mice25,26 and
autoimmune diseases in humans.27–29 Thus, an analysis of the safety
of in vivo STING-L administration using clinically relevant animal
models, such as non-human primates (NHPs), is an important first
step to harnessing these ligands for clinical therapies. However, the
safety and efficacy of a single intratumoral dose or the systemic
administration of STING ligands in vivo have been studied primarily
in mice.20,30 In this respect, NHPs are highly useful preclinical models
as their physiological properties and susceptibility to diseases are
more similar to humans than those in rodents.31,32 Furthermore, ma-
caques show greater within-species genetic diversity than genetically
uniform mouse models, enabling analysis of individual differences
induced during the treatment. Given the therapeutic potential of
STING-Ls, a relevant model to study STING-L-induced cellular re-
sponses in humans is required. However, the outcome of STING-L
administration to NHPs is limited to only a few reports.33,34 There-
fore, we aimed to investigate the potential of STING-Ls as direct
immunomodulators using an NHP model.

RESULTS
Reactogenicity of single-dose administration of STING-Ls to

cynomolgus macaques

Cynomolgus macaques were administered STING-Ls (c-di-AMP or
3ʹ-3ʹ-cGAMP) via the intramuscular (i.m.) route. Follow-up was
performed for 14 days with blood sampling, and the local adverse re-
sponses at the administration site were recorded using photographs
and evaluated visually using a five-grade-point scale (Figures 1A,
1B, and S1A). No grade 4 adverse effects were observed in the exam-
ined macaques (Figures S1B and S1C). Scoring indicated minimal or
number of observations for each macaque over 14 days, respectively. The score differen

counts of small (lymphocytes), medium (monocytes/eosinophils/basophils), and large-size

the c-di-AMP (top) or the 3ʹ-3ʹ-cGAMP group (bottom) after the intramuscular (i.m.) admin

0.5, and 1.0 mg/kg doses, respectively. (E) Variations in the absolute counts of small (ly

trophils) are shown. Datawere obtained from the complete blood counts of the i.m. (top) or

lines indicate the 0.1 and 0.5 mg/kg doses, respectively. (F) Comparison of i.m. with i.v. ad

rank test (D-F, 0 hr vs each timepoint) and by Kruskal-Wallis test (C). Statistical significan

Molecular
mild inflammatory responses at the administration site, which
emerged 8 h to 7 days post-administration (8 hpa to 7 dpa;
Figures S1B and S1C). However, these responses gradually subsided
within 2 weeks. Erythema was observed in most cases, although the
severity of the phenotype was mostly minimal or mild. In contrast,
edema was observed in five macaques, and no macaque had a score
greater than grade 2 over 14 days. There were no statistically signifi-
cant differences between the dosage groups (Figure 1C), indicating
that the magnitude and occurrence of edema and erythema depend
on the individual macaque background rather than the dose admin-
istered for a range of 0.1–1.0 mg/kg.

After the administration of STING-Ls, neutrophil counts detected by
complete blood counts (CBCs) began to increase at 8 hpa and subse-
quently returned to the baseline within 3–7 days (Figures 1D and
S1D). Conversely, lymphocyte counts decreased at 8 hpa and re-
turned to baseline within 3–7 dpa when using either ligand. These sys-
temic inflammatory responses were independent of the ligand type.
Similar responses were observed between dose groups, and the
magnitude of the response did not change in a dose-dependent
manner (Figures 1D and S1D).

To compare the administration routes, three macaques were treated
via the intravenous (i.v.) route with 0.1 or 0.5 mg/kg STING-Ls. As
observed with the i.m. route, the i.v. route also resulted in the
transient upregulation of neutrophils and concomitant reduction in
lymphocytes, but these values returned to baseline within 14 days
(Figure 1E). There was no significant difference in absolute counts
for each subset at 8 hpa between i.m. and i.v. routes (Figure 1F).

Systemic cytokine release triggered by single-dose STING-L

administration

We examined the levels of proinflammatory cytokines in the plasma.
Levels of IL-1RA and IL-6 began to increase at 8 hpa and gradually
declined after that (Figures 2A and 2B). Scoring and CBC data re-
vealed the absence of a clear dose dependency; however, the signifi-
cant upregulation of IL-1RA or IL-6 levels at 8 hpa was not observed
when using 0.1 mg/kg c-di-AMP. This suggested that the effect of
STING-Ls on proinflammatory cytokines was dose dependent be-
tween doses of 0.1 and 0.5 mg/kg; however, no significant difference
was observed using a dose greater than 0.5 mg/kg. These results
indicate that the i.m. administration of STING-L is safe up to a con-
centration of 1.0 mg/kg in cynomolgus macaques.

Next, to investigate the immunological benefits of STING-L
administration, we evaluated the plasma levels of cytokines with
ces between the groups were not statistically significant. (D) Variations in the absolute

d cells (neutrophils) are shown. Data were obtained from the complete blood counts of

istration of STING ligands. The blue, black, and red dots and the lines indicate the 0.1,

mphocytes), medium (monocytes/eosinophils/basophils), and large-sized cells (neu-

intravascular (i.v.; bottom) administration of c-di-AMP. The blue and black dots and the

ministration at 8 h post-administration. p values were calculated by Wilcoxon signed-

ce is indicated using * for the values *p < 0.05 and **p < 0.01.
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Figure 2. Changes in the level of plasma cytokines post-STING ligand administration

(A–D) Graph of the kinetics of IL-1RA (A), IL-6, (B) IFN-a (C), and IFN-g (D) levels in plasma after the intramuscular administration of STING ligands. p values were calculated by

Wilcoxon signed-rank test (0 hr vs each timepoint). Statistical significance is indicated using * for the values *p < 0.05 and **p < 0.01. (E) Comparison of the changes in plasma

cytokine levels between intramuscular (i.m.) and intravenous (i.v.) routes. The blue, black, and red dots and the lines indicate the 0.1, 0.5, and 1.0 mg/kg doses respectively.
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immunomodulatory functions. IFN-a levels increased at 1 dpa and sub-
sequently returned to baseline in macaques treated with >0.5 mg/kg
c-di-AMP (Figure 2C). A similar increase was observed in the 3ʹ-3ʹ-
cGAMP-treated group; however, significant differences were only
observed with the highest dose (1.0 mg/kg). Likewise, a dose of
>0.5 mg/kg STING-L increased plasma IFN-g levels at 1 dpa (Fig-
ure 2D). The induced levels of IFN-a and IFN-g were approximately
100 pg/mL, which was higher than those induced by CpG-DNA (K3)
or poly(I:C), as previously reported.35 These results indicated that a
dose of 0.5 mg/kg STING-L is required to induce detectable plasma
levels of functional cytokines such as IFN-a or IFN-g in macaques.

We also examined the route-dependent induction of functional cyto-
kines by STING-Ls (Figure 2E). Compared with that with i.m. admin-
istration, no IFN-g was induced by i.v. administration (Figure 2E
middle). Further, IL-6 expression was higher and broadly induced
by i.v. administration (Figure 2E right). This led to the conclusion
that the i.m. route is more appropriate than the i.v. route for the in-
duction of functional cytokines without inducing sustained proin-
flammatory cytokines.

We next performed correlation analyses (Figure S2) to examine the
relationships between cytokines. The correlation matrix indicated
several correlations between cytokines at 8 h to 1 dpa (Figure S2A).
In particular, we observed correlations between the levels of IL-1RA
and IL-6 (Figure S2B) and IFN-a and IFN-g at 1 dpa (Figure S2C).
Of note, correlations between the levels of IL-6 at 8 hpa and IFN-g
at 1 dpa suggested that preceding IL-6 induction potentially contrib-
utes to the induction of IFN-g (Figure S2D).

Effect of single-dose STING-L administration onmonocytes and

dendritic cell (DC) subsets

Next, we examined the effect of STING-L on the frequency and phe-
notypes of the PBMC subsets by multicolor flow cytometry. We and
others previously described the effect of PRRs on monocytes in cyn-
omolgus macaques.35 Accordingly, we examined the effects of
STING-Ls on monocytes. The counts of intermediate monocytes
(iMos) —defined by the expression of CD14 and CD16— increased
transiently at early time points (day 1–2) and subsequently returned
to the baseline within 7 days (Figures 3A, 3B, S3A, and S3B). The
expression of CD169/Siglec-1, an activation marker,36 was upregu-
lated at 1 dpa and returned to baseline on day 7 (Figures 3C, 3D,
and S3C). The change in monocyte composition and activation of
iMos after STING-L administration indicated the presence of tran-
sient inflammatory responses, as indicated by CBCs and ELISA.

Recently, human CD169+ classical monocytes (cMos) were found to
express greater levels of co-stimulatory molecules, relative to those in
CD169-negative monocytes, and boost antigen presentation to CD8
T cells.37 To examine the co-stimulatory molecule expressed on
CD169+ monocytes of cynomolgus macaques, we compared the
expression of CD80 between the CD169+ and CD169� subsets at 1
dpa. The frequency of CD80-positive cells was increased in the
CD169+ cMo or iMo (Figure 3E) groups compared with that in the
Molecular
CD169� counterparts, indicating that these subsets may contribute
to the activation of CD8 T cells.

Circulating DCs are themain producers of IFN-a in blood. Therefore,
we investigated myeloid/conventional DC (mDC) and plasmacytoid
DC (pDC) activation in response to STING-L administration (Fig-
ure S3A). Increased surface expression of CD80 in mDCs was de-
tected at 8 hpa in the c-di-AMP-treated group and at 1 dpa in the
3ʹ-3ʹ-cGAMP-treated group (Figures 3F and S3D). The activation of
pDCs was also observed in some macaques, though significant
differences were not observed except at 2 dpa in the 0.5 mg/mg
c-di-AMP-treated group. As DCs show some transient level of activa-
tion, theymay contribute to the IFN-a productionmeasured in blood.
Although we do not have immunohistochemical data, a local in situ
search for IFN-a by immunohistochemistry would help decipher
the cell type that contributes to its production more precisely.

We generated a correlation matrix to assess the relationship between
the activation of DC/monocyte subsets and cytokine production (Fig-
ure S3E). Of note, we found correlations between the percentage of
CD169+ cells in monocytes and the levels of IL-1RA or IL-6 at 1
dpa (Figure S3F), suggesting that the induction of inflammatory cyto-
kines potentially depends on monocyte activation. Although correla-
tions between CD80 expression in DC subsets and the levels of IFN-a
were not observed, CD40 expression in DCs at 8 hpa was positively
correlated with IFN-a levels, suggesting that DC activation could
contribute to the induction of type I IFN (Figure S3G).

Effect of single-dose STING-L administration on T and NK

lymphocyte subsets

We further assessed the effect of STING-L administration on T and
NK cell subsets. NK cell counts in the blood gradually decreased
from 8 hpa of STING-L administration and returned to steady-state
levels by day 7 in both groups (Figures 4A, 4B, S4A, and S4B). An
assessment of T cell subsets showed that the proportion and number
of CD4 or CD8 T naive, T central memory, and T effector memory/T
effector cells (hereafter referred to as Tn, Tcm, and Tem/Teff, respec-
tively) changed gradually upon STING-L administration before re-
turning to normal within 3 days (Figures 4C, 4D, and S4C). The
potentially adverse effect of STING-Ls on the T and NK cell subsets
was transient but reversible; however, the recovery kinetics of these
cells were faster than those of NK cells, consistent with a previous
report showing that humanNK cells are more susceptible to cell death
than T cells.38

Next, the activation and proliferation of T and NK cells were exam-
ined in the respective subsets (Figures S4E–S4O). As the timing of
the activation peak differed in each macaque, the fold-induction fre-
quency of activation/proliferation markers at the peak time point was
analyzed relative to pre-administration values. Overall, increased
expression of CD69/CD25/Ki-67 was observed in all NK subsets of
ligand-treated groups; however, significant differences were only
observed with specific subsets and ligands (Figure S4F). Collectively,
these results suggest that a single dose of STING-Ls can potentially
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induce the transient activation of NK cells in the blood of cynomolgus
macaques.

As observed for NK cells, CD69-positive cell counts in the Tcm
and Teff/Tem groups increased within 3 days; however, significant
differences were observed in the c-di-AMP-treated group alone
(Figures S4H and S4J). Similarly, no significant changes in CD25, Ki-
67, and PD-1 (a representative checkpointmolecule), as well as the che-
mokine receptor CXCR3 and transcription factor T-bet, both of which
Molecular
are functional markers of CD8 T cells, were noted (Figures S4H and
S4J); however, no markers were commonly upregulated by STING-L
administration, except PD-1 expression in CD8 Tem/Teff cells.

The systemic administration of STING-L has been reported to induce a
tolerogenic response via mDC and Treg activation in a mouse model.39

Therefore, we examined the frequency and activation of Tregs—FoxP3-
and CD25-positive cells— in the CD4 T total memory subset (Fig-
ure S4D). The Treg frequency was reduced in the STING-L-treated
Therapy: Methods & Clinical Development Vol. 28 March 2023 105
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groups (Figure S4L), andTregactivationwasobserved in the c-di-AMP-
treated group. The frequency of Ki-67-positive cells among Treg
populations was significantly increased in both groups (Figure S4M),
suggesting that STING-Ls potentially induce Treg proliferation.

To directly compare the activation status of eachNK and T cell subset,
NK and T cell activation data were summarized based onmean values
and plotted as radar plots (Figure S4O). The induction of CD69 was
most prominently observed in the CD56dim NK subset and Tem/Teff
subsets of CD4 and CD8 T cells. Furthermore, c-di-AMP resulted in a
higher mean value than 30-30-cGAMP, but no clear dose dependency
was observed. Collectively, these results indicate that a single dose of
STING-Ls transiently activates T and NK cells in cynomolgus ma-
caques and that c-di-AMP is a better inducer of this activation. Of
note, transient B cell activation was also observed; however, for
simplicity and to focus on T and NK cells, we omitted the B cell
data from the subsequent analysis (Figures S4P–S4S). Lastly, the
fold-induction of CD69 in both CD4 and CD8 Tem/Teff cells was
correlated with the levels of IFN-a at 1 dpa (Figures S4T and S4U),
suggesting that the activation of T cells potentially depends on the
induction of type I IFN.

Simultaneous evaluation of safety and efficacy by multi-

parameter analysis

To evaluate the safety and efficacy responses in individual macaques,
we performed principal component analysis (PCA) using the datasets
reflecting the safety or efficacy aspect of the responses obtained before
(T0: 0 hpa) and after (T1: peak, at which the maximum response was
observed) administration. PC1 values from the PCA-safety (PC1-
safety, Figure S5A, left) and PCA-efficacy (PC1-efficacy, Figure S5A,
right) data were plotted to visualize the relationship between safety
and efficacy (Figures 5A and S5B). The results showed clustering of
the T0 and T1 subsets. The local responses in each macaque were
re-analyzed to validate the results of the PCA. High occurrence values
for erythema correlated with higher PC1-safety values, and the results
partially reflected local erythema responses without using local
parameters for plot generation (Figure S5C).

Next, to examine the magnitude of the response efficacy in individual
macaques, we classified the macaques into two groups, good (R1 and
R2 in Figure 5A) and poor efficacy (R3 in Figure 5A) groups, based on
the PC1-efficacy values. Compared with that in the 30-30-cGAMP
group, the c-the di-AMP group frequently showed a good profile (Fig-
ure 5B). Dose and ligand dependency was examined by PC1 safety or
efficacy values. There were no dose-dependent differences (Fig-
ure 5C), and the 30-30-cGAMP group showed higher PC1-safety
values (Figure 5D), suggesting that c-di-AMP is safer than 30-
30-cGAMP. Though ligand-dependent differences in PC1 efficacy
values were not observed, a higher fold-induction of CD69 in the
c-di-AMP group compared with that in the 30-30-cGAMP group
was observed (Figures 5E and 5F), suggesting that c-di-AMP is better
in terms of efficacy as well. Taken together, we concluded that the i.m.
administration of 0.5 mg/kg c-di-AMP would be the optimal condi-
tion to observe a better efficacy and safety profile.
106 Molecular Therapy: Methods & Clinical Development Vol. 28 March
Prediction of STING-L administration efficacy responses

We next determined if pre-administration immunological variables
could predict themagnitude of the response efficacy to STING-L in in-
dividual macaques. We hypothesized that a key variable for response
prediction would be the expression of the STING receptor. The in vivo
effects of STING-L on various subsets of PBMCs, as summarized pre-
viously herein, indicate that these could serve as direct ligand targets.
STING is expressed ubiquitously6–8; however, steady-state STING
expression in each PBMC subset is not well characterized. Therefore,
we investigated STING expression in each PBMC subset using multi-
color flow cytometry. Using an anti-STING antibody clone validated
with a STING-KO line (Figure S6A), we examined STING expression
in cynomolgus macaque PBMCs. Antibody-specific signals were de-
tected in all subsets analyzed (Figures 6A and S6B–S6D), although
the difference between the isotype control and STING antibody stain-
ing was not obvious in B cells, several NK subsets, and neutrophils.
STING expression was observed in DCs, monocytes, T cells, and
CD56high NK cell subsets. Next, we compared the frequency of
STING-positive cells in each subset. Monocytes showed the highest
percentage of STING-positive cells, and CD4 T cells showed a higher
percentage of STING-positive cells than CD8 T cells among the T cell
subsets (Figures 6B and 6C). STING expression levels were different in
each macaque, but macaques showing greater STING expression in
one subset tended to have higher STING levels in other subsets, indi-
cating that expression is regulated in individual macaques at the whole
PBMC level. Correlation analysis revealed that most of the parameters
indicating STING expression were highly correlated with each other
(Figure S6E); however, those did not correlate with cytokine expres-
sion. There was even a slight inverse correlation between the percent
STING+cells amongpDCs and the levels of IFN-a at 8 hpa (Figure S6F
left), but not at 1 dpa, suggesting that type I interferon induction is un-
likely to depend on STING expression levels. Similarly, a correlation
between STING expression and the levels of IL-1RA at 1 dpa, but
not at 8 hpa, was observed (Figure S6F right). These data suggested
that the level of cytokine production may not depend on the level of
STING expression.

To predict the magnitude of the response efficacy, we selected
parameters that contributed to the differences between good- or
poor-efficacy groups using standard statistical tests (Figure 6D).
Among the 55 parameters analyzed in each dataset, twenty-six
showed significant differences (Figure S7A). The heatmap and box-
plots revealed clear differences between the two groups (Figures 6E
and S7B). Based on the selected parameters, the macaque responses
were further characterized using additional PCA. Interestingly,
groups with good or poor efficacy were partially clustered based on
the pre-administration variables obtained from the blood analysis
(Figure 6F), suggesting that these parameters could be useful as bio-
markers to predict responses before STING-L administration. To
validate the prediction of good and poor profiles, the leave-one-out
cross-validation approach was applied using three methods (Fig-
ure S7C). The data demonstrated that either the neural network- or
random forest-based method resulted in more than 70% accuracy
(Figure 6G).
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Figure 5. Multi-parameter analysis of the effect of STING ligands

(A) Scatterplot depicting the PC1 values from two principal component analyses (PCAs) for safety and efficacy. Filled circles indicate the time points (T0: pre, T1: post). The

colors indicate regions gated using the highest values of T0. (B) Proportions of macaques showing good or poor profiles are shown. (C) The PC1-safety (top) or PC1-efficacy

(bottom) in each dose group is shown. The colors indicate the efficacy groups defined by PC1 (efficacy; Good: good efficacy profile; Poor: poor efficacy profile). (D) PC1-safety

(left) or PC1-efficacy (right) in each ligand group is shown. (E) CD69 induction in each ligand group is shown. (F) The statistically significant parameters and results of statistical

tests comparing two STING ligands are shown as a table. Red text indicates higher values. p values were calculated by Mann-Whitney U test. Statistical significance is
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Figure 6. Prediction of the effect of STING ligands using multi-parameter analysis

(A) Representative flow cytometry data for anti-STING-PE (red) or isotype-PE (gray) staining in each peripheral blood mononuclear cell (PBMC) subset. (B) Boxplots for

frequency of STING-expressing cells in each subset. The values are background (isotype-PE) subtracted. Colors indicate the scaled value in monocytes. (C) The result of

statistical comparison of STING expression between each subset is shown as a heatmap. Statistical significances calculated by Wilcoxon signed- rank test are indicated

using asterisks (as adjusted p values for multiple comparisons). To show which subset is higher in each comparison, colors indicate the statistic value from paired Student’s t

test; blue indicates higher in the subset shown on y axis; red indicates higher in the subset shown on x axis. (D) Schematic depiction of the prediction of poor or good profiles.

(E) Heatmap of the mean value at T0 for each parameter in the two groups (Good: good efficacy profile; Poor: poor efficacy). Original values were scaled, and variances were

(legend continued on next page)
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Aging is associated with blunted type I IFN responses

Among the parameters contributing to the prediction of a good or
poor profile, age was identified as one of the top-ranked parameters
(Figure S7C). Increasing age affects the immune system’s properties
and capacity, a process often referred to as immunosenescence.40

We, therefore, investigated the effect of aging on the response to
STING-L in more detail. Although animal age distribution was equal
among experimental groups in our study design (Figure S8A), it was
higher in the poor-efficacy group (Figure 7A), in which the produc-
tion of functional cytokines was lower (Figure 7B). Further, lympho-
cyte and neutrophil numbers at pre-administration were inversely
and positively correlated, respectively, with age (Figure 7C), consis-
tent with our previous findings using human PBMCs, where the
balance between lymphoid precursors and myeloid precursors was
shifted toward myeloid precursors with aging due to altered hemato-
poiesis of hematopoietic progenitor cells.41 Inverse correlations
between age and functional cytokine production (Figure 7D) suggest
that age is associated with efficacy outcomes. In addition, erythema-
related parameters were correlated with age (Figure 7E), suggesting
that age is also associated with local inflammatory responses induced
by STING-L. Interestingly, pDC activation was inversely correlated
with age (Figures 7F and S8B), suggesting that the age-dependent
reduction in pDC activation would be one of the reasons for the
blunted type I IFN responses in older monkeys. Lastly, to validate
the effect of aging on the production of cytokines induced by the
in vivo administration of STING-L, we utilized an additional aging
cohort. In this cohort, monkeys were categorized into young and
older groups (Figure 7G left), and naive T cells were reduced in the
older group (Figure 7G right). In vitro stimulation of PBMCs by
STING-L induced IFN-g production in both groups; however, older
monkeys had lower IFN-g levels than young ones (Figure 7H),
although the level of IFN-a and IL-6 was not different between the
age groups (data not shown).

DISCUSSION
The selection of the ligands, their dose, and their administration route
are critical for elicitingbeneficial immuneactivationwith immunomod-
ulatory drugs. Here, we investigated the safety and efficacy of two clin-
ical grades of STING-L in vivo in NHPs. Using dose-escalation experi-
ments via two routes, we demonstrated systemic inflammatory
responses for doses up to 1.0 mg/kg, including a change in CBCs and
the transient increase and activation of iMos. Concurrently, the number
of T and NK cells in the blood decreased immediately after STING-L
administration but recovered within 3–7 days. The local edema and er-
ythema responses resolved within 2 weeks, indicating that a single i.m.
administration of these ligands was safe up to a dose of 1.0 mg/kg.

Recently, the effects of two novel STING-Ls, ADU-S100 and CF501,
in rhesus macaques were reported, the first for suppressing nocicep-
adjusted to 1. Maximum and minimum values were colored green or violet. (F) Principal c

the statistically significant data shown in Figure S5D. The colors indicate the efficacy gro

show the accuracy or kappa values of prediction cross-validated by the leave-one-out cr

profiles by machine learning (three distinct modeling algorithms were used; GLM, gene

Molecular
tion33 and the second as an adjuvant for the COVID-19 vaccine.34

However, neither study assessed the safety of ligand administration
in detail. Therefore, this study is the first to demonstrate the safety
of STING-L using NHP models.

Tumorigenesis can be suppressed immunologically; however, tumor
immunogenicity can be altered to increase host immunocompetence.
This concept is termed “cancer immunoediting” and originated from
the immunosurveillance hypothesis.42 The induction of type I IFN
and IFNg is independently associated with immunosurveillance, and
the cross-priming of tumor-specific CD8 T cells is key for tumor
suppression.43,44 In addition to tumorigenesis suppression, type I
IFNs contribute to tumor regression in various anticancer therapies,
including radiation and the activity of antibodies against growth
factors, immunomodulatory drugs, oncolytic viruses, and checkpoint
inhibitors.45

STING activation by tumor-derived cytosolic DNA, or the administra-
tion of STING-L, and the consequent production of type I IFN primes
tumor-specific CTLs.20,46,47 To evaluate the efficacy of STING-L, we
examined the functional cytokines induced in the plasma. Consistent
with the results of a previous in vitro study,4 IFN-a and IFN-g levels
were upregulated in response to c-di-AMP and 3ʹ-3ʹ-cGAMP adminis-
tered at high doses (>0.5 mg/kg). Furthermore, the transient activation
of DCs was found to have the same kinetics as those of cytokines,
indicating that both ligands can potentially enhance the activity of
T/NK cells by conditioning the environment for lymphocytes via DC
activation.

STING is expressed in multiple cell types, and cell-type-specific
intrinsic STING activity has been demonstrated. To evaluate the con-
sequences of STING-L administration, the effect on different cell
types should be examined carefully. A recent in vitro study showed
that CD169-expressing monocytes boost the capacity for the cross-
presentation of antigens to CD8 T cells in human PBMCs.37 There-
fore, the upregulation of CD169 levels induced by STING-L in mono-
cytes could enhance T cell immunity. Consistently, expression of the
CD80 co-stimulatory molecule in monocyte subsets was upregulated
in CD169-positive subsets, as shown in human PBMCs.

Among DC subsets, mDCs are known as professional antigen-present-
ing cells, andpDCsare considered the sourceof type I IFNproduction.48

Therefore, type I IFNproduction bymDCs is generally underestimated.
In our study, the transient activation of mDCs was observed in the
ligand-treated macaques, although pDC activation was only observed
in some macaques (Figure 3F). Results from an in vitro study showed
that STING-L triggers type I IFN production in human pDCs, with
increased expression of co-stimulatory molecules.49 In vivo, mDCs,
but not pDCs, were shown to be the source of type I IFN after infection
omponent analysis (PCA) plot generated using selected parameters at T0 based on

ups defined by PC1 (efficacy; Good: good efficacy; Poor: poor efficacy). (G) Graphs

oss-validation method. The x axis indicates the method used to predict good or poor

ralized linear models; NNET, neural network classifier; RF, random forest model).
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Figure 7. Age-dependent changes in responses induced by STING ligands

(A) Boxplots showing the age in the Good vs. Poor profile groups. (C) Scatterplot showing the correlation between age and lymphocytes (CBC_small, left) or neutrophils

(CBC_large, right) before STING ligand administration, as determined by complete blood counts (CBCs). (D) Scatterplot showing the correlation between age and IFN-a (left)

or IFN-g (right) at 1 dpa. (E) Scatterplot showing the correlation between age and statistical values of local inflammation; MEAN (left) or MAX (right). (F) Scatterplot showing the

correlation between age and immunological values; percent CD80+ among plasmacytoid dendritic cells (pDCs). (G) Boxplots showing the age (left) and naive T cell count

(middle and right) in young vs. older groups derived from macaques of another cohort. (H) Boxplots showing IFN-g expression in young vs. older groups after in vitro STING

stimulation. p values were calculated by Mann-Whitney U test (A, B, G, H) or Spearman’s correlation analysis (C, D, E, F). Statistical significance is indicated using * for the

values *p < 0.05, **p < 0.01 and ****p < 0.0001.
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with TLR-independent viruses and subsequent STING activation.50

Taken together, both DC subsets could be a source of type I IFN and
contribute to the antitumor effects mediated by STING-L.

NK cells are cytotoxic lymphocytes and are especially important for
controlling poorly immunogenic tumors.51 A recent study showed
that the NK cell-dependent killing of tumor cells in vivo requires
the enzymatic activity of cGAS to produce tumor-derived cGAMP,
which in turn activates STING in host cells.52 In this study, we
analyzed the activation of each NK subset via CD69 expression anal-
ysis, and the results indicated that ligand-dependent NK activation is
commonly observed independent of CD16 and CD56 expression. In
contrast, tumor proliferative activity, analyzed based on Ki-67 expres-
sion levels, was observed when 3ʹ-3ʹ-cGAMPwas used. A similar 3ʹ-3ʹ-
cGAMP dependency was also observed in CD4 and CD8 T cells.
CDN-dependent differences in effector functions are well docu-
mented in bacteria,13 although the differences in mammals remain
unclear. One explanation for the ligand-dependent exertion of down-
stream functions relates to the steric effect during binding to
STING,19 as human STING showed a reduced IFN response to 3ʹ-
3ʹ-cGAMP compared with 2ʹ-3ʹ-cGAMP. Alternately, unidentified
oligodeoxynucleotide partners may be associated with the effect dif-
ferences observed. For instance, the oxidoreductase RECON binds
to the bacterial CDNs, but not eukaryotic CDNs, and antagonizes
the STING pathway.53

Recently, PD1high TCF1+ CD8 T memory stem (Tscm) cells have been
shown to play a pivotal role in controlling tumors.21,22 STING-L in-
creases the Tscm frequency when naive CD8 T cells are treated
in vitro, and STING-L administration in vivo activates the antitumor
response owing to an increase in CD8 Tscm cells.54 Consistent with
these results, STING-L induced an increase in thenumberofCD69-pos-
itive activated CD8 T cells, and PD-1 expression was increased in CD8
Tem/Teff cells.

STING is expressed in human PBMCs,DCs,monocytes, and T cells but
not inmacrophages andB cells.29,55Thus, the administrationof STING-
L can potentially induce awide range of cellular responses in various cell
types. In addition to type I IFN production, the modulation of intrinsic
T cell activity by STING-L has recently been demonstrated in CD8
T cells.54 Thus, prior knowledge of cell types that are potentially affected
by the administration of STING-L is important for developing STING-
L as a therapeutic agent. We examined STING expression in the main
cell subsets of cynomolgus macaque PBMCs using multicolor flow cy-
tometry. As in human PBMCs, higher expression of STING was
observed inmonocyte andDC subsets in cynomolgusmacaques. Addi-
tionally, NK, CD4, and CD8 T cells were present at lower levels than
monocytes/DCs, consistent with proportions in human PBMCs.29,55

STING expression in neutrophils and B cells was low, but distinct
STING-positive cells were observed, suggesting that these cells can
potentially express STING under certain conditions. Consistent
with these results, STING expression in B cells has been reported in
mice.56 Further analysis is required to clarify the expression of these
subsets.
Molecular
Variables derived from individual genetic, physiological, and patholog-
ical backgrounds are hurdles to the success of clinical trials. To over-
come these limitations, a systems biology approach for vaccine develop-
ment, called “systems vaccinology,” has emerged as a new concept to
analyze vaccine outcomes.57 Using systemic multi-parameter analysis,
the efficacy of the influenza vaccine was predicted before vaccination.58

Compared with the uniform genetic background of mice, NHPs have
several genetic backgrounds within species, which potentially reflects
the diverse responses inhumans. Therefore,we investigated the individ-
ual differences inducedby STING-L. Inourmodel, complexphenotypes
associated with safety and efficacy described by the multiple
experimental data were converted to simple values using a dimensional
deduction approach, and a better safety and efficacy profile was demon-
strated in the c-di-AMP group compared with that in the 30-30-cGAMP
group.

Age emerged as a key determinant of the grouping of good or poor
profiles, illustrating the effect of aging and immunosensecence40 on
in vivo responsiveness to STING-L. Age was higher in the poor profile
group and correlated with the level of functional cytokines. Given the
inverse correlation between pDC activation and age, we hypothesized
that an age-dependent decrease in pDC activation could contribute to
the diminished type I IFN induction in older individuals. Though we
could not find a correlation between the level of proinflammatory cy-
tokines and age (data not shown), the local inflammatory response
was positively correlated with age, suggesting that aging affects not
only the efficacy but also the safety of immunomodulatory drugs.
These age-related safety and efficacy profiles of STING-L align with
previous findings with other ligands for PRRs in human PBMCs.59

Our work provides the first in vivo demonstration of such effects in
primates to our knowledge.

This study has several limitations. In this study, we analyzed immune
parameters mostly from cells in the blood but not at the injection site,
where the STING-L concentration is likely to be the highest. As pDC
is known to be activated in tissues,60,61 the immune profiling of tissues
would give a different perspective. In this study, we did not show
vehicle-only treatment controls due to the limitation of available
monkeys. Nevertheless, we previously showed that type I IFNs was
not upregulated by vehicle-only treatment in a study of TLR9 agonists
on macaques from the same colony.35 Further, we confirmed the
expression of STING only at the base level and did not analyze the
variation in response to positive feedback from type I IFN. Addition-
ally, the expression levels of various key signaling molecules down-
stream of the cGAS–STING pathway were not evaluated. Lastly, cyto-
kine measurements in this study were performed by ordinary ELISA
and not by highly sensitive ELISAs such as SIMOA. We believe that
the accuracy of prediction may be further improved by addressing
these limitations. Besides, the study was also limited due to the num-
ber of monkeys available, and the selection of individuals to allow
averaging the sex and weight differences was not possible. Neverthe-
less, in the macaques used in this study, we did not observe any effect
of weight or sex on the outcome of STING-L administration (data not
shown).
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Toconclude, basedona refined examinationof local or systemic inflam-
mation, the activation and STING expression on the main immuno-
competent cell subsets in cynomolgus monkeys, we propose that
0.5 mg/kg c-di-AMP i.m. administration is the optimal starting point
for clinical studies. This efficacy outcome was partially predicted based
on physiological or immunological parameters obtained before ligand
administration. This study contributes to the development of future
STING-L-based immunomodulatory therapies/vaccines for cancer or
infectious disease, and the methodology described herein could apply
to the development of other therapeutic agents in preclinical stages.

MATERIALS AND METHODS
Animal experiments, PBMC sampling, and hematological

analysis

Cynomolgus macaques, negative for SIV, simian type D retrovirus,
simian T cell lymphotropic virus, simian foamy virus, Epstein-Barr
virus, cytomegalovirus, and B virus, housed at the Tsukuba Primate
Research Center (TPRC), the National Institutes of Biomedical Inno-
vation, Health, and Nutrition (NIBIOHN), were used in this study. In
total, 44 cynomolgus macaques with ages ranging from 4 to 20 years
were divided into three groups for either ligands: 0.1 mg/kg dose (n =
6), 0.5 mg/kg (n = 8), and 1.0 mg/kg (n = 8) (Table S1). Animals of
different ages were adjusted between groups (Figure S8A). Macaques
were administered an increasing dose of either c-di-AMP or 3ʹ-3ʹ-
cGAMP intramuscularly at 1-month intervals. Animal studies were
performed at NIBIOHN with approval from the Committee on the
Ethics of Animal Experiments of NIBIOHN (Approved #DSR03-
22). The animals were supervised by the veterinarians in charge of
the animal facility. PBMCs and plasma were isolated from blood sam-
ples collected at each time point into tubes containing EDTA using
Ficoll-Paque PLUS (GE Healthcare, Buckinghamshire, UK). Purified
PBMCs were incubated in fetal bovine serum (Sigma-Aldrich, St.
Louis, MO, USA, hereafter Sigma) containing 10% DMSO (Sigma,
St. Louis, MO, USA) and stored in liquid nitrogen until analysis.
CBCs were performed using freshly isolated blood with an automated
hematology analyzer (Sysmex K-4500; Sysmex, Hyogo, Japan).

Scoring of the local inflammatory response

Local symptoms at the administration site were visually examined by
a veterinarian, and scoring was performed before dose administration
and at 0 h, 8 h, 1dpa, and subsequently every day for 14 days. The
grades were defined according to a previously described method,62

and the detailed criteria are listed in Table S2. Briefly, a total of five
grades were used, including 0 (none), 1 (minimal), 2 (mild), 3 (mod-
erate), and 4 (severe). To evaluate the overall responses of the individ-
ual macaques, statistical parameters, including the mean (mean score
per day), max (maximum score within 14 days), and occurrence (total
number of time points at which a score greater than 1 was detected),
were calculated.

ELISA or Bio-Plex assay

Plasma was obtained from the blood supernatant during PBMC pu-
rification and was cryopreserved until further use. Plasma cytokine
levels were analyzed using ELISA kits purchased from MABTECH
112 Molecular Therapy: Methods & Clinical Development Vol. 28 March
(Nacka Strand, Sweden) for evaluating monkey IL-6 (3460-1H-6),
monkey IFN (3421M-1H-6), human IFN (3425-1H-6), and human
IL-12/23 p40 (3450-1H-6). IL-1RA levels were analyzed using the
ProcartaPlex NHP immunoassay (IL-1RA, eBioscience) according
to the manufacturer’s protocol. ELISA signals were detected using a
Luminex 200 device (Luminex).

Flow cytometric analysis

Frozen PBMCs were thawed and washed with Roswell Park Memorial
Institute 1640 medium (Sigma), supplemented with 10% FBS (Sigma),
100 unit/mL penicillin, and 100 mg/mL streptomycin (Sigma, the sup-
plementedmedium hereafter, R10). The cells were treated with 1 mL of
50U/mLbenzonase (Merck,Darmstadt, Germany) inR10 for 30min at
37�C.After incubation, the cells were stained using the Fixable Viability
Stain 440UV kit (FVS440, Becton, Dickinson, and Co., Franklin Lakes,
NJ, USA; hereafter BD) at room temperature (hereafter RT) for 5 min.
The cells were subsequently seeded into two plates. Half the cells were
stained using a monocyte/DC panel (Table S3), whereas the other half
of the cells were stained with the T/NK panel (Table S4). The CC-che-
mokine receptor 7 (CCR7) was stained at 37�C for 10 min, and the an-
tibodies for the remaining markers listed in the Tables S3–S4 were
added and incubated at RT for 15 min. Next, intracellular staining
was performedwith the Transcription Factor Buffer Set (BD) according
to the manufacturer’s protocol. After staining, cells were washed twice
with PBS, fixed with 1% paraformaldehyde, and analyzed using the
FACSymphony A5 flow cytometer (BD) equipped with 5 lasers. For
intracellular STING analysis, cells stained with FVS440 were blocked
with an FcR blocking reagent (Miltenyi Biotec, BergischGladbach, Ger-
many) for 10min at RT. Next, cells were stainedwith surface antibodies
listed in Table S5 for 15 min at RT. After washing twice with PBS, cells
were fixed with Lyse/Fix buffer (BD) at 37�C for 10 min, followed by
centrifugation to remove the Lyse/Fix buffer, and were permeabilized
with Cytofix/Cytoperm (BD) at RT for 10min. Cells were washed twice
with Perm/Wash (BD) and stained with either STING-PE (clone: T3-
680) or isotype-PE (clone: MOPC-21) for 20 min at RT. After washing
twice, the cells were resuspended in 1% paraformaldehyde/PBS and
were analyzed using the FACSymphony A5 flow cytometer.

Flow cytometry data processing for safety and efficacy

evaluation of individual macaques

Flow cytometry FCS files were analyzed using the FlowJo software
(version 10.8.1; BD). Plots were generated using the R software
version 4.1.0. using the packages listed in Table S6. Absolute counts
for NK and T cell subsets were calculated using the number of
WBCs, the frequency of lymphocytes in WBCs, and the frequency
of each subset in the lymphocyte gate.

Multi-parameter analysis for safety and efficacy evaluation of

individual macaques

PCA was performed using the prcomp function in the R statistics
package. PCA plots for safety and efficacy were generated separately
using selected parameters (for safety, 16 parameters including CBC at
8 hpa, proinflammatory cytokine levels, the frequency and activation
of iMo, and NK cells and T cell subset absolute numbers were used;
2023



www.moleculartherapy.org
for efficacy, 33 parameters including functional cytokine levels and
activation of DC, NK, and T cell subsets were used). Values were
selected from two time points: the first from day 0 (T0), and the sec-
ond (T1) from the maximum response post-administration (at 8 hpa
for CBC or at 1 dpa for other parameters except for peak values, for
which the original values were selected within 3 dpa). To create a plot
that simultaneously showed analysis for safety and efficacy, PC1
values from the safety and efficacy PCA data were combined and
plotted in two-dimensional space. Individual macaques were classi-
fied into two groups (good-efficacy [n = 16] and poor-efficacy groups
[n = 16]) based on the PC1 values from the PCA-efficacy data to select
the parameters that contributed to efficacy. The differences in 55 pa-
rameters at T0, including age and STING expression of each subset,
were evaluated to compare the two groups using the Wilcoxon test,
and 26 statistically significant parameters were obtained. The selected
26 parameters were used for a second PCA to predict the efficacy
outcome. The parameter values for each macaque were scaled, and
variances were set to 1 within each parameter by the scale function
of the R scales package, and the mean values were plotted to create
a heatmap using the ggplot2 package. Validation of the prediction
was done by the leave-one-out cross-validation (LOOCV) approach
by using three well-established machine learning (ML) algorithms
(e.g., generalized linear models: GLM, random forests: RF, neural
network: NNET). LOOCV is a cross-validation in which each individ-
ual split of the k-split cross-validation uses only one piece of data for
testing and all the rest as training data. The ML modeling was
performed using the caret package.

Measurement of in vitro cytokines

In vitro assessment of the ligand responses was performed as previ-
ously described.4 Briefly, PBMCs obtained from young and older ma-
caques were stimulated with 10 mg/mL c-di-AMP in R10 for 24 h. The
cytokines accumulated in the culture supernatant were harvested and
analyzed by ELISA, as described above.

Statistical analysis

Statistical analyses were performed using R/Bioconductor (R version
4.1.0) or GraphPad Prism (Version 8.3.0; GraphPad Software, San
Diego, CA, USA). The experimental variables were compared using
the nonparametric Wilcoxon signed-rank test or Mann-Whitney U
test unless otherwise mentioned. The Kruskal-Wallis test was used
for Figure 1C. Statistical significance was set at p < 0.05. For the cyto-
kine correlation data, each value of cytokine concentration in plasma
was scaled, and variances were adjusted to 1 within parameters by the
scale function of the R scales package, and Spearman’s correlation
values were calculated.
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