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Amplifying STING activation by cyclic
dinucleotide-manganese particles for local and
systemic cancer metalloimmunotherapy
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Nutritional metal ions play critical roles in many important immune processes. Hence, the effective modulation of metal ions
may open up new forms of immunotherapy, termed as metalloimmunotherapy. Here, we demonstrate a prototype of can-
cer metalloimmunotherapy using cyclic dinucleotide (CDN) stimulator of interferon genes (STING) agonists and Mn?*. We
screened various metal ions and discovered specific metal ions augmented STING agonist activity, wherein Mn?* promoted a
12- to 77-fold potentiation effect across the prevalent human STING haplotypes. Notably, Mn?* coordinated with CDN STING
agonists to self-assemble into a nanoparticle (CDN-Mn?* particle, CMP) that effectively delivered STING agonists to immune
cells. The CMP, administered either by local intratumoural or systemic intravenous injection, initiated robust anti-tumour
immunity, achieving remarkable therapeutic efficacy with minute doses of STING agonists in multiple murine tumour models.
Overall, the CMP offers a new platform for local and systemic cancer treatments, and this work underscores the great potential

of coordination nanomedicine for metalloimmunotherapy.

mmunotherapy is revolutionizing cancer treatment'~; how-

ever, only a small subset of patients respond to immunothera-

pies®. The limited patient response rate has been attributed
to poor anti-tumour immunity in ‘cold’ tumours, character-
ized by a low frequency of pro-inflammatory immune cells and
an immunosuppressive network in the tumour microenviron-
ment (TME)°. Recent studies have shown that the stimulator
of interferon genes (STING) pathway plays critical roles in the
injtiation of anti-tumour immunity and the conversion of ‘cold’
tumour into ‘hot’ tumour®”. Briefly, cyclic GMP-AMP synthase
(cGAS) detects damage-associated double-stranded DNA in the
cytosol and catalyses the generation of cyclic [G(2,5)pA(3',5)
pl (cGAMP), which serves as the second messenger to activate
STING and induce type I interferons (IFNs)*'*!. Preclinical stud-
ies with STING agonists have shown promising anti-tumour effi-
cacy”®. Yet, because of their metabolic instability, limited cellular
permeability and poor drug-like properties, conventional cyclic
dinucleotide (CDN)-based STING agonists are administered intra-
tumourally'>*. However, the intratumour (i.t.) route of adminis-
tration is not applicable for treating metastasis, and i.t. injection
of CDN-based STING agonists has produced disappointing
results in clinical trials'>". Although new STING agonists based
on non-CDN structures have been recently reported for systemic
administration'*"", their toxicity profiles and efficacy are yet to be
studied in clinical trials. Alternatively, nanoparticles, such as those
based on polymers and liposomes, could augment the local and
systemic therapeutic effects of CDN-based STING agonists™'*%,
thus underscoring the potential and utility of nanomedicine-based
delivery of STING agonists.

Emerging evidence has indicated the essential roles of metal
ions in immune regulation®**, including T cell activation (Ca**)*>*
and stemness (K*)?%%, activation of inflammasome (K*, Ca?*
and Na*)*=', pathogen-host interactions (Fe****, Zn?*, Mn?*
and Cu**)*»* and cGAS-STING signalling (Zn?** and Mn?*)*%.
‘Metalloimmunotherapy’ may harness the immune modulatory
functions of metal ions for disease treatment. For example, Mg**
increases NKG2D expression and restores the cytotoxicity of natu-
ral killer (NK) and T cells for Epstein-Barr virus infection treat-
ment*®. Potassium (K*) preserves T cell stemness and increases
the persistence and potency of T cells?. In particular, recent stud-
ies have shown that Mn?>* sensitizes the cGAS-STING pathway to
double-stranded DNA during DNA virus infection™ and syner-
gizes with immune checkpoint inhibitors”, chemotherapy®, in situ
vaccine” and photodynamic therapy*. However, despite their
promise, how to systemically develop an effective metalloimmuno-
therapy and deliver it in appropriate pharmaceutical forms remains
largely unknown.

Here, we have developed a metalloimmunotherapy based on
coordination nanomedicine as a new form of cancer immuno-
therapy (Fig. 1). Briefly, we screened various metal ions for poten-
tial synergy with STING agonists and discovered that Mn** and
Co®" could significantly augment type I IFN (IFN-I) activity of
STING agonists. As Mn** is an essential inorganic trace element
required for the immune system**' and is used in US Food and
Drugs Administration-approved pharmaceuticals*-*, we focused
on the combination of Mn?* and STING agonists. We report here
that Mn?* markedly increases the IFN-I activities of STING ago-
nists in multiple human STING haplotypes. We also demonstrate
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Fig. 1| Amplifying STING activation with CMPs for cancer metalloimmunotherapy. a, The CMP is composed of CDNs, Mn2*, phospholipid-(histidine);,
(DOPE-H11) and a PEG-lipid layer (DOPC:cholesterol:DSPE-PEG5000). Mn?* potentiates the IFN-I activities of STING agonists. Mn?* and CDNs
self-assemble into a coordination polymer. The CDN-Mn?* coordination polymer is coated with DOPE-H11 through Mn-histidine coordination to form
CDN-Mn@DOPE, followed by PEGylation with a PEG-lipid layer, resulting in the formation of the CMPs. b, CMPs boost STING activation: (1) the

CMPs promote the cellular uptake of CDNs and Mn?*, and (2) Mn?* augments CDN-induced STING activation by STING-independent TBK1 and p65
phosphorylation, STING-dependent IRF3 phosphorylation and assembly of the IFNp transcriptional enhanceosome. P, phosphorylation. ¢, CMPs exert
potent anti-tumour efficacy after i.t. or i.v. administration. CMPs reverse the immunosuppressive TME while activating T cells, NK cells and DCs.

Mo, macrophage; TX, treatment. BioRender.com was used to create a and b.
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Fig. 2 | Mn?* augments IFN-I activity of STING agonists. a,b, BMDCs (a) or THP1 (b) cells were incubated with various concentrations of metal ions
with or without 5pM cGAMP, and after 24 h, IFNp secretion was quantified. c-e, THP1 cells expressing hSTING??2 (¢), hSTING"AQ (d) or hSTINGH32
(e) were treated for 24 h with cGAMP with or without Mn?*, followed by quantification of IFNp production. f, THP1 STING®?32 or THP1 STING*® cells
were incubated with increasing concentrations of cGAMP with or without 250 pM Mn?* for 6 h, followed by immunoblotting for marker proteins in
the STING-IFN-I pathway. Representative data from two independent experiments with similar results are shown. g, Pharmacological inhibition of p65
nucleus translocation inhibits Mn?*-potentiated IFNf production. h, Proposed mechanism of the Mn?*-mediated potentiation of STING agonist by
STING-independent TBK1 and p65 phosphorylation and STING-dependent IRF3 phosphorylation. The activation of p65 and IRF3 further facilitates the

assembly of the IFN transcriptional enhanceosome. KO, knockout. i, BMDCs treated with 5pM CDA, 250 pM Mn?* or their combination for 24 h were
analysed for activation by flow cytometry. MFl, mean fluorescence intensity. j-n, CT26 tumour-bearing BALB/c mice were treated by i.t. administration
with 20 pg CDA, 17.5 pg Mn?* or their combination on days 9, 12 and 15 (j), mice were monitored for tumour growth (k1) and survival (), AH1-specific

T cells among PBMCs were assessed by ELISPOT on day 21 (m) and survivors from the CDA + Mn?* group were rechallenged with CT26 cells on day 80
(n). CR, complete response. The data represent mean +s.e.m., from a representative experiment of 2-3 independent experiments with n=3-4 (c-e,g,i)
and n="5-10 (k-n) biologically independent samples. The data were analysed by one-way analysis of variance (ANOVA i,m) or two-way ANOVA

(c-e,g ln) with Bonferroni's multiple comparisons test, or log-rank (Mantel-Cox) test (ILn). *P and #P in | denote the statistical significance relative to the
untreated or Min?* group, respectively. Parts h and j were created with BioRender.com.
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that Mn?* self-assembles with CDN STING agonists to form a
coordination nanoparticle (CDN-Mn?* particle, CMP) that elicits
robust anti-tumour immunity after local or systemic administration
(Fig. 1a,b). Using cyclic di-AMP (CDA) as an example, we show
that CMP,, administered through an either i.t. or intravenous
(i.v.) route significantly increased STING activation, reversed immu-
nosuppression in the TME and exerted remarkable anti-tumour
efficacy (Fig. 1c). Overall, the CMP, a coordination nanomedicine
composed of bioactive metal ions and STING agonists, is a promis-
ing novel platform for metalloimmunotherapy.

Mn?* potentiates STING agonist activity and IFN-I response
Specifically, we examined the cGAS-STING-IFN-I pathway and
screened various nutritional metal ions (for example, Zn**, K¥, Mg**,
Mn?, Ca*t, AP*, Cu**, Fe**, Fe** and Co**) for potentiating STING
agonists as a new form of metalloimmunotherapy. To our surprise,
adding either Mn?* or Co?* to cGAMP dramatically increased the
IFN-1 production in murine bone marrow-derived dendritic cells
(BMDCs; Fig. 2a) and in human monocyte-like THPI cells in
a dose-dependent manner (Fig. 2b and Supplementary Fig. 1a).
Given the previous examples of Mn?*-based pharmaceuticals**,
we further investigated the combination of Mn?* and STING ago-
nists. We examined the impact of Mn?* on human STING (hST-
ING) haplotypes known to exhibit distinct response profiles to
STING agonists. The addition of Mn?* to various concentrations
of cGAMP significantly amplified the IFN-I responses in THP1
cells expressing hSTINGR?*2, hSTING"*? or hSTINGH4Q, achieving
a 77-, 14- and 12-fold dose-sparing effect, respectively (Fig. 2c-e).
The allele frequencies of hSTING**, hSTING"*? and hSTINGHAQ
in humans are 57.9, 20.4 and 13.7%, respectively’. Even the insen-
sitive hSTING"#?, which did not respond to as high as 500 pM
cGAMP, exhibited a strong IFNp response when Mn** was added
(Fig. 2e), suggesting that Mn?* offers a widely applicable strategy
that covers >90% allele frequency of human STING variants. In
addition, Mn** in doses ranging from 500pM down to 62.5pM
amplified the IFN-I-inducing activities of other CDN-based
STING agonists, including CDA (ref. ©*), ADU-S100 (ref. 7) and
2'3'-cGAM(PS)2 (Rp/Sp)*, as well as a non-CDN STING agonist,
diABZI (ref. '*; Supplementary Figs. 1b-e and 2a-e). These results
indicate that the Mn**-mediated potentiation of STING agonists is
a general phenomenon independent of STING variants and STING
agonist structures.

To characterize the mechanism of Mn**-amplified STING acti-
vation, we first performed a thermal shift assay of STING (both
hSTING**? and hSTING"*?) binding to various STING agonists.
However, regardless of the STING agonists and STING variants of
choice, Mn** did not increase the binding affinity between STING
and STING agonists (Supplementary Fig. 3). Thus, we examined
the impact of STING agonist+Mn>" on the downstream of the
STING-IFN-I signalling pathway. Maximal transcription of IFN-I
genes depends on the formation of an enhanceosome, which con-
tains phosphorylated IRF3 and p65 (refs. “-*°). Hence, we focused on
these two transcription factors. The combination of cGAMP + Mn?**
potently enhanced the levels of phosphorylated TBK1, IRF3 and p65
in hSTING?**2 THP1 cells (Fig. 2f). Interestingly, Mn** alone without
cGAMP still induced phosphorylation of TBK1 and p65 (Fig. 2f).
Notably, in STING-knockout THP1 cells and STING-deficient
murine BMDCs from Goldenticket mice (STING#/#"), Mn** trig-
gered STING-independent phosphorylation of TBK1 and p65,
but not IRF3 (ref. *; Fig. 2f and Supplementary Figs. 4 and 5).
In hSTING**? THP1 cells, hSTING"*? THP1 cells and murine
wild-type (WT) BMDCs, the addition of JSH-23, an inhibitor of p65
nucleus translocation®', abrogated IFNp production promoted by
cGAMP +Mn** (Fig. 2g and Supplementary Fig. 5). Taken together,
Mn?* shows STING-independent immune activating potential by
inducing phosphorylation of TBK1 and p65, which is further aug-

mented and translated to IRF3 phosphorylation in the presence of
STING agonists, resulting in amplification of the STING signalling
cascade and production of type I IFNs (Fig. 2h).

We evaluated the effects of STING agonist+ Mn?** on dendritic
cells (DCs). Although CDA or Mn** promoted BMDC maturation
as single agents, the CDA + Mn** combination significantly upregu-
lated CD80 and CD86 on BMDC:s (Fig. 2i and Supplementary Fig. 6).
We examined the therapeutic efficacy of CDA+Mn?*" in vivo.
BALB/c mice were inoculated with CT26 colon carcinoma cells
subcutaneously on day 0, and 20pug CDA, 17.5pg Mn?* (in 40 pg
MnCl,) or their combination was administered intratumourally on
days 9, 12 and 15 (Fig. 2j). CDA 4+ Mn** eradicated CT26 tumours in
80% of mice (Fig. 2k-1). In contrast, CDA monotherapy eliminated
tumours in only 40% of mice, and MnCl, treatment alone showed
no benefit (Fig. 2k-1). We assessed CD8" T cell responses against
CT26 cells by performing the IFNy enzyme-linked immune absor-
bent spot (ELISPOT) assay with peripheral blood mononuclear
cells (PBMCs) restimulated with AH1 epitope (H-2L¢-restricted
SPSYVYHQE the immunodominant MHC-I minimal epitope
of CT26 gp70, ref. **). Mice treated with CDA 4+ Mn?* exhibited a
significantly elevated antigen-specific T cell response, compared
with either CDA or Mn?* monotherapy (Fig. 2m). In addition,
100% of survivors from the CDA+Mn?* treatment group were
resistant to CT26 tumour rechallenge performed on day 80 (Fig. 2n).
These results show that Mn?" potentiates STING agonist
activity and induces robust anti-tumour T cell response with
long-term memory.

CDN-Mn?* self-assembled into CMPs amplify STING
activation

Despite these promising results, the free admixture of CDNs and
Mn?* has a number of limitations, including their poor metabolic
stability, cellular permeability as well as potential safety concerns"’.
We sought to address these issues by developing a delivery system
that can co-deliver STING agonists and Mn?* and achieve dose
sparing with minimal side effects (Fig. 1). We discovered that Mn?**
mixed with various CDNs in methanol, including CDA, cyclic
di-GMP (CDG) and cGAMBP, coordinated their self-assembly into
coordination polymers with diameters ranging from nanome-
tres to micrometres (Fig. 3a). We also observed the formation of
coordination polymers when CDA was mixed in water with either
Mn?* or Zn**, but not with Ca?*, manganese phosphate or calcium
phosphate (Supplementary Fig. 7). Based on the Mn?*-mediated
potentiation of the IFN-I response and the fact that STING ago-
nists in clinical trials are mainly derived from CDA*, we focused
on the CDA +Mn** combination for the remainder of this study.
Isothermal titration calorimetry (ITC) analysis indicated that the
CDA-Mn?* interaction in methanol fitted a multiple-site binding
model with association constants K,; and K,, of 9.367 X 10® and
1.206 X 10’ M, respectively, whereas the CDA-Mn?** interaction in
water fitted an independent binding model with a dissociation con-
stant K}, of 1 mM (Supplementary Fig. 8). However, under physio-
logical conditions, the CDA-Mn?* interaction was unstable, leading
to rapid dissolution in phosphate-buffered saline (PBS) solution.
Thus, to stabilize the CDA-Mn?** coordination polymer, we added
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(histidine),,
(DOPE-H11) (Supplementary Fig. 9), which served as an additional
coordination ligand and promoted the formation of a hydrophobic
core, and is termed CDA-Mn@DOPE. To allow for aqueous sus-
pension, we coated CDA-Mn@DOPE with an outer poly(ethylene
glycol) (PEG)-lipid layer by resuspension in a solution mix-
ture of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC):-
cholesterol-1,2-distearoyl-sn-glycero-3-phosphoethanolamine
(DSPE)-PEG5000 (4:1:1 molar ratio), followed by solvent evapora-
tion and rehydration. The resulting CDA-Mn?** particles, termed
CMP,, exhibited a uniform spherical morphology with an average
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Fig. 3 | CMPs co-delivering Mn?* and STING agonist amplify STING activation. a, Self-assembly behaviour of CDNs and Mn?*. Transmission electron
microscopy (TEM) images of CDN-Mn coordination polymers formed by mixing CDA, CDG or cGAMP with Mn?* (10:1, n/n) for Th. Scale bars, 100 nm;
n/n, molar ratio. b, TEM images showing homogeneous CMP_,, formed by coating CDA-Mn coordination polymers with a PEGylated lipid layer. Scale bars,
100 nm. ¢,d, Dynamic light scattering (c) and zeta potential (d) analyses of CMPp,. f, CMPp, increased the cellular uptake of STING agonist. BMDCs
were incubated with free CDG-Dy547 or CDG-Dy547@CMPp, for 6, 12 or 24 h, followed by analysis by flow cytometry (e) and confocal microscopy (f).
Scale bars, 10 pm. g,h, CMP, increased STING activation and cytokine production. BMDCs were treated for 24 h with 2.5pM CDA and/or 15.6 pM Mn?*+
in free form, blank nanoparticles without CDA (Mn-H11 NPs) or with CDA (Mn-H11 NPs+ CDA), or CMP,, followed by quantification of IFNp (g) and
TNFa (h) secretion by the enzyme-linked immunosorbent assay (ELISA). H11, (histidine),,. The TEM images in a and b and the confocal microscopy images
in f are representative data from two independent experiments with similar results. The data represent mean +s.e.m. from a representative experiment of
two independent experiments with n=3 (e,g h) biologically independent samples. The data were analysed by one-way ANOVA (g,h) or two-way ANOVA

(e) with Bonferroni's multiple comparisons tests.

hydrodynamic diameter (d) of 118 +41 nm, a polydispersity index
(PDI) of 0.107 and a neutral surface charge (Fig. 3b-d). CDA and
Mn?* were efficiently loaded into CMP,,,, with loading efficiencies
of 39.6 and 25.3% and loading capacities (wt/wt) of 13.2 and 6.72%
for CDA and Mn?*', respectively.

We employed CDG-Dy547, a fluorophore-labelled CDN, to
track the cellular uptake of STING agonists by BMDCs. Soluble
CDG-Dy547 was poorly internalized by the BMDCs (Fig. 3e,f).
In stark contrast, CMP, carrying CDG-Dy547 exhibited signifi-
cantly increased cellular uptake, with a 6.3-fold improvement at 4h
(P<0.0001, Fig. 3e). Confocal microscopic images of the BMDCs
showed cytosolic localization of the CMPs with gradually reduced
overlap with the Lysotracker signal over time (Fig. 3f), suggesting
CMP-mediated trafficking of CDN to the cytosol where STING
is expressed. CMP,, increased IFNp secretion by the BMDCs
by >20-fold compared with free CDA, Mn** or their admixture
(Fig. 3g). CMP-mediated co-delivery of CDA and Mn** was crucial
for robust STING activation as blank nanoparticles without CDA
(Mn-H11 NPs) or blank nanoparticles admixed with free CDA
(Mn-H11 NPs+CDA) induced a weak IFNp response (Fig. 3g).
We also observed similar responses with tumour necrosis factor o

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

(TNFa) secretion (Fig. 3h). Taken together, the CMPs significantly
augment the cellular uptake of CDA, STING activation and IFNf
response in vitro.

Local CMP administration eliminates established tumours

Next, we evaluated the therapeutic efficacy of CMPs in vivo. CT26
tumour-bearing BALB/c mice were treated on days 9, 12 and 15 by
i.t. administration of CDA and Mn?* in CMPs or soluble formu-
lation (Fig. 4a). Whereas 20 pg CDA and 17.5pg Mn** were used
in the experiments leading to Fig. 2j-n, here we decreased their
doses to 5pug CDA and 2.5pg Mn?* to examine the dose-sparing
effect of CMP,. Intratumoural injection of CMP,, led to sig-
nificantly improved immune activation, as shown by elevated lev-
els of IFNf, TNFa, CXCL10 and CCL5 compared with the free
CDA +Mn** admixture (Fig. 4b). CMP, also induced a robust
AH1-specific CD8" T cell response (Fig. 4c and Supplementary
Fig. 10). Importantly, CMP,, eradicated 78% of established tumours,
compared with a 30% response rate for the soluble CDA + Mn?**
(P<0.05; Fig. 4d,e). In addition, 100% of survivors from the
CMP,, group were resistant to the CT26 tumour rechallenge per-
formed on day 145 (Fig. 4f). Remarkably, even with a minute dose
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Fig. 4 | Local intratumoural administration of CMP,, eliminates established tumours. a-f, BALB/c mice were inoculated with 1.5x10° CT26 tumour
cells in the s.c. flank and treated intratumourally with CDA + Mn?* or CMPp,, containing 5 pg CDA and 2.5 pg Mn?*, on days 9, 12 and 15 (a), serum
cytokines were measured by ELISA at 6 h after the second dose (b), the antigen-specific T cell response in PBMCs was analysed by AH1 tetramer
staining on day 16 (¢), tumour growth (d,e) and animal survival (e) were monitored over time, and survivors were rechallenged with CT26 tumour
cells on day 145 (f). g, BALB/c mice were inoculated with 1.5x10% CT26 tumour cells in the s.c. flank and treated intratumourally with CDA + Mn?*

or CMPp,, containing Tpg CDA and 0.5 pg Mn?*, on days 9, 12 and 15. Tumour growth and survival were monitored, and the antigen-specific T cell
response was analysed on day 16. h, CDG-Cy7 either in free or CMPp, form was administered intratumourally, and retention of the STING agonist
within the TME was quantified by in vivo imaging. i, CDG-Dy547 either in free or CMP,, form was administered intratumourally, and the CDG-Dy547
signal among immune cells within the TME was analysed after 6 h by flow cytometry. j k, CT26 tumour-bearing mice were treated as in g and analysed

on day 16 by flow cytometry for the frequency of CD107a* NK cells within t

umours (§) and CD86 expression on DCs in TDLNs (k). The data represent

mean + s.e.m. from a representative experiment of two independent experiments with n=4-5 (b,c,f-k) and n=9-10 (d,e), analysed by one-way
ANOVA (b,c,g,j k) or two-way ANOVA (e-h) with Bonferroni's multiple comparisons test, or two-tailed multiple t-tests with Bonferroni-Dunn
correction (i), or log-rank (Mantel-Cox) test (e-g). *P in e and g denotes the statistical significance relative to the untreated group. Part a was created

with BioRender.com.

of 1 pg CDA and 0.5 pg Mn?**, CMP,,,, induced strong immune acti-
vation and eliminated established tumours in 40% of mice, com-
pared with a 0% response rate for the soluble CDA + Mn** (Fig. 4g
and Supplementary Fig. 11). We also tested CMP i.t. therapy on
untreated, distal tumours in a two-tumour model (Supplementary
Fig. 12). As reported previously for the free STING agonist™,
although a high dose of 20pg CMPs was better at inhibiting

primary tumour growth, lower doses of CMPs (either 1 or 5pg
CDA) exerted a robust abscopal effect against distal tumours,
significantly outperforming free CDA injections, without any overt
body weight change.

Next, we examined how CMP potentiates STING activation.
First, we measured the retention and distribution of STING ago-
nists delivered through CMP,, in the TME. Within 24h of i.t.

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology


https://BioRender.com
http://www.nature.com/naturenanotechnology

NATURE NANOTECHNOLOGY ARTICLES

c
IFN-p TNF- CXCL-9 CXCL-10 _ ELISPOT
{ P<0.0001 8 400 P=0.0012
0 9 12 15 21 23 20007 —=— ~ 600 _’,’_ﬁﬂ?{ ~ 15,000 P<00001 < 15,000 P<0.0001 =2 P=0.0135
) L 1500 = € —= M E — Qa 300 v
& E D E 400 o 10,000 2 10,000 2%
® 1.5x10° CT26 cells (s.c.) 2 1,000 & = > . o %
® CDA +Mn* (i.v.) S 50 £ 200 a 5000 - 5,000 w =
® CMP, (iv.) z = X . 2 L2
® ELISA 0 0 0 o 0 g
® EuispoT S PORSRSY L £ =
® Tcell analysis CL o NI C Lo CL oot
N @éqo N @\Szo F MRS N \&\Szo
g O v O " v O
& RN O &
d e f
Tumours at day 23 o4 X —
" Untreated — CDA + Mn™" (i.v.) — CMP,, (i.v.) € 800
600 £ 600 £ 600 = <1007
£ £ CR=5/10 e 600 2
400 £ 400 £ 400 3 400 g8 T .. s
E E S S £ %0 8
200 2 200 $ 200 5 200 < 3 S
CR=0/10 2 - 3 a
o= T R = R0 § 0 o 2 0 o 4
0 10 20 30 2 0 10 20 30 2 0 10 20 30 0 0 0 30 0 20 40 60 80
Day Day Day Days post tumour inoculation Days post tumour inoculation
® Untreated - CDA + MnQ*(i.v4) o CMP_,, (i.v.)
g Rechalenging h Drug distribution in TME i Total MDSCs
e Free CDG-Dy547 e CDG-Dy547@CMP, - Hl gvDSCs M mMDSCs
- > > P =0.0030
o 100 P=00019 2= P=0.0074 & 06
€ <8 80 — =9 P=0.0424
£ 600 ~ 80 90 P=0.0385 g$P=00024 232 —
2 .2 ] ] 60 - : 5=
£ 400 g g 80 La - poooss || & 25
: S e 5w iy o
5 200 d @ g0 % 20 f £3
£ O <
g0 p 6¢ g
0 10 20 30 0 10 20 30 40 S 6 % P NP b b PN (PO s
PR W7 D DR IR GRS
Day Day & ° \§C° < & ° @og <
- Untreated -« CMP_, (i.v.)
] Macrophage polarization k DC maturation in TDLNs
P=0.0010
| ——————.
Control CDA + Mn* 08 15 P=0.0009 P <0.0001
S8 P=0.0041 _ "
- ] CMP,
<] ) CDA
g8 < 2
o € E T CDA + Mn
T of =
3 == CDA
o s g
3] < 5 N Untreated
o & O »
CD86-PE-Cy7 & O CD86-PE
S QY
o
| m n
Untreated CDA + Mn®* CMP_, B16F10
~ 800
— E ©
E 600 e 600 £ 600 E 600 g
0o 6 9 13 E £ £ g SRS
2 400 2 400 2 400 2 400 a |8
4 o—0—©0®o 3 3 3 > 319
) 2 200 2 200 9 200 § 200 § o
O 25 10° B16F10 cells (s.c.) 3 3 3 E W
@ CDA +Mn (iv.) E o E (== £ ({—————— F oo 5
CMPcoa (i.v.) = o 5 10 15 F 0 5 10 15 F 5 10 15 0 5 10 15 20
© ELISA Day Day Day Days post tumour inoculation
® Untreated © CDA+Mn*(iv) - CMP,(iv.)
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time, and survivors rechallenged with CT26 tumour cells on day 145 were monitored for tumour growth and survival (g). h, CDG-Dy547 either in free form
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administration, free CDG-Cy7 was rapidly cleared from the TME,
whereas a 13.4-fold higher CDG-Cy?7 signal was detected for the
CDG-Cy7@CMP,, group (Fig. 4h). CDG-Dy547@CMPp,, sub-
stantially improved the cellular uptake of CDN by CD11c* DCs,
F4/80* macrophages and Ly6C* myeloid-derived suppressor cells
(MDSCs; Fig. 4i and Supplementary Figs. 13 and 14), but not among
CD45" tumour cells and CD3* T cells. We also analysed the changes
in the activation status of immune cells after CMP,, treatment.
Compared with free CDA with or without Mn**, CMP,, treat-
ment promoted activation of intratumoural NK cells (Fig. 4j and
Supplementary Fig. 15) and DCs in tumour-draining lymph nodes
(TDLNs; Fig. 4k). Taken together, CMP, efficiently modulates
the TME, in part by promoting tissue retention of STING agonists
and their uptake by local immune cells, leading to Mn**-mediated
potentiation of STING agonists and anti-tumour immune response.

Systemic CMP therapy exerts potent anti-tumour effects

Due to rapid enzymatic degradation and poor drug-like proper-
ties, most STING agonists in clinical trials are administered directly
into tumours; however, i.t. treatment is not applicable for metastatic
tumours. To address this issue, we evaluated the therapeutic effect
of CMPs after i.v. administration. CT26 tumour-bearing BABL/c
mice were treated intravenously on days 9, 12 and 15 with 20pg
CDA and 10pg Mn?* either in CMP,,, or soluble form (Fig. 5a).
Compared with the soluble control group, CMP,, promoted accu-
mulation of Mn?* and CDN in the TME (Supplementary Fig. 16)
and significantly increased the serum levels of IFNf, TNFa, CXCL9
and CXCL10 (Fig. 5b). As shown by the IFNy ELISPOT assay per-
formed on PBMCs, CMP,, administered intravenously signifi-
cantly enhanced the AH1-specific CD8" T cell response compared
with the soluble CDA 4+ Mn** control (Fig. 5c and Supplementary
Fig. 17). Importantly, CMP,, administered intravenously signifi-
cantly decreased CT26 tumour growth and eliminated established
tumours in 50% of mice (P <0.0001; Fig. 5d-f), whereas treatment
with soluble CDA +Mn?** had a 0% response rate. Notably, even
increasing the dose of free CDA i.v. therapy to 100 pg could not con-
trol tumour growth, whereas 20 pg CMPy,, i.v. therapy regressed
established tumours (Supplementary Fig. 18). Flow cytometric
analysis performed on day 23 showed that CMP, i.v. therapy
significantly expanded CD8* T cell subsets with CD44*CD62L*
central memory and CD44"CD62L- effector memory phenotypes
(Supplementary Fig. 19). The survivors from the CMP,, treatment
group were largely resistant to CT26 tumour rechallenge performed
on day 145 (Fig. 5g). CMP,, iv. therapy significantly increased
the drug uptake by intratumoural CD45" immune cells, especially
F4/80* macrophages and Ly6C* MDSCs (Fig. 5h and Supplementary
Figs. 13 and 20). TME analysis revealed that CMP, i.v. ther-
apy significantly reduced intratumoural MDSCs and promoted

M2-to-M1 repolarization of intratumoural macrophages (Fig. 5i,]
and Supplementary Fig. 15), while also inducing robust DC matu-
ration in TDLNs (Fig. 5k). We also validated our results in a sec-
ond tumour model. In C57BL/6 mice bearing B16F10 melanoma,
CMP, i.v. therapy exerted significantly enhanced therapeutic effi-
cacy compared with the CDA 4+ Mn** mixture (P<0.001; Fig. 51-n
and Supplementary Fig. 21). Overall, CMP,, administered intrave-
nously induces robust anti-tumour immune responses and exhibits
potent anti-tumour efficacy.

Benchmarking and validation in multiple tumour models
To further evaluate the potency of CMPs, we performed head-to-head
comparison studies between CMP,, and other STING-activating
formulations. C57BL/6 mice were inoculated in the subcutaneous
(s.c.) flank with 3 x 10° B16F10 tumours cells, and we administered
three doses of CMP,,, at 3-day intervals by either the i.t. route, when
the average tumour volume reached 153 + 17 mm?* (Fig. 6a—e), or by
the i.v. route, when the average tumour volume reached 63 + 7 mm°.
(Fig. 6f-j). We compared CMP,, with the equivalent dosage of
four other STING-activating therapeutics, namely CDA-loaded
liposomes'®, the CZP particle system formed by replacing Mn**
with Zn** in CMPs (Supplementary Fig. 7), ADU-S100, a leading
CDN STING agonist tested in clinical trials’, and diABZI, a lead-
ing non-CDN STING agonist (used as an i.v. formulation, currently
in clinical trials'*). After it. therapy, CMPy,, significantly delayed
tumour growth, eliminated B16F10 tumours in 30% of animals and
prolonged animal survival, whereas other control groups (except
for diABZI) showed significantly reduced anti-tumour effects
(Fig. 6a—e). Importantly, in the setting of i.v. therapy, CMP,, also
exerted remarkable anti-tumour efficacy, slowing the tumour growth
and prolonging animal survival with a 20% complete response (CR)
rate (Fig. 6f-j). In stark contrast, all other control groups (including
diABZI) had only minor anti-tumour effects in this difficult-to-treat
tumour model. Interestingly, even though the CMPs and diABZI
generated comparable anti-tumour responses after it. therapy,
the CMPs significantly outperformed diABZI after iv. injection
(Fig. 6f-j). Moreover, the superiority of CMPs over both CZPs
and CDA liposomes demonstrates the indispensable role of
Mn**-mediated potentiation of STING agonists as well as the advan-
tages of our coordination-based STING agonist delivery system.
Lastly, we examined the therapeutic efficacy of CMP in a novel
tobacco carcinogen-associated syngeneic squamous cell carcinoma
model that is completely refractory to high doses of immune check-
point blocker (ICB) therapy (Fig. 6k-p and Supplementary Fig. 22).
Epithelial malignancies, such as the squamous cell carcinomas
of the head and neck, only show a modest response to immuno-
therapy, typically <15% in the clinics®. To model a cold epithelial
malignancy, C57BL/6] mice were given 4-nitroquinoline 1-oxide

>
>

Fig. 6 | Robust therapeutic effect of CMP,, in multiple tumour models. a-e, The therapeutic effect of CMP,, administered intratumourally was
compared with other CDA formulations and other STING agonists in an established B16F10 tumour model: tumour-bearing C57BL/6 mice were treated
with CMPcp,, CDA-Zn particles (CZPc,), CDA liposomes, ADU-S100 or diABZI (all i.t., 5 pg doses of STING agonists) at the indicated time points (a),
individual tumour growth (b), representative photographs of tumours (c), average tumour growth (d) and survival (e). f-j, The therapeutic effect of
CMPp, administered intravenously was also compared with other CDA formulations and other STING agonists in an established B16F10 tumour model:
tumour-bearing C57BL/6 mice were treated intravenously with the indicated regimens (all 20 pg doses; f), individual tumour growth (g), representative
photographs of tumours (h), average tumour growth (i) and survival (j). k-m, Therapeutic effect of CMP,, in an ICB-resistant tobacco-associated
tumour model (NOOCT): NOOCT single-cell clones were isolated from the visible oral squamous cell carcinoma lesions of C57BL/6J mice treated

with 4NQO-containing drinking water for 16 weeks (k), mutational signatures indicate NOOCT tumours with high fidelity to human cancers (I) and
mutational profiles of NOOC1 and other 4ANQO-induced murine squamous cell carcinoma cell lines (4MOSCs; m). n-p, NOOC1 tumour-bearing
C57BL/6 mice were treated with CDA in CMP;, or free form by the i.t. (5 pg dose) or i.v. route (20 pg dose) on days 9, 12, 16 and 20 post tumour
inoculation: individual tumour growth (n), representative photographs of tumours (o) and average tumour growth and survival (p). The data represent
mean +s.e.m. from a representative experiment of two independent experiments with n=4-10 (d,e,i,j) and n=7-8 (n-p). The data were analysed by
two-way ANOVA (d,i,p) with Bonferroni multiple comparisons post-test. The survival in e, j and p was analysed by Kaplan-Meier survival analysis

with the log-rank (Mantel-Cox) test. *P and #P in p denote the statistical significance relative to the untreated and CDA groups, respectively. Parts

a, f and k were created with BioRender.com.
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(4NQO)-containing (50pgml?) drinking water for 16weeks, in vivo. We identified a cell clone (4-NQO-induced oral cancer 1,
and visible oral squamous cell carcinoma lesions were isolated to NOOCI) that stably produced tumours when implanted in synge-
produce single-cell clones, which were then screened in vitro and neic C57BL/6] hosts (Fig. 6k). Whole exome sequencing revealed
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that the mutational signatures of NOOCI1 bore 90.7% similarity to
the Catalogue of Somatic Mutation In Cancer (COSMIC) signature
4, which is driven by smoking-associated mutations in human can-
cers (Fig. 61). The mutation profile of NOOCI was highly similar to
that of 4MOSCs, a recently reported 4-NQO-induced cell line, thus
validating its tobacco association (Fig. 61,m). Notably, NOOC1 was
refractory to high doses (six doses of 200 pug) of ICB therapy, includ-
ing anti-PD-L1 and anti-CTLA4 (Supplementary Fig. 22). To evalu-
ate CMPs in this ICB-resistant epithelial malignancy model, mice
were inoculated with 2x10° NOOCI1 tumour cells, and when the
average tumour volume reached >100 mm?®, animals were treated on
days 9, 12, 16 and 20 with CMP,,, or free CDA. We employed the
equivalent CDA dose of 5 pg for i.t. therapy and 20 pg for i.v. therapy.
NOOCI1 was also refractory to free CDA treatments, regardless of
the administration routes. In stark contrast, both CMP i.t. and i.v.
therapy exerted robust anti-tumour efficacy, regressing established
NOOC1 tumours (P<0.0001) and extending animal survival
(P<0.001; Fig. 6n-p).

Notably, each injection dose of Mn?** in CMP,, employed in our
it. (Fig. 4) and i.v. (Fig. 5) treatment studies was 2.5 and 10 pg (0.13
and 0.5mgkg™), respectively. For comparison, the median lethal
dose of MnCl, in mice is 1,715mgkg™ (ref. *°), and average adults
on typical Western diets consume up to 10mg of manganese per
day*’. CMP,, i.v. therapy transiently increased the serum levels of
IFNP, TNFa and IL-6, peaking at 6 h (Supplementary Fig. 23), while
inducing a 13.5% maximum body weight loss; however, the animals
quickly recovered within 3 days, and multiple treatments of CMP
or CDA 4+ Mn** mixture were generally well-tolerated, as indicated
by the serum chemistry and neurotoxicity marker (Supplementary
Figs. 24 and 25). In addition, histological analysis of major organs
by a pathologist in a blinded manner showed no abnormal histo-
logical conditions (Supplementary Fig. 26).

Conclusions

In summary, we have developed a self-assembled coordination
nanomedicine based on Mn?* and CDN-based STING agonists.
CMPs represent a major technological advancement to amplify the
potency of STING agonists. The combination of Mn** and STING
agonists dramatically augmented STING activation (Fig. 2). CMPs
effectively delivered Mn** and STING agonists, and amplified the
IFN-I responses (Figs. 3-6 and Supplementary Fig. 16). CMPs
administered intratumourally produced strong anti-tumour effi-
cacy, achieving drug dose-sparing with minimal side effects (Figs.
4 and 6 and Supplementary Figs. 11, 12 and 24-26). Moreover, sys-
temic treatments with CMPs exerted remarkable therapeutic effi-
cacy in multiple difficult-to-treat murine tumour models (Figs. 5
and 6 and Supplementary Fig. 18). Our work presents the concept
of ‘metalloimmunotherapy’ and demonstrates, for the first time, the
powerful potential of nanomedicine-based cancer metalloimmu-
notherapy. As nutritional metal ions play crucial roles in various
immune processes, metalloimmunotherapy may be broadly appli-
cable to other immune-related diseases.
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Materials and methods

Assessing metal ions for modulation of IFN-I response of STING agonists

in vitro. Mouse BMDCs were isolated and cultured as reported previously”.
Human monocyte cell line THP1 cells expressing hSTING"AQ were purchased
from ATCC and cultured according to ATCC’s instruction. THP1 cells expressing
hSTING™? (WT) and hSTING"** (REE, reference) were purchased from
Invivogen and cultured according to Invivogen’s instruction. To screen for metal
ions for modulating the IFN-I response of STING agonists, we seeded 1x 10°
BMDCs or THP1 cells per well in 96-well plates, and metal ions (for example,
ZnCl,, KCl, MgCl,, MnCl,, CaCl,, AL,(SO,);, CuCl,, FeCl,, FeCl, and CoCl,;
Sigma-Aldrich) at various concentrations in the range 0-500 pM were added with
or without 5pM cGAMP (Invivogen). After 24 h incubation at 37 °C under 5%
CO,, the supernatants were collected for IFNP ELISA assay (R&D). To evaluate the
effect of MnCl, on the IFN-I response of STING agonists in various human STING
variants, the indicated concentrations of MnCl, and STING agonists, including
cGAMP, CDA (Invivogen), 2'3"-cGAM(PS)2 (Rp/Sp) (Invivogen), ADU-S100
(MedChemExpress) and diABZI (MedChemExpress), were added to 1x 10° THP1
reporter cells in 96-well plates. After incubation for 24h at 37 °C under 5% CO,,
the supernatants were collected and assessed for IFNp by ELISA.

Synthesis and characterization of CDN-Mn/Zn coordination polymers,
CMPp,, CZP,;,, and CDA liposomes. CDA, CDG or cGAMP (Invivogen) was
dissolved in methanol to give 1 mgml™' solutions. MnCl, or ZnCl, (Sigma-Aldrich)
was dissolved in methanol to prepare 100 mM stock solutions. In a typical synthesis
reaction, MnCl, or ZnCl, solution was added to 1 mgml~ CDN solution in a 10:1
(n/n) ratio under vigorous stirring. The mixture was sonicated for 1 min and

then stirred for another 1h at room temperature. The resulting CON-Mn was
centrifuged at 20,000g for 10 min to remove free CDNs and metal ions, followed by
washing with methanol.

The CMPs were synthesized according to a method adapted from
previous reports®*. First, DOPE-H11 was synthesized by the reaction of
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(succinimidyloxy-glutaryl)
(DOPE-NHS) and H11 (2 equiv.) in N,N-dimethylformamide, purified by dialysis
using 2 kilodaltons (kD) molecular weight cut-off (MWCO) dialysis tubes, and
characterized by HPLC. A mixture containing 1 ml of 1 mgml~ CDA in methanol,
0.14ml of 100 mM MnCl, in methanol and 2 ml of 2mgml DOPE-H11 in ethanol
was sonicated and then vortexed overnight, followed by centrifugation at 20,000
for 10 min. The resulting CDA-Mn@DOPE was resuspended in ethanol containing
DOPC-cholesterol-DSPE-PEG5000 (4:1:1), sonicated and added to a solution of
30% (v/v) ethanol-H,O. Lastly, the CMPs were obtained by evaporating the organic
solvent under reduced pressure and washing with 10% sucrose using 100kD
(MWCO) centrifugal ultrafiltration. The CZPs were synthesized using the same
method except for replacing MnCl, with ZnCl,. CDA liposomes were synthesized
as reported previously'®.

The loading of CDA in the CMPs, CZPs and CDA liposomes was quantified by
UV absorbance at 260 nm, followed by verification by HPLC. The loading of Mn**
in the CMPs was quantified by inductively coupled plasma-mass spectrometry
(ICP-MS; Perkin-Elmer Nexion 2000) and verified by thermogravimetric analysis
(Discovery TGA, TA Instruments). The size and surface charge of the CMPs
were measured using a Zetasizer (Nano ZSP). The morphology of CDN-Mn
was observed by TEM. All images were acquired on a JEM 1200EX electron
microscope (JEOL) equipped with an AMT XR-60 digital camera (Advanced
Microscopy Techniques).

In vitro evaluation of BMDC activation, cellular uptake and STING activation.
The BMDCs were prepared as described previously””. Briefly, bone marrow

was collected and plated in bacteriological Petri dishes with culture media
containing granulocyte-macrophage colony-stimulating factor. The cell culture
media were refreshed on days 3, 6 and 8. After 8 days of differentiation, the
BMDCs were collected for use. To observe BMDC activation by CDNs and Mn?*,
BMDOCs, seeded in 12-well plates at 1 10°cells per well, were incubated with
5uM CDA and/or 250 pM Mn?** for 24 h. The treated BMDCs were collected,
washed with fluorescence-activated cell sorting (FACS) buffer (1% BSA in PBS),
incubated with anti-CD16/32 at room temperature and then stained on ice with
fluorophore-labelled antibodies against CD11c, CD80 and CD86. The cells were
then washed twice with FACS buffer, resuspended in 2 pgml- 4’,6-diamidino-
2-phenylindole (DAPI) solution and analysed by flow cytometry (Ze 5 with Everest
Software (v.3.0.75), Bio-Rad). The data were processed using FlowJo (v.10.5).

To visualize and quantify the cellular uptake of STING agonist, a
fluorophore-labelled CDN, CDG-Dy547 (Biolag), was admixed with CDA (1:10,
n/n) to prepare CDG-Dy547@CMP,,, following the same synthesis procedure
as used for CMP,, mentioned above. The loading of CDG-Dy547 in the CMPs
was quantified by absorbance at 550 nm. Next, 1 X 10° BMDCs were seeded on
35mm Petri dishes (MatTek) and incubated with CDG-Dy547 in free form or
in CDG-Dy547@CMPy, for 6, 12 or 24 h. For confocal imaging, the cells were
washed three times with PBS, incubated with 50nM LysoTracker green DND-99
(Invitrogen) for 30 min at 37 °C to stain the lysosomes and then imaged using
a confocal microscope (Nikon Al). For cellular uptake quantification, the cells
were collected and washed with FACS buffer (1% BSA in PBS). The fluorescence

of CDG-Dy547 was analysed by flow cytometry (Ze 5 with Everest Software
(v.3.0.75), Bio-Rad) and the data were processed using FlowJo (v.10.5).

To measure the STING activation of CDA and/or Mn** in free form or in
CMP,,, BMDCs were seeded at 1x 10 cells per well in 96-well plates and
incubated with CDA and/or Mn?* in free form or in CMP,, (containing 2.5 uM
CDA or/and 15.6 uM Mn?**). After incubation for 24 h at 37°C under 5% CO,, the
supernatants were collected for ELISA assay of cytokines in the Cancer Center
Immunology Core of the University of Michigan.

In vivo cancer immunotherapy. All animals were cared for following federal, state
and local guidelines. All work performed on animals was in accordance with and
approved by the Institutional Animal Care and Use Committee (IACUC) at the
University of Michigan. For the CT26 murine tumour model, female BALB/c mice
of age 6-8 weeks (Jackson Laboratories) were inoculated with 1.5X10° CT26 colon
cancer cells subcutaneously in the right back flank. For the CT26 two-tumour
model, 3% 10° and 1Xx 10° CT26 tumour cells were inoculated in the right (primary)
and left (distal) flank, respectively. For the BI6F10 tumour model, C57BL/6 mice
(Jackson Laboratory) were inoculated with the indicated number of BI6F10

cells subcutaneously in the right flank. Tumour-bearing mice were randomly
assigned to different treatment groups. The indicated drugs or formulations were
administered by the indicated route at the indicated time points. Tumour size and
survival were monitored every 2—-4 days. Tumour size was calculated based on

the equation: volume =length X width*x 0.5. Animals were euthanized when the
tumour reached 1.5 cm in diameter or when they became moribund with severe
weight loss or unhealing ulceration. At the indicated time points, the cytokine
levels in serum were measured by ELISA assay in the Cancer Center Immunology
Core of the University of Michigan. The percentages of tumour antigen-specific
CD8a+ T cells among PBMCs were analysed using the tetramer staining assay, as
described previously for AH1 peptide-major histocompatibility complex (MHC)
tetramer (H-2L4-restricted AH1 (SPSYVYHQF); NIH Tetramer Core Facility,
Atlanta). ELISPOT assays were performed with PBMCs from the treated mice,

as described previously®'.

NOOCI (Kerafast, EMU061) was maintained in IMDM medium (Gibco,
12440053). To prepare 11 of growth medium for NOOCI, 626 ml IMDM base was
mixed with 313 ml F-12 nutrient mix (Gibco, 11765054), 50 ml fetal bovine serum
(FBS) (Hyclone, SH3039603), 10 ml Pen Strep (Thermo Fisher, 15-140-122), 1.25ml
of 4mgml™ insulin (Invitrogen, 12585014), 200 pl of 200 pgml™" hydrocortisone
(Sigma-Aldrich, H0888-1G) and 50 pl of 100 pg ml™ epidermal growth factor (EMD
Millipore, 01-107). For in vivo implantation, Matrigel (Thermo Fisher, CB-40230)
was thawed overnight at 4°C. On the day of injection, NOOC1 was washed once
with PBS and mixed with Matrigel to reach a density of 2x 107 cellsml™. Each
mouse was inoculated subcutaneously with 2 x 10° cells (100 pl). Tumour size and
survival were monitored every 2 or 3 days as indicated above.

In vivo immune response analysis. Phenotypic and functional assessments

of T cells in PBMCs were conducted. Briefly, the PBMCs were collected after
removing red blood cells using ACK lysis buffer. The PBMCs were blocked

with CD16/32 antibody for 10 min. To analyse tumour antigen-specific CD8*

T cell response and memory phenotype, cell pellets were first stained with
phycoerythrin (PE)-tagged AH1 peptide-MHC tetramer and then further stained
with allophycocyanin (APC) rat anti-mouse CD8a (clone: 53-6.7 (RUO), BD
Biosciences), fluorescein isothiocyanate (FITC) rat anti-human/mouse CD44
(clone: IM7, eBioscience) and PE-Cy7 CD62L monoclonal antibody (clone: MEL-
14, eBioscience). Stained cells were incubated with DAPI prior to flow cytometry
analysis (Ze5 with Everest Software (v.3.0.75), Bio-Rad).

For the IFNy ELISPOT assay, the ELISPOT plate was coated with IFNy
capture antibody for 24 h and blocked with Dulbecco’s modified Eagle medium
containing 10% FBS for 2h. The PBMCs obtained from treated mice were added to
96-well plates with a fixed number of live cells per well. The SPSYVYHQF peptide
(20 ugml™') was added to stimulate the PBMCs. Ionomycin and phorbol myristate
acetate were employed as positive control. After 18 h, IFNy spots were detected
with biotinylated detection antibody, followed by streptavidin-horseradish
peroxidase and 3-amino-9-ethylcarbazole substrate kit. The IFNy spot number
and size were measured in the Cancer Center Immunology Core at the University
of Michigan.

Tumour tissues were analysed as described before™. Tumour tissues were
excised at preset time points, cut into small pieces and treated additionally with
collagenase type IV (1 mgml™) and DNase I (0.1 mgml™') under gentle shaking.
After 30 min, the cell suspension was filtered through a 70-um strainer. The
cells were washed with FACS buffer and blocked with CD16/32 antibody. Cells
were then stained with the following designated antibody panels: APC/Cy7
anti-mouse CD45 antibody (clone: 30-F11, BioLegend), Pacific blue anti-mouse
CD8a antibody (clone: 53-6.7, BioLegend), FITC rat anti-mouse CD49b (clone:
DX5, BioLegend), BV786 anti-CD3 antibody (clone: 17A2, BD Biosciences), APC
anti-mouse CD107a antibody (1D4B (RUO), BD Biosciences), PE-Cy7 anti-mouse
CD11c antibody (clone: HL3 (RUO), BD Biosciences), FITC anti-MHC-II antibody
(clone: M5/114.15.2, eBioscience) and BV605 anti-mouse CD86 antibody (clone:
GL1, BD Biosciences); Pacific blue anti-mouse CD45 antibody (clone: 30-F11,
BioLegend), APC-Cy7 anti-mouse CD3 antibody (clone: 17A2, BD Biosciences),
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APC anti-mouse CD8a antibody (clone: 53-6.7 (RUO), BD Biosciences), FITC rat
anti-mouse CD49b (clone: DX5, BioLegend), BV786 anti-CD3 antibody (clone:
17A2, BD Biosciences), PE-Cy7 anti-mouse CD11c antibody (clone: HL3 (RUO),
BD Biosciences), FITC anti-MHC-II antibody (clone: M5/114.15.2, eBioscience),
BV605 anti-mouse/human CD11b (clone: M1/70, BioLegend), PE anti-mouse
F4/80 (clone: BM8, BioLegend), APC anti-mouse CD206 (MMR, clone: C068C2,
BioLegend), PE-Cy7 anti-mouse CD86 antibody (clone: GL1, BD Biosciences)

and FITC anti-mouse Ly-6C antibody (clone: AL-21, BD Biosciences); BV421
anti-mouse Ly-6G antibody (clone: RB6-8C5, BioLegend); BV605 anti-mouse
CD45 antibody (clone: 30-F11, BioLegend), APC/Cy7 anti-mouse/human CD11b
antibody (clone: M1/70, BioLegend), PE anti-mouse F4/80 antibody (clone: BM8,
BioLegend), APC anti-mouse CD206 antibody (MMR, clone: C068C2, BioLegend),
PE-Cy7 anti-mouse CD86 antibody (clone: GL1, BD Biosciences), BV421
anti-mouse Ly-6G antibody (clone: RB6-8C5, BioLegend) and FITC anti-mouse
Ly-6C antibody (clone: AL-21, BD Biosciences). The stained cells were analysed by
cytometry (MoFlo Astrios Cell Sorter, Beckman). The data were processed using
FlowJo (v.10.5).

In vivo drug distribution analysis. To analyse the in vivo biodistribution of
STING agonist, CDG-Dy547 (Biolag) or CDG-Cy7 (Biolag) was admixed with
CDA (1:10, n/n) to prepare CDG-Dy547@CMP,, or CDG-Cy7@CMPp,,,
following the same synthesis procedure as used for CMP,,, described above.

The loading of CDG-Dy547 and CDG-Cy?7 were quantified by absorbance at

550 or 750 nm, respectively. To quantify drug retention at the tumour site after
intratumoural injection, CDG-Cy?7 in free form or in CMP,, was injected into the
tumours. Mice were imaged by IVIS optical imaging at different time points (0, 4,
8 or 24h), and the fluorescence signal of CDG-Cy?7 in the tumours was measured
accordingly. Drug retention was calculated by normalizing the remaining
fluorescence signal of CDG-Cy7 in the tumour at the indicated time point by that
of the injected CDG-Cy?7 at 0h. To quantify the biodistribution of CMPs after i.v.
administration, CDG-Cy?7 in free form or in CMP,, was injected intravenously.
Mice were euthanized 24 h post-injection, and the fluorescence intensity in the
major organs was measured accordingly. To quantify the biodistribution of Mn,
tissues were digested by microwave, and the amount of Mn was measured using
ICP-MS by the Michigan Elemental Analysis Laboratory.

To analyse drug distribution in the TME, CDG-Dy547@CMP,,, was injected
by the i.t. or i.v. route. At the indicated time point, cells were collected from the
TME and stained, as mentioned above. The amount of phagocytosed CDG-Dy547
in different cell populations was analysed by FACS. The cells were then stained
with the following designated antibodies panels: Pacific blue anti-mouse CD45
antibody (clone: 30-F11, BioLegend), BV605 anti-mouse CD3 antibody (clone:
17A2, BioLegend), APC anti-mouse CD11c antibody (clone: N418, BioLegend),
FITC anti-MHC-II antibody (clone: M5/114.15.2, eBioscience), BV605 anti-mouse/
human CD11b antibody (clone: M1/70, BioLegend), APC anti-mouse F4/80
antibody (clone: BM8, BioLegend) and FITC anti-mouse Ly-6C antibody (clone:
AL-21, BD Biosciences). The stained cells were analysed by cytometry (MoFlo
Astrios Cell Sorter, Beckman). The data were processed using FlowJo (v.10.5).

Statistical analysis. The results are expressed as means + standard error of the
mean (s.e.m.). One- or two-way ANOVA analysis, followed by Bonferroni’s
multiple comparisons post hoc test or two-tailed multiple ¢-tests with Bonferroni-
Dunn correction, was used for testing differences among groups. The data were
approximately normally distributed, and variance was similar between groups.
Experiments were repeated multiple times as independent experiments, as
indicated in the figure captions. Shown in each figure is a complete dataset from
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one representative, independent experiment. No samples were excluded from
analysis. GraphPad Prism 8.0 (GraphPad Software) was used for statistical analyses.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The authors declare that data supporting the findings of this study are available
within the article and its Supplementary Information files. All relevant data can be
provided by the authors upon reasonable request.
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The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

UOX 00 0O 000 0 o]
XX X X XX X XK
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Software and code

Policy information about availability of computer code

Data collection  Flow cytometric data were collected using ZES Everest Software v.3.0.75. In vivo images were acquired using IVIS Lumina Living Image
Software(v.4.5.5). DLS analysis was colleted in Zetasizer software version 7.13. Thermal shift assay were aquired using LightCycler® Software
4.1.

Data analysis Flow cytometry analysis was done in Everest Software v.3.0.75 and FlowJo (v.10.5) (Tree Star). In vivo images were analyzed using IVIS Lumina
Living Image (v.4.5.5) Software. Statistical analysis was done in GraphPad Prism 8.0. DLS analysis was done in Zetasizer software version
7.13.Thermal shift assay were analyzed using LightCycler® Software 4.1. Western blotting data were analyzed by ImageJ bundled with Java
1.8.0_172.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

The authors declare that data supporting the findings of this study are available within the article and its Supplementary Information files. All relevant data can be
provided by the authors upon reasonable request. The raw and analysed datasets generated during the study are too large to be publicly shared, yet they are
available for research purposes from the corresponding author on reasonable request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were chosen based on our preliminary data from at least two pilot experiments and previously published results in the literature
(doi.org/10.1038/541565-018-0342-5, doi.org/10.1038/nmat4822).

Data exclusions  No data were excluded.
Replication All experiments were repeated at least twice with similar results
Randomization  Mice were assigned randomly to experimental groups.

Blinding The investigators were not blinded to allocation during experiments and outcome assessment since our data analyses are based on
objectively measurable data.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |X| |:| ChlIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

NXXOXOOS
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Dual use research of concern

Antibodies

Antibodies used APC-CD8a rat anti-mouse (Clone: 53-6.7(RUO), BD Biosciences), FITC-CD44 rat anti-human/mouse (Clone: IM7, eBioscience) , PE-
Cy7-CD62L monoclonal antibody (Clone: MEL-14, eBioscience), APC-Cy7-Anti-mouse CD45 Antibody (Clone: 30-F11, BioLegend),
Pacific Blue-Anti-mouse CD8a Antibody (Clone: 53-6.7, BioLegend), FITC Rat Anti-mouse CD49b (Clone: DX5, BioLegend), BV786-Anti-
CD3 Antibody (Clone: 17A2, BD Biosciences), APC-Anti-mouse CD107a Antibody (1D4B (RUQ), BD Biosciences), PE-Cy7- Anti-mouse
CD11c Antibody (Clone: HL3 (RUO), BD Biosciences), FITC-Anti-MHC-II Antibody (Clone: M5/114.15.2, eBioscience), BV605-Anti-
mouse CD86 Antibody (Clone: GL1, BD Bioscience); Pacific Blue-Anti-mouse CD45 Antibody (Clone: 30-F11, BioLegend), APC-Cy7-
Anti-mouse CD3 Antibody (Clone: 17A2, BD Bioscience), APC-Anti-mouse CD8a Antibody (Clone: 53-6.7(RUQ), BD Biosciences), FITC
Rat Anti-mouse CD49b (Clone: DX5, BioLegend), BV786-Anti-CD3 Antibody (Clone: 17A2, BD Biosciences), PE-Cy7- Anti-mouse CD11c
Antibody (Clone: HL3 (RUO), FITC-Anti-MHC-Il Antibody (Clone: M5/114.15.2, eBioscience), BV605-Anti-mouse/human CD11b (Clone:
M1/70, BioLegend), PE-Anti-mouse F4/80 (Clone: BMS8, BioLegend), APC-Anti-mouse CD206 (MMR, Clone: CO68C2, BioLegend), PE-
Cy7-Anti-mouse CD86 Antibody (Clone: GL1, BD Bioscience), FITC-Anti-mouse Ly6C Antibody (Clone: AL-21, BD Bioscience); BV421-
Anti-mouse Ly6G Antibody (Clone: RB6-8C5, BioLegend); BV605-Anti-mouse CD45 Antibody (Clone: 30-F11, BioLegend), APC-Cy7-
Anti-mouse/human CD11b (Clone: M1/70, BioLegend), PE-Anti-mouse F4/80 (Clone: BMS, BioLegend), APC-Anti-mouse CD206
(MMR, Clone: C068C2, BioLegend), PE-Cy7-Anti-mouse CD86 Antibody (Clone: GL1, BD Bioscience), BV421-Anti-mouse Ly6G
Antibody (Clone: RB6-8C5, BioLegend), FITC-Anti-mouse Ly6C Antibody (Clone: AL-21, BD Bioscience), Pacific Blue-anti-mouse CD45
antibody (Clone: 30-F11, BioLegend), BV605-anti-mouse CD3 antibody (Clone: 17A2, BioLegend), APC-anti-mouse CD11c antibody
(Clone: N418, BioLegend), FITC-anti-MHC-II antibody (Clone: M5/114.15.2, eBioscience), BV605-anti-mouse/human CD11b (Clone:
M1/70, BioLegend), APC-anti-mouse F4/80 (Clone: BMS, BioLegend), FITC-anti-mouse Ly6C antibody (Clone: AL-21, BD Bioscience).

Validation Antibody validation was provided by manufacture's website (cell images) and/or data provided in the manuscript.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) THP1-hSTING HAQ, CT26 and B16F10 cell lines were obtained from the American Type Culture Collection (ATCC). THP1
hSTING H232 and THP1 hSTING R232 cell lines were purchased from Invivogen. NOOC1 cell line was developed in house.

Authentication THP1-hSTING HAQ, CT26 and B16F10 cell lines were authenticated by ATCC. THP1 hSTING H232 and THP1 hSTING R232 cell
lines were authenticated by Invivogen.

Mycoplasma contamination All cell lines were tested negative for mycoplasma contamination.

Commonly misidentified lines  no commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For in vivo studies, 6-8-week-old female BALB/c mice (Jackson Laboratory, or Taconic Farm, or Charles River, 18 g-20 g) and 6-8-
week-old female C57-BL/6 mice (Jackson Laboratory, 18 g-20 g) were used and housed in 12 light/12 dark cycle, 65-75°F (~18-23°C),
40-60% humidity condition.

Wild animals No wild animals were used.

Field-collected samples  No field-collected samples were used.

Ethics oversight All work performed on animals was in accordance with and approved by the Institutional Animal Care & Use Committee (IACUC) at
University of Michigan, Ann Arbor.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation The sample preparation was described in the Methods.

Instrument Bio-Rad Ze5

Software Everest Software v.3.0.75 was used for collection. Everest Software and FlowJo were used for analysis.

Cell population abundance Data on the abundance of relevant cell populations are provided in the manuscript.

Gating strategy Cells were gated first by morphology to exclude cell debris, doublets were then gated out by FSC-A/FSC-W, followed by

exclusion of dead cells by gating on dye negative cells.

Xl Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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