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Intravenously administered cyclic dinucleotides and other STING agonists
are hampered by low cellular uptake and poor circulatory half-life. Here we
report the covalent conjugation of cyclic dinucleotides to poly(-amino
ester) nanoparticles through a cathepsin-sensitive linker. This is shown to
increase stability and loading, thereby expanding the therapeutic windowin
multiple syngeneic tumour models, enabling the study of how the long-term
fate of the nanoparticles affects theimmune response. In amelanoma
mouse model, primary tumour clearance depends on the STING signalling
by host cells—rather than cancer cells—and immune memory depends on
the spleen. The cancer cells act as a depot for the nanoparticles, releasing
them over time to activate nearby immune cells to control tumour growth.
Collectively, this work highlights the importance of nanoparticle structure
and nano-biointeractions in controllingimmunotherapy efficacy.

The stimulation of innate immune danger sensors, such as the
cytosolic cyclic dinucleotide (CDN) sensor stimulator of interferon
genes (STING), is a powerful therapeutic strategy to generate dura-
ble antitumour immune responses'™. STING agonism enacts a type
linterferon proinflammatory pathway that drives multifaceted anti-
tumour immune functions in the tumour microenvironment (TME)
and tumour-draining lymph nodes (tdLNs) by recruiting and acti-
vating immune cells*® and enhancing natural killer (NK) cell”® and
T-cell-mediated tumour killing®™°. To achieve exogenous STING acti-
vation, small-molecule mimetics of CDNs have been synthesized" ",
leading to notable efficacy in preclinical models, which was further
enhanced when combined with other therapeutic modalities' .

However, drug delivery challenges, including rapid clearance from
the TME, poor cellinternalization and systemic toxicity, have limited
CDN efficacy in preclinical and clinical trials'®,

Nanotechnology has been employed to address these challenges
by altering the pharmacokinetics (PK), biodistribution (BD) and cyto-
solicdelivery of CDN therapy, resultingin moderate effectin preclinical
models” 2. However, these formulations relied on the encapsulation or
electrostatic complexation of endogenous CDNs, such as cGAMP, rais-
ingissues regarding stability and potency following systemic admin-
istration in vivo. The design of more effective CDN nanoparticle (NP)
formulations can be informed by examining the impact of NP-driven
alterations in BD on drug pharmacodynamics (PD). Previous studies
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have explored the role of phagocytic immune cells in modulating
NP penetration?, cellular distribution?** and residence time*?** in
the TME following extravasation. However, NPs are also uptaken by
cancer cells** and although the co-localization of STING agonists with
tumour antigens can stimulate a CD8" T-cell-mediated antitumour
response”, STING activation in tumour cells does not directly con-
tribute to therapeutic efficacy in most cancer types'>**. Consequently,
in the context of immunotherapy, it is important to understand the
fate of the NPs internalized by tumour cells. The high accumulation
of immunotherapy-loaded NPs in reticuloendothelial organs after
systemic delivery is believed to be a dose-limiting liability, hindering
anoptimal NP dose fromreaching the TME?. Concurrently, the activa-
tion of antigen-presenting cells within these organs has been shownto
contribute to CDN-NP efficacy®*. Given the contributions of the spleen
to peripheral immunity®>*°, further work describing its contribution
totheefficacy and mechanisms of NP-mediated CDN immunotherapy
would be insightful.

Here we report the design of a highly potent drug-conjugated
poly(B-amino ester) (pBAE) NP formulation (CDN-NPs) for the intrave-
nous (i.v.) delivery of STING agonists (Fig. 1a). The covalent conjugation
of CDN to NPs led to a serum-stable formulation and sub-microgram
doses of CDN-NPs in combination withimmune checkpoint blockade
(ICB) therapy induced robust tumour rejection and memory formation
in multiple syngeneic murine cancer models. The extensive accumu-
lation of CDN-NPs in the spleen motivated studying its role in gener-
ating antitumour efficacy. The treatment of splenectomized mice
showed that this organ did not contribute to therapy efficacy against
the primary tumour, but was responsible for the ability of the mice to
reject tumours on rechallenge. We also show that CDN-NPs that were
internalized by cancer cells were released over time and taken up by
immune cells, inducing their STING-specific activation and restraining
tumour growth (Fig. 1b). This novel CDN-conjugated NP reaffirms the
therapeutic potential of systemic STING agonism and illustrates how
NPs canbe engineered toimprove the pharmacological properties of
CDNs, which directly impacts their antitumour efficacy.

CDN-NPsincreaseimmune cell activation
compared with CDN-polyplexes

We previously used positively charged polypeptide-modified pBAEs
(Supplementary Figs. 1-5) to electrostatically complex anionically
charged gene therapies® . Here we tested the ability of those poly-
mers to deliver CDNs and stimulate downstream STING activity via
interferon regulatory factor 3 (IRF3) and NF-kB, using a reporter
human monocytic THP1-Dual cell line. We found that the modifica-
tion of pBAEs with positively charged arginine polypeptides (C6-CR3)
complexed with negatively charged CDNs formed CDN-polyplexes,
which elicited higher levels of IRF3 and NF-kB activation compared
with free CDN (Supplementary Fig. 6). However, CDN-polyplexes
lost their activity after incubation in physiological medium for 48 h,

limiting their clinical applicability (Supplementary Fig 7). Toincrease
stability, we modified the CDN, STING agonist ML-317 (ref. 38), with a
cathepsin-cleavable linker containing a terminal maleimide group®
(Fig. 1a and Supplementary Fig. 8), allowing its covalent conjuga-
tion to the pBAE polymer. The CDN modification did not affect its
in vitro activity compared with unmodified CDN (Supplementary
Fig. 9). The cathepsin-cleavable linker was incorporated to facili-
tate the lysosomal proteolysis of the CDN into its free form within
the cell via a two-step self-immolating process*’ (Supplementary
Fig.10). To conjugate the ML-317-linker to the pBAE polymer, acrylate
groups were functionalized with 2-methyl-3-furanthiol (Supple-
mentary Figs. 11 and 12), allowing a Diels-Alder reaction between
the ML-317-linker maleimide group and polymer furan group*-*%.
The resultant NPs self-assembled to form conjugated CDN-NPs
(Fig. 1a). NPs containing up to 3.1% (w/w) of ML-317-Linker-pBAE
polymer were formed without compromising their stability
(Supplementary Fig. 13). Finally, CDN-NPs were PEGylated to
enhance their circulatory half-life** (Supplementary Figs. 14 and 15).
CDN-NPswere 41+ 5 nminsize and had asurface charge of +22+3 mV
(Fig.1c). CDNrelease from CDN-NPs was quantified using liquid chro-
matography with tandem mass spectrometry (LC-MS/MS). CDN-NPs
contained 18.1+ 0.9 ug CDN per mg polymer and the cathepsin linker
was not affected by conjugation (Fig. 1d and Supplementary Fig. 16).
We also confirmed that CDN-NPs are stable in mouse plasmafor 24 h
(Supplementary Fig. 17). CDN-NPs had quadruple the CDN content
per particle compared with CDN-polyplex, resulting in greater cell
tolerance towards CDN-NPs (Supplementary Fig. 18).

Then, we showed that CDN-NPs are efficiently internalized
by immune cells via caveolin and clathrin endocytosis, with more
than 90% uptake at 1 nM CDN (Supplementary Figs. 19-21), and the
NPs underwent slow hydrolysis and disassembled at endosomal
pH (Supplementary Figs. 22 and 23). We also showed that CDN-NPs
resulted in markedly higher IRF3 activation compared with free
CDN in THP1-Dual cells (half-maximum effective concentration
(ECsp) =20.6 nM and 1,146.0 nM, respectively) (Fig. 1e) with a similar
trend observed for the NF-kB response (Fig. 1f). In contrast, no acti-
vation of IRF3 or NF-kB was detected in STING KO THP1-Dual cells
(Supplementary Fig. 24), confirming STING-specific activation. Sim-
ilar results were obtained in bone-marrow-derived dendritic cells
(BMDCs) and bone-marrow-derived macrophages (BMDMs) (Fig. 1g,h).
Importantly, CDN-NPs remain active following 48 h of incubation in
phosphate-buffered saline (PBS) (Fig. 1i), and can be stored for up to
one monthat4 °Cwhilst maintaining their physicochemical properties
and functionality (Supplementary Fig. 25).

Immune cell uptake of CDN-NPs elicits robust
cytokine production

To evaluate the PK of CDN-NPs, B16-F10 melanoma tumour-bearing
mice wereinjectedi.v.,and the concentration of CDN and polymer was

Fig.1|Schematic, optimization and characterization of CDON-NP
formulations. a, Synthesis of CDN-conjugated NPs. Cationic pBAEs are
formulated by mixing acrylate-terminate pBAE polymer with arginine-
oligopeptide (termed C6-CR3). Maleimide-modified ML-317 is conjugated to
PBAE by the Diels-Alder reaction (termed ML-317-Linker-pBAE). After CDN
conjugation, ML-317-Linker-pBAE polymer is electrostatically complexed

with C6-CR3 polymer, resulting in the formation of covalently conjugated
CDN-NP. CDN-NPs are PEGylated using NHS-PEG and purified and sterilized by
filtration. CDNis released from the CDN-NPs through a cathepsin-cleavable
linker in the cell cytoplasm. b, Therapeutic efficacy of CDN-NPs was studied
using different murine preclinical tumour models. We further investigated
therole of cancer cells and host cells, particularlyimmune cells, in the context
of CDN-NP therapeutic efficacy. ¢, Biophysical characterization of CDN-NPs
was determined by dynamic light scattering. Representative data from three
independent experiments with similar results are shown. d, To quantify the
enzymatic cleavage rate of the CDN-cathepsin linker, CDN-NPs were incubated

with papain enzyme and the total CDN released was quantified at different time
points by LC-MS/MS. e, Dose-response curves of the IRF response produced

by CDN-NPs, Empty-NP or free CDNin the THP1-Dual cell line. f, Dose-response
curves of the NF-kB response produced by CDN-NPs, Empty-NP or free CDN in the
THP1-Dual cell line. g, Flow cytometric quantification of CD86 expressionin DCs
(CD86*CD11c*"MHC-II) 24 h following CDN-NP treatment at different CDN doses.
h, Flow cytometry histogram (left; representative data from two independent
experiments with n =3 are shown) and M1/M2 ratio (right) 24 h following CDN-NP
treatment at different CDN doses. Inflammatory M1-like was defined by the CD86
expression and anti-inflammatory M2-like was defined by the CD206 expression.
i, Comparison of IRF responses generated by fresh and 48 hincubated CDN-NPs
inPBS. The datarepresent mean + s.e.m., from arepresentative experiment
of2-3 independent experiments with n = 3 (d-i) biologically independent
samples. The data were analysed by two-way ANOVA with Bonferroni’s multiple-
comparisons tests (g and h). Panels aand b were created with BioRender.com.
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quantified using LC-MS/MS and fluorescence respectively (Fig. 2a).
We found that the CDN concentration in plasma was below the
detection limit 15 minutes after i.v. administration of free CDN. In
contrast, CDN derived from CDN-NPs was readily detectedupto1h
post-administration, with aplasma concentration of 50 nM (16.2 + 0.5%

oftheinitial dose) (Supplementary Fig. 26). NP fluorescence in plasma
1hfollowing administration was 16.5 + 1.7% of the initial injected NP
dose, similar to that of the CDN, implying that the CDN-NP remains
intact. Moreover, 2.7 + 0.6% of the NPs were still detected in circulation
24 h post-administration (Fig. 2b).

a STING activation
Q DDDD®D

cw

E-YN Arg | Arg | Arg CDN release in cytosol CDN

e PBAE >

Cathepsin l

3 Cathepsi @ Chl

2w psin ec®e

g’é —AAAAAANS (3 | Cytosol
2 [cONY AV VEN CDN '

5 IR PBAE - ' 'J" v Nucleus
o YOV

[ — [ __________ I Type | IFN
o)
fo) PSH <N "N O HO
0 %y oN"N HJI/ H oo % 0.5
A wo N a I ? H o ¢ )s ] [¢) (]
N_O o 0 ,NYO\/\/ N kINV\/\/\N‘ ( ~OA-0 N0 og\N/Bo o~
N.~ Po o H L o o
HS 05
| I I J
ML-317 (CDN) Linker PBAE
ML-317-Linker-pBAE
b Biodistribution Innate and adaptive Role of secondary

Efficacy (Organ/cell level)

antitumour immune
responses

CDN-NP transfer lymphoid organs

Lungs ( w
Liver ‘

Tumour @
\Spleen \

Survival l

B16-F10 CT-26

4T

Macrophages
DCs L4
CDN-NP )
transfer (NP**
2N
..* ",'1Splenectomy
V.

-

o
Phagqcytosi; : SpleenX
NP'BI6" N
( ) - D)

;*.? Cancer cell * DC
* Ve

¢ d
Size = 41.3 nm
Z-Pot = 21.6 mV .
PDI = 0.254 —== CDN-Linker
—— CDN-NP

LC =19.6 ug CDN per mg NP

20 120
= ¥ 100
X 15 °
= ] 80
b~ [0]
§10 < 60
3 40
£ Z
O 20
0+ : . . 0¢+—FT————
1 10 100 1,000 0 5 10 15 20 25 30
Size (nm) Time (h)
g h
oEmpty-NP o CDN o CDN-NP Untreated
= P<0.0001 P<0.0001 P<0.0001
96
(7]
1%
o
Qo | S
S 4 NP-Control
‘g IP < 0.0001
=
K2
o
3
Qo \ CDN-NP
o 1 10 100 \
CDN (nM) T T T T
-10° 0 10*° 10* 10°

Y
Memory T cell @ CD4 Tcell | ./“ CD8 T cell

. NKcell * M1 macrophage

e f
- Empty-NP ECg4 > 1,000 nM -~ Empty-NP
-o- CDN EC50 >1,000 nM -o- CDN
~-CDN-NP  EC,=20.6 nM ~o- CDN-NP

400 254
© )
2 300 5 297
(] <
< O 15
2 200 =
3 £ 10
- o
w 100 ~
o o 54
- =z

0« T T T | o] T T T |
0] 300 600 900 1,200 o] 300 600 900 1,200

CDN (nM) CDN (nM)

-~ Fresh EC;,=20.6 nM
~o- 2 days ECgy = 33.1nM

400

oEmpty-NP o CDN o CDN-NP
P <0.0001

o P <0.0001 P<0.0001 |pI5.0064

L]

300

N
o

200

M1/M2 ratio
5]

100

CDN-NP stability
IRF fold change

O
100 (0]

(o]

300 600 900 1,200
CDN (nM)

1 10
CDN (nM)

Nature Nanotechnology | Volume 18 | November 2023 | 1351-1363

1353


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-023-01447-7

a c d . )
Control 6h 24 h 48h I % ID/g tissue
v
: 0h 3h 6h 24h 48h 0_20 40 60
— Ro N - o8
11 1 1 e | | =, L
Spleen
PK BD BD BD Kidneys n . . . P
b c - - 06 Kidneys
o% . b
§% 40 Liver - ' Liver
82 30 r 0.4 Lungs
oo e
o A
;.ii 20 Lungs ‘3 - u . - Heart
5.
I SR ANl
)
Z'E 0+ T T T T | c © c <
5¢ 0 5 10 15 20 25 30 tdLN - . . . - o 32
Time (h) Radiant efficiency
x10° photons s’ cm? sr ‘)
pw cm™?
e o4h 024h © f i Leucocyte T-cell priming Proinflammatory  Immuno-
3 ~ IFN chemokine  and activation cytokines suppressive
2 g @ ? o § ey o -
= 1000 & 8 —~ 100 o S Q 9 — ~ ~
3 ngg = 5% 0 9 z?c}?‘gdgdﬁmvmmgmgr\ngmfo
T 1045 2 3 S .8 = cg Q zZzzZzT X0OXOw : S L <
i=2 a o g e S & q ELEdd000 20T IED
2 1 a & 2 10 o o T T R T O T HO O T RO HR RO S N 3
8 8 | S g it _ |Empty-NP .2
o o Ho o ° off | off (| >
E 0.1 g (@ E 1 ; “;.' ; g CDN 4 ™7
173 0 @ 0 =}
g oo 8 i | = | CDN-NP . . ™ °
*® 0.001 ® 01 ;
N D & o8O O PO 8O0 O
PP SF %QZ\& SO i\%z\o%bsb\ Empty-NP W,
&g g 5 CDN | F
=2 r10
CDN-NP -
9 3 h @ [ ]
3% o s © <
SESE § S 3 3
5 O = 4
8 fes2 s S 3 < [Empty-NP M,
T 1008 a o 9 — 100 775 a w o]
I 2 Q < a ) a < CDN -| Fa1
2 ©SE 2 0 & L 1o
© o = M N
% 10 S 2 P con-ve NN H S
3 ] 8 = 4
g 2 o |EmPty-NP - . 3
z i 2 £ P2
= I 2 2 CDN 13
o 2 o —
< o I * | con-np . . .:. I7-701
o N -
Q@QOVOQ %*'QO%\&%%%QO Log,, Fold Change
o NN
&y

Fig.2| CDN-NP distribution, cell internalization and cytokine activation
afteri.v. administration. a, Schematic of the timeline for PK and BD studies
following CDN-NP systemic delivery in mice bearing B16-F10 tumours. b, PK
analysis of fluorescent CDN-NPs uponi.v. administration. ¢, Representative IVIS
images of organs. Distribution of total adjusted radiant efficiency within each
time pointin the spleen, kidneys, liver, lungs, heart, and tdLN. Representative
datafrom two independent experiments with n =4 are shown. d, Fluorescent
CDN-NP quantification in organs. e-h, Cellular internalization of fluorescent

CDN-NPsindifferent tissues: tdLN (e), tumour (f), spleen (g) and liver (h).

i, Cytokine profile 4 h after the systemic administration of CDN-NP, NP control or
free CDNin the tumour, spleen, tdLN and plasma. Values are represented as log;,-
fold compared to untreated animals. Data are shown as mean + s.e.m. from two
independent experiments with n=3 (b), n=4-5(d) and n =5 (e-i) biologically
independent samples. The data were analysed by Student’s ¢-tests (e-h).Panel a
was created with BioRender.com.

To characterize the BD of CDN-NPs, mice were injected i.v. with
fluorescent formulations, and the organs were analysed at differ-
ent time points. CDN-NPs were found to preferentially accumulate
in the liver and spleen 6 h post-administration, which is consistent
with the BD profile observed using arginine-modified pBAE NPs*.
However, CDN-NP accumulation rapidly decreased in those organs
48 h post-administration, and was accompanied by a slight increase
in the tdLN (Fig. 2c,d and Supplementary Fig. 27). Indeed, the size
of CDN-NPs is highly consistent with hepatic or splenic tropism**¢,
Finally, we quantified the CDN accumulation in the TME by LC-MS/
MS as melanin was found to quench fluorescence. We found that a
maximum of 4% of the administered CDN-NPs were retained in the
TME 6 h post-administration, with 2% remaining after 48 h (Supple-
mentary Fig. 28).

Next, we investigated the cellular distribution and accumulation
of CDN-NPs in different organs (Fig. 2e-h). In the spleen, tdLN and
tumour, NPs were principally internalized by dendritic cells (DCs), mac-
rophages, granulocytic myeloid-derived suppressor cells (g-MDSC)
and monocytic myeloid-derived suppressor cells (m-MDSC). In the
spleen—andto alesser extent, in the liver—the percentage of DCs and
macrophages containing NPs (NP*) decreased at 24 h compared with
4 h. Interestingly, the converse was observed in the tdLN where an
increase in DCs was observed at 24 h. A decrease in other myeloid
populations was similarly seen 24 h after administration in the tdLN
aswas seenin the spleen and liver. Interestingly, we found that a high
percentage of CDN-NPs that reach the TME are internalized by cancer
cells,leadingto 8.2 +1.7% of cancer cellsbeing NP"at4 hand 4.7 + 2.4%
at 24 h (Fig. 2f).
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To understand how CDN-NP distribution and uptake by immune
cells modulated the downstream inflammatory responses, we meas-
ured proinflammatory cytokines and chemokines in plasma, tdLN, TME
andspleen (Fig. 2i and Supplementary Fig. 29), as these can trigger mac-
rophage and DC maturation and CD8" T-cell cross-priming*. Compared
with free CDN and NPs that did not contain CDN (Empty-NPs), CDN-NPs
increased the expression of type 1 and type Il interferons across all of
the analysed tissues. Similar to our BD data, the highest interferon
expression was observedinthe spleen. Immunosuppressive IL-10 was
also upregulated across all the tissues acting as an endogenous nega-
tive regulator of STING activation”. CDN-NP treatment also resulted
inthe elevated expression of proinflammatory cytokines, suchasIL-17,
IL-12-p70 and tumour necrosis factor alpha. CDN-NPs increased the
expression of other cytokines involved in T-cell priming and activa-
tionsuchasIL-4 (ref. 48) and IL-9 (ref. 49) and increased expression of
chemokinesIP-10, CXCL1CCL3 and CCL2inthe TME, which are critical
for antitumour T-cell activation and immune cell recruitment®®. The
data suggest that immune cells in the secondary lymphoid organs
(spleen) may play arole in the antitumour efficacy of CDN-NPs by
priming T cells, secreting cytokines or facilitating cell migration to
the tumour or tdLN.

CDN-NPs induce a potent antitumour responsein
multiple tumour models
CDN conjugation to pBAE polymer increased the potency of the ther-
apy, where a single dose of 1.25 pg CDN was the maximum tolerated
dose (Supplementary Fig. 30). To ensure tolerability on repeated dos-
ing, we selected a dose of 0.5 pug CDN, which showed transient body
weight loss (Supplementary Fig. 31) and no toxicity in the liver and
spleen (Supplementary Figs. 32 and 33). To evaluate the therapeutic
efficacy of CDN-NPsin combination with ICB, we first utilized apoorly
immunogenic murine melanoma model (B16-F10). CDN was adminis-
tered i.v. seven days after tumour inoculation, with anti-PD-1 dosed
intraperitoneally 24 h afterwards. This regimen was repeated three
times every four days. CDN-NP therapy resulted in a substantial delay
in tumour growth and a corresponding increase in mouse survival
compared with free CDN, which resulted in a modest suppression of
tumour growth and noincreaseinsurvival (Fig. 3a-c). Empty-NP treat-
ment did not affect tumour growth (Supplementary Fig. 34). A slight
benefit was observed when anti-PD-1was combined with free CDN, but
the combination of CDN-NP with anti-PD-1 markedly reduced tumour
growth and 60% of the animals completely rejected tumours with no
evidence of residual tumour two months post-treatment (Fig. 3a-c).
These results confirm the synergistic effect of STING agonists and
ICB*'; however, this synergy was greatly accentuated using CDN-NPs.
To further explore the efficacy of CDN-NPs in models with dif*-
fering biology, we next treated mice with colon (CT-26) and breast
(4T1) tumours as CT-26 is more immunogenic than B16-F10 melanoma
and 4T1is poorly immunogenic and resistant to ICB*. In the CT-26
model, 30% of the tumour-bearing animals were cured with CDN-NP
alone, and 70% showed complete tumour regression when combined
with anti-PD-1 (Fig. 3d-f). A more restrained therapeutic response

was observed in mice bearing 4T1 tumours (Fig. 3g—i). CDN-NP treat-
mentinhibited tumour growth and increased survival compared with
free CDN, but no additional effect was observed when combined with
anti-PD-1, for both CDN-NP and free CDN.

Following the rechallenge of cured mice (Fig. 3j), 60% (Fig. 3k) and
100% (Fig. 31) of the mice rejected B16-F10 and CT-26 tumours, respec-
tively, whereas all the age-matched naive mice rapidly succumbed to
their tumours. The combination of CDN-NP and anti-PD-1 generated
arobustimmune memory response in most initially cured mice, with
slightly higher responsiveness in the CT-26 model™.

Systemic delivery of CDN-NPs activates innate
and adaptive immunity

To understand the mechanisms associated with CDN-NP antitumour
activity, we analysed the innate and adaptive immune cell populations
inthe spleen, TME and tdLN of B16-F10 tumour-bearing mice two and
seven days after therapy. The DC expression of CD86 in the tdLN and
spleenwassignificantly increased (Fig. 4a), consistent withenhanced
CDN accumulation delivered by CDN-NPs (Fig. 2d). The combination
of ICB with CDN therapies further increased the CD86 expression on
DCs compared with CDN monotherapy inthe spleen. Interestingly, the
combination of CDN-NP with anti-PD-1significantly activated migratory
(CD103") and tissue-resident (CD8") cross-presenting cDC1 subsets
from the spleen, TME and tdLN (Supplementary Fig. 35 and Fig. 4b,
respectively). The percentage of plasmacytoid DCs, which are known
to produce highlevels of type linterferons®, wasincreasedin the spleen
and TME after CDN-NP treatment (Supplementary Fig.36). In contrast,
the overall percentage of plasmacytoid DCsin the tdLN was decreased
due to the influx of DCs after CDN-NP treatment.

Furthermore, in the spleen and the tdLN, we observed the repo-
larization of M2-like macrophages (CD206") to a more Ml-like state
(CD86") in mice treated with CDN-NPs alone or with ICB (Fig. 4c).
CDN-NPs promoted an influx of g-MDSCs (CD45*CD11b*Ly6G*Ly6C"*")
to the TME and spleen (Supplementary Fig. 37a), a phenomenon that
has previously been reported in response to STING-mediated inflam-
mation®*. Consequently, the percentage of m-MDSCs (CD45'CD11b*L
y6GLy6C"e" was reduced in those tissues (Supplementary Fig. 37b).
CDN-NPsalso increased the proliferation (Ki67*) and activation of NK
cells in the TME (Fig. 4d,e), which was encouraging given their role
in STING-mediated immune responses, independent of CDS T cells’.

The analysis of tumour T cell infiltrates revealed a two-fold
increaseinthe CD8/CD4 T cellratioin the TME seven days post-CDN-NP
treatment compared with equal doses of free CDN or untreated mice
with a similar trend observed in the tdLN (Fig. 4f and Supplementary
Fig. 38). Following ex vivo phorbol myristate acetate and ionomycin
restimulation, we found that the proportion of CD4" Tand CD8" T cells
secreting IFNyin the TME was significantly increased in mice that were
treated with CDN-NPs compared with the equivalent dose of free CDN
oruntreated mice (Fig.4g-i). Inline with their cytotoxic effector func-
tion, a higher percentage of IFNy-expressing cells were CD8" relative
to CD4, which was also observedinthe tdLN (Supplementary Fig. 39).
In addition, the combined depletion of CD8" T cells, CD4" T cells and

Fig. 3| CDN-NPs improve therapeutic outcome of CDN and synergize with ICB.
Mice with 30-50 mm? subcutaneous tumours were intravenously administered
CDN-NPs, free CDN or PBS three times, four days apart. CDN therapy was
combined with and without ICB, anti-PD-1, administered intraperitoneally

(i.p) 24 h after i.v. delivery of CDN, three times. a, Tumour growth in B16-F10
melanoma-bearing mice. b,¢, Individual tumour growth curves (b) and Kaplan-
Meier survival curves (c) of B16-F10 mice treated with different therapeutic
combinations. d, Tumour growth in CT-26 colon tumour-bearing mice.

e,f, Individual tumour growth curves (e) and Kaplan-Meier survival curves (f)

of CT-26 tumour-bearing mice treated with different therapeutic combinations.
g, Tumour growth in4T1triple-negative breast tumour-bearing mice.

h,i, Individual tumour growth curves (h) and Kaplan-Meier survival curves (i) of

4T1tumour-bearing mice treated with different therapeutic combinations.
Jj,Rechallenge scheme of cured B16-F10 and CT-26 tumour-bearing mice. Cured
mice were injected with 5 x 10° B16-F10 or 1 x 10° CT-26 cells in the opposite

side of the flank at day 60 post-initial treatment. Tumour growth and survival
were monitored. k, Kaplan-Meier survival curves of B16-F10 tumour-bearing
mice. I, Kaplan-Meier survival curves of CT-26 tumour-bearing mice. The data
arerepresented as mean + s.e.m. from a representative experiment of two
independent experiments with n=8-12 (a-i) and n=5-7 (kand ) biologically
independent samples. The data were analysed by two-way ANOVA with
Bonferroni’s multiple-comparisons tests (a, d and g) or log-rank (Mantel-Cox)
test (¢, f, i, kandl). The statistical significance was determined against an
untreated group unless indicated otherwise by the Mantel-Cox test (c, f, i, kand ).
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NK cells resulted in a complete loss of CDN-NP-mediated antitumour
activity (Supplementary Fig. 40).

We next investigated whether T cell memory had been formed in
thetdLN, seven days after asingle treatment. We observed anincrease

CD44* CD62L" in CD8 (%)
CD44"CD62L" in CD8 (%)

in CD4 and CDS8 T cell proliferation (ki67*) and activation (CD69")
after CDN-NP treatment compared with untreated or free CDN groups
(Fig. 4j,m and Supplementary Fig. 41, respectively). Interestingly, the
percentages of CD4*CD44"CD62L" central memory T cells (T¢,,) and
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Fig.4 | CDN-NPs activate innate and adaptive antitumour immune responses.
Free CDN or CDN-NPs (0.5 pg) alone or in combination with anti-PD-1 (100 pg)
were administered seven days after tumour inoculation (average tumour volume,
~30-50 mm?®). B16-F10 tumours, tdLN and spleen were collected and analysed
two days and/or seven days after treatment. a, Quantification of activated

DCs (CD86MCD11c"MHCII*'CD45%) in the spleen, TME and tdLN (left) and
representative flow cytometry histograms in the spleen (right; representative
datafrom two independent experiments with n = 5 are shown) two days
followingi.v.injection . b, Representative flow quantification of activated
resident DCs (CD86" CD8*CD11c*MHCII*CD45%) in the spleen, TME and tdLN two
days following i.v. injection. ¢, Relative quantification of M1-like macrophages
(CD86") and M2-like macrophages (CD206") ratio gating on F4/80*CD11b*CD45"
cellsinthe spleen, TME and tdLN two days following i.v. injection. d,e, NK cell
proliferation (ki67'NK1.1") (d) and activation (CD69°NK1.1*) (e) in the TME were
quantified by flow cytometry seven days following i.v. injection. f, Ratio of

CD8"to CD4" T cells in the TME at two and seven days following treatment.

g-i, Representative flow cytometric analysis images (g) and the relative
quantifications of IFNY*CD4" (h) and IFNy"CD8’ (i) T cells in the TME seven days
afteri.v.injection. j, CD4 cell proliferation (ki67*CD4*CD3") in the tdLN was
quantified by flow cytometry seven days following i.v. injection. k,I, Central CD4*
cellmemory (CD44'CD62L") (k) and effector CD4" cellmemory (CD44'CD62L)
(I) inthe tdLN seven days following treatment. m, CD8 cell proliferation
(ki67'CD8CD3") in the tdLN was quantified by flow cytometry seven days
followingi.v.injection. n,0, Central CD8' cellmemory (CD44'CD62L") (n) and
effector CD8* cellmemory (CD44°CD62L) (0) in the tdLN seven days following
treatment. The data are represented as mean + s.e.m. from arepresentative
experiment of two independent experiments withn=>5 (a-c,fand h-o) and
n=5-6(dand e) biologically independent samples. The data were analysed

by two-way ANOVA (a-c) or one-way ANOVA (d-fand h-o) with Bonferroni’s
multiple-comparisons tests.

CD4'CD44"CD62L" effector memory T cells (Tg,,) were both increased
in CDN-NP-treated mice (Fig. 4k,1). Asimilar profile was found in CD8"
T cells, where CDN-NP-treated mice with anti-PD-1 showed higher
percentages of Ty, and Ty, cells compared with untreated and free
CDNgroups (Fig.4n,0). These results provide evidence that treatment
with CDN-NPs most effectively promotes the generation of immune
memory cell populations, contributing to the differences seen among
these treatments.

STING activationin host rather than cancer cells
drives efficacy

Toinvestigate therole of host cell versus cancer cell STING in generat-
ing antitumour efficacy, STING KO (M) or wild-type (M"*) mice were
inoculated with either wild-type (T*) or STING KO (T”) B16-F10 tumour
cells (Fig. 5a). Treatment with CDN-NPs in M"*T"* mice resulted in an
inhibition of tumour growth (Fig. 5b,c) and a significant increase in
overallsurvival (Fig. 5d) compared with the corresponding untreated
mice. Similar results were obtained when M**T” mice were treated
with CDN-NPs, whereas the therapeutic efficacy of CDN-NPsin T* or
T/ tumour-bearing M”" mice was completely abolished. These results
confirm that CDN-NP elicits tumour regression through the activation
of host cell STING.

Splenectomized mice show compromised
long-term memory

Giventherobustaccumulation of CDN-NPsin the spleen and the activa-
tion of splenicimmune cell populations, we investigated the contribu-
tion of the spleen to the generation of antitumour efficacy. We induced
B16-F10 tumoursinsplenectomized mice (SpleenX) and treated them
as previously described (Fig. 5e). We found that the absence of spleen
did not have any bearing on the ability of mice to reject their primary
tumourswhen treated with CDN-NP alone and in combination with ICB
(Fig. 5f-g). However, only wild-type (WT) mice were able to reject the
tumour uponrechallenge (Fig. 5h). We found no significant differences
ininnate immune cell populations between WT and SpleenX models

(Supplementary Figs. 42 and 43). However, compared with WT animals,
SpleenX mice had halfthe number of lymphocytesinthe tdLN (Fig. 5i)
with a notable reductionin CD4" T cells in the tdLN (Supplementary
Fig. 44). Interestingly, activated CD4" T cells from the spleen or tdLN
have been shown to confer potent antitumour protection®, and are
known to participate in the generation of functionalimmune memory*®.
Thelack of aspleenseemsto have been compensated for by anincrease
intheactivaton of CD8* T cellsin the tdLN of the splenectomized mice
(Supplementary Fig. 45).

CDN-NPsreleased from cancer cells activate
proximalimmune cells

As cancer cell STING activation did not contribute to the therapeutic
efficacy (Fig. 5a-d) but are a considerable recipient of the therapy
(Fig. 2f), we sought to resolve the fate of CDN-NPs that have entered
cancer cells. Interestingly, cancer cells can produce CDNs that are
transferred to tumour-associated DCs and macrophages, inducing
typelinterferon production®*®, We hypothesized that cancer cells can
actasareservoir for CDN-NPs, releasing CDN-NPs to tumour-resident
DCs and macrophages over time (Fig. 6a). Toinvestigate this phenom-
enon, we first confirmed that CDN-NPs preloaded into cancer cells
(Supplementary Fig. 46) are released over time in vitro. Cancer cells
were treated with 1 M CDN-NPs to ensure cell viability (ICs,, 15 pM)
(Supplementary Fig. 47). We found that CDN-NPs were gradually
released from cancer cells within the first 8 hand almost completely
released by 48 h (Fig. 6b). We confirmed the presence of CDN-NPs
in THP1 and RAW cell lines when co-cultured for 24 h with tumour
cells that were pretreated with CDN-NPs or free CDN at equivalent
doses (Fig. 6¢). We found that IRF3 was activated in STING WT THP1
(THP1"") and RAW (RAW"Y) cells, but not in STING KO THP1 (THP1”")
or RAW (RAW7) cells, when co-cultured with tumour cells (either
STING WT (B16"") or STING KO (B167) cells) that were pretreated
with CDN-NPs (Fig. 6d). A similar trend was obtained using STING
WTBMDCs (DC*) and BMDMs (M@""), where anincrease inactivated
CD86" cells was observed when cancer cells were pretreated with

Fig. 5| Host cell activation following STING delivery is sufficient to
promote antitumour immunity. a, Treatment scheme for the confirmation
of CDN STING-dependent efficacy in the B16-F10 melanoma model. B16-F10
STING” or B16-F10 WT tumour cells were implanted in C57BL/6 STING” or
C57BL6 WT mice following CDN-NP treatment when the tumour size reached
30-50 mm?>. b, Average tumour growth kinetics after treatment. ¢, Individual
tumour growth curves. d, Kaplan-Meier survival curves. e, Role of spleenin
CDN-NP therapy. Mice were subjected to splenectomy one week before tumour
induction. Then, mice with 30-50 mm?® subcutaneous tumours were treated
with CDN-NPs (0.5 pg) with and without anti-PD-1(100.0 pg). CDN therapy

was intravenously administered three times, four days apart. The anti-PD-1
therapy was intraperitoneally administered 24 h after CDN treatment. f, Tumour

growth in B16-F10 melanoma-bearing mice. g, Kaplan-Meier survival curves.

h, Rechallenge of cured WT and SpleenX B16-F10 tumour-bearing mice. Cured
mice wereinjected with 5 x 10° B16-F10 on the opposite side of the flank at day 60
post-first treatment. Kaplan-Meier survival curves of B16-F10 tumour-bearing
mice. i, Total lymphocyte countin tdLN tissues two days post-treatment. The
dataarerepresented as mean +s.e.m. from arepresentative experiment of

two independent experiments with n=7-8 (b-d), n=8-10 (f-h) and n =11 (i)
biologically independent samples. The data were analysed by two-way ANOVA
with Bonferroni’s multiple-comparisons tests (b and f), log-rank (Mantel-Cox)
test (d, gand h) or Student’s t-test (i). The statistical significance was determined
against the untreated group unless indicated otherwise by the Mantel-Cox test
(c,d,gand h). Panels aand e were created with BioRender.com.
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Fig. 6| Cancer cells serve as a CDN-NP reservoir, releasing the CDN-NPs

into neighbouring immune cells and activating them. a, Scheme of B16-F10
cancer cells acting as a reservoir of CDN-NPs, releasing them over time into
neighbouring DCs or macrophages bothin vitro and in vivo. To study this
phenomenon, B16-F10 and DsRed-B16 cells were preloaded with CDN-NPs at
1,000 nM for 4 h. Then, CDN-NP-loaded cancer cells were co-cultured with
differentimmune cells in vitro or subcutaneously injected in vivo. CDN-NP
transfer toimmune cells was studied by flow cytometry. b, CDN-NP release
kinetics from B16-F10 cancer cells preloaded with CDN-NPs. Intracellular and
released CDN-NPs were quantified at different time points by LC-MS/MS.

¢, Percentage ofimmune cells containing CDN-NPs transferred from cancer cells
after 24 h of co-cultureinvitro. d, IRF3 response produced by the transferred
CDN-containing NPs or free CDN from B16" or B16” to THP1* or THP1” and
RAW" or RAW”. e-m, In vivo CDN-NP transfer from DsRed-B16 cancer cells to
DCs. Percentage of CDN-NP-positive (NP*) DCsin the tumour (e). Percentage of

NP* and DsRed-B16-positive (B16") DCs in the tumour (f). CD86 activation
marker in the DCs present in the tumour (g). Total percentage of DCs in the
tumour (h). Percentage of NP* DCsin the tdLN (j). Percentage of NP* and B16*
DCsinthetdLN (k). CD86 activation marker in the DCs presentin the tdLN (I).
Total percentage of DCsin the tdLN (m). n-q, Tumour growth and survival
using CDN-NPs or Empty-NP-treated (n and 0) B16-F10 WT (B16**) and (p and q)
B16-F10 STING KO (B167) cells. The data are represented as mean +s.e.m. froma
representative experiment of two independent experiments withn =6 (b), n=4
(candd),n=5(e-1)and n=5 (m-p) biologically independent samples. The data
were analysed by two-way ANOVA (¢, d, m and o) or one-way ANOVA (e-1) with
Bonferroni’s multiple-comparisons tests, or log-rank (Mantel-Cox) test

(nand p). The statistical significance was determined against the untreated
group unless indicated otherwise by Mantel-Cox test (n and p). Panel awas
created with BioRender.com.

CDN-NPs. Noincrease in CD86 was observed in STING KO DCs (DC™)
ormacrophages (M@™) (Supplementary Fig. 48). These in vitro results
illustrate that CDN-NPs released by cancer cells can activate the STING
pathwayinimmune cells, acting as areservoir of CDN-NPs. To confirm
thisinvivo, we used an engineered model where fluorescent CDN-NPs
were preloaded into fluorescent cancer cells (DsRed-B16) before
tumour inoculation, and the presence of fluorescent CDN-NPs and
cancer cellsinimmune cells was evaluated. We found that 80% of DCs
and 40% of macrophages in the TME were positive for CDN-NPs (NP*)
24 h after tumour inoculation (Fig. 6e and Supplementary Fig. 49a,
respectively). Totest whether this was aresult of phagocytosis of can-
cer cells containing CDN-NPs by immune cells, rather than the release
of CDN-NPs from cancer cells, we quantified the co-localization of
fluorescent CDN-NPs and fluorescent cancer cells (DsRed-B16) in
immune cells. The obtained results showed a low co-localization per-
centage (<3% for DCs and <2% for M), indicating that phagocytosis
alone did not explain CDN-NP presence inimmune cells (Fig. 6f and
Supplementary Fig. 49b). CDN-NP transfer and activation of DCs
and macrophages in the TME after 24 h (Fig. 6g and Supplementary
Fig. 49c¢) led to their migration to tdLN at 48 h (Fig. 6h,l and Sup-
plementary Fig. 49d,h). This resulted in an increase in NP* DCs and
macrophagesinthe tdLN and anincrease in CD86 (Fig. 6i-k and Sup-
plementary Fig.49e-g). Finally, toinvestigate the contribution to thera-
peutic efficacy, both WT B16-F10 (B16"*) and STING KO B16-F10 (B16™)
cells were incubated with CDN-NPs or Empty-NPs 4 h before tumour
inoculation. CDN-NP-treated B16" cells resulted in a delay in tumour
growth and improved survival compared with Empty-NP-treated
cellsin WT C57BL/6 mice (Fig. 6n,0). Similar results were obtained
with CDN-NP-treated B16” cells (Fig. 6p,q), confirming that tumour
cell STING did not drive tumour growth inhibition and transferred
CDN-NPs activated the STING pathway in host immune cells.

Conclusions

This work establishes CDN-NPs as a potent innate immune agonist
therapy. The conjugation of CDN to NPs ensures particle-dependent
drug BD, resulting in superior potency, drug loading and stability
compared with electrostatic NPs. When combined with ICB, low-dose
CDN-NPs generated complete and durable antitumour responses and
immunological memory in murine melanomaand colon cancer models.
CDN-NPs were taken up by immune cells in the TME and secondary
lymphoid organs. We discovered that CDN-NPs internalized by cancer
cells were transferred to proximal immune cells in the TME. NPs also
accumulatein the spleen, which contributed toimmune memory for-
mation. Rational engineering allowed us to define the NP fate, under-
stand the mechanism of action and expand the therapeutic window.
Finally, these findings underscore theimportance of studying the tem-
poralinterplay betweenimmune cell composition and activity, and the
dynamicdistribution of therapeutic NPs across organs and cell types,
to inform the design of effective NP immunotherapies.
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Methods

Materials

All the reagents and solvents were purchased from Sigma-Aldrich,
unless otherwise stated. Peptides (H-Cys-Arg-Arg-Arg-NH,,
H-Cys-Lys-Lys-Lys-NH, and H-Cys-His-His-His-NH,) were obtained
from CPC Scientific with a purity of at least 90%. ML-317 and
ML-317-Linker (Supplementary Information) were provided by Takeda
Pharmaceuticals.

Synthesis and characterization of pBAE polymers

Polymers were synthesized in accordance with our previous work, by
the addition reaction of primary amines to an excess of diacrylate,
resulting in an acrylate-terminated polymer. C6 polymerization was
performed by mixing 5-amino-1-pentanol (0.426 g, 4.1 mmol), hexy-
lamine (0.422 g, 4.1 mmol) and 1,4-butanediol diacrylate (2.000 g,
9.1 mmol) under magnetic stirring at 90 °C for 24 h. C32 polymeriza-
tionwas performed by mixing 5-amino-1-pentanol (0.852 g, 8.2 mmol)
and 1,4-butanediol diacrylate (2.000 g, 9.1 mmol) under magnetic
stirring at 90 °C for 24 h. For the synthesis of cationic pBAE polymers,
Cé6 polymer was end-capped with different thiol-terminated peptides
atal.0:2.1 molar ratio in dimethyl sulfoxide overnight and collected
by precipitation in a mixture of diethyl ether and acetone (7:3 v/v)
and dried in vacuo. For the synthesis of CDN or fluorescent poly-
mer, C32 polymer was end-capped with methyl-3-furanthiol at1.0:2.5
molar ratio in tetrahydrofuran overnight and collected by precipita-
tion in diethyl ether and dried in vacuo. The resultant polymer was
end-capped with maleimide-modified CDN or Alexa Fluor 647 C2
Maleimide (Thermo Fisher) at 1:2 molar ratio in dimethyl sulfoxide.
The synthesized products were dissolved in an appropriate deuter-
ated solvent and structures were confirmed by 'H nuclear magnetic
resonance (NMR), recordedina400 MHz Varian system (NMR Instru-
ments) (Supplementary Figs.3-9).

Polymer degradation study

The pBAE degradation rate was measured by diluting free polymer in
solutionin100 mM buffers of pH 5.8, 6.8 or 7.4 (final polymer concen-
tration, 0.25 mg ml™). Samples were incubated at 37 °C under shak-
ing. At various time points, samples containing polymer (5 mg) were
removed, snap frozen in liquid nitrogen and lyophilised 48 h before
being analysed by 'HNMR.

Formation of electrostatic and conjugated CDN-NPs

Electrostatic CDN-NPs were generated by mixing equal volumes of
CDNat 0.05 mg ml”and pBAE-CR3 polymer at 5.00 mg mlinsodium
acetate buffer at12.5 mM, followed by 10 minincubation atroom tem-
perature. Next, this mixture was nanoprecipitated with two volumes
of PBS resulting in the formation of discrete NPs. CDN-conjugated
NPs (CDN-NP) were prepared by mixing 25 pl pBAE-CR3 polymer
(100 mg ml™), 20 pl pBAE-TCDN-2 (4 mg mlI™) and 5 pl of pBAE-AF647
(2 mg ml™) indimethyl sulfoxide. Then, 450 pl of sodiumacetate buffer
at12.5 mMwas added to the polymer solution and mixed by pipetting,
followed by 10 minincubationat room temperature. For the formation
of CDN-NPs, this mixture was nanoprecipitated with 2 ml PBS. Finally,
230 pl of NHS-PEG (2 kDa, Laysan Bio) (10 mg ml™) was added to the NPs
andreacted overnight at room temperature. CDN-NP PEGylation was
quantified by 'H-NMR analysis. The final CDN-NPs were purified and
concentrated using centrifugal filtration (molecular weight cut-off,
10 kDa) and filtered through a sterile 0.22 pm membrane.

Biophysical characterization of CDN-NPs

The size and surface charge of NPs were determined by dynamic light
scattering using a Zetasizer Nano ZS equipped with a He-Ne laser
(A=633 nm) atascattering angle of 137° (Malvern Instruments). Elec-
trostatic CDN formulations were further characterized by agarose
gelretardation assay. To assess CDN complexation, different ratios of

fluorescent CDN (Ap-8-Fluo-AETGp) to polymer (w:w) between10:1and
400:1 were studied. The CDN-polyplexes were freshly prepared and
loadedin 4% E-Gel Precast Agarose Gels (Thermo Fisher), run as per the
manufacturer’sinstructions, and visualized in the fluorescence mode.

Quantification of CDN

The CDN content was determined by LC-MS/MS. CDN-NP-containing
samples were incubated with an equal volume of papain digestion
solutionat 37 °Cfor 24 h. Next, 40 plof the previous solution was mixed
with 300 pl of 0.1% (v/v) formic acid in methanol containing 150 nM
carbutamide (internal standard) for 10 min before LC-MS/MS analysis.

CDN-NP sstability studies

The CDN-NPswere storedin PBS at 4 °C for up to 1month. The biophysi-
cal properties of the resultant CDN-NPs were determined by dynamic
light scattering and the functionality of those CDN-NPs was tested
invitro using the RAW reporter cell line. To determine the stability of
CDN-NPsinplasma, CDN-NPs were incubated in mouse plasmaat 37 °C
and free CDN was quantified by LC-MS/MS at different time points as
previously described.

Celllines

Mus musculus skin melanoma (B16-F10 and B16-F10 STING KO, from
ATCC), M. musculus colon fibroblast (CT-26, from ATCC) and M.
musculus mammary gland (4T1, from ATCC) were maintained in
Dulbecco’s minimum essential medium supplemented with 10% (v/v)
foetal bovine serum (FBS), 100 U ml™ penicillin, 100 pg ml ™ strep-
tomycinand 2 mM L-glutamine. RAW-LuciaISG cellsand RAW-Lucia
ISG STING KO cells (InvivoGen) were similarly maintained with the
addition of 100 pg ml™ Normocin and Zeocin. Human monocyte
THP1-Dual cells and THP1-Dual STING KO cells (InvivoGen) were
maintained in RPMI 1640 supplemented with 10% (v/v) FBS, 2 mM
L-glutamine, 25 mM HEPES, 100 pg ml™' Normocin and 100 pg ml™
Zeocin, 10 pg ml™ Blasticidin (InvivoGen), 100 U ml™ penicillin and
100 pg ml™* streptomycin. All the cell lines were maintained in a
humidified incubator at 37 °C, 5% CO,.

CDN-NP cellinternalization and endocytosis mechanism

To quantify the relative avidity for CDN-NPs, the cells were seeded
at1x10° cells per well and incubated with fluorescently labelled
CDN-NPs at CDN concentrations ranging from 0 to 1,000 nM. After
2 h, excess NPs were removed and the cells were washed, trypsinized
and fixed with 4% (v/v) paraformaldehyde for 10 min. The fluorescent
NPs were detected using flow cytometry using a 640 nm excitation
laser and 670/30 nm filter configuration on a BD LSRFortessa cell
analyser. To evaluate the internalization mechanism of CDN-NPs,
the cells were treated with several internalizationinhibitors. Briefly,
the cells were seeded at a density of 2 x 10° cells per well in 24-well
plates and grown for 24 h before the incubation of inhibitors and
CDN-NPs. The cells were then treated with chlorpromazine (28.0 pM),
filipin 3 (3.5 uM), rottlerin (10.0 uM), brefeldin A (1.0 puM), chloro-
quine (10.0 pM) and EIPA (50.0 uM) in the complete culture medium
for 60 min at 37 °C. After that, CDN-NPs (100 nM) were added and
incubated for 3 h. Subsequently, the cells were analysed by flow
cytometry and representative images of the cells were taken with an
EVOS M5000 Imaging System microscope. To study the endocytosis
mechanism, the cells were seeded in 35 mm glass-bottom dishes
(MatTek) at a density of 50,000 cells per dish. After 24 h, the media
was switched to OptiMEM with either early or late endosome-GFP
trackers for 17 h (Cell Light Early/Late Endosomes-GFP, BAcMan
2.0, Thermo Fisher). Then, the cells were incubated with 100 nM
CDN-NPs in OptiMEM media for 6 or 24 h and fixed. The samples
were preserved with mounting media (ProLong Diamond Antifade
Mountant, Thermo Fisher) and imaged by confocal microscopy
(EVOS M5000 Imaging System microscope).
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Invitro evaluation of CDN-NPs

Cell viability was assessed using the MTS assay (Promega) as per the
manufacturer’s instructions. To test CDN-NP activity, human mono-
cyte THP1-Dual cells, THP1-Dual STING KO cells, RAW-Lucia ISG cells
and RAW-Lucia ISG STING KO cells were seeded in 96-well plates at
1x10° cells per well and incubated with the CDN-NP or free CDN at CDN
concentrations ranging from 0 to 500 nM. At 24 h post-treatment, IRF3
activity was examined using the QUANTI-Luc reagent (InvivoGen) and
the NF-kB activity (only THP1-Dual cells) was determined using the
QUANTI-Blue reagent (InvivoGen) according to the manufacturer’s
instructions.

Mouse care and experimentation

Female WT C57BL/6 and BALB/c mice (6-8 weeks old) were purchased
from Charles River. C57BL/6)-Sting1%'/) (goldenticket) mice were pur-
chased from the Jackson Laboratory. Animal research and veterinary
carewere performed at the Hale Building for Transformative Medicine,
the KochInstitute for Integrative Cancer Research and Takeda Boston
under the protocol approved for this study by the Institutional Animal
Care and Use Commiittee.

BMDC and BMDM isolation

The tibias and femurs of female WT or goldenticket C57BL/6 mice
(aged 8-12 weeks) were isolated and flushed to harvest the bone
marrow and to obtain a progenitor cell population®’. To generate
BMDMs, 4-6 x 10° bone marrow cells were cultured in non-tissue
culture-treated T175 flasks with 25 ml Dulbecco’s minimum essen-
tial medium/F12 supplemented with 10% (v/v) FBS, 1% (v/v) peni-
cillin-streptomycin, 5% (v/v) GlutaMAX and recombinant murine
macrophage colony-stimulating factor (20 ng ml™). The flasks were
supplemented with additional medium on days 3 and 6. To gener-
ate BMDCs, 2 x 10° bone marrow cells were added to non-tissue
culture-treated Petri dishes and cultured in 10 ml RPMI 1640 sup-
plemented with 10% (v/v) FBS, 1% (v/v) penicillin-streptomycin and
recombinant murine granulocyte macrophage colony-stimulating
factor (20 ng ml™), 10 ml more of which was added on day 3. On day
6 and every other day thereafter until use, 10 ml of the consumed
mediumwas centrifuged and replaced with 10 ml of fresh medium. To
collect the cells, BMDMs were detached using Accumax and BMDCs
were loosely adherent and could be collected by simple washing.

Assessment of primary immune cell activation

BMDCs or BMDMs were seeded in 24-well plates at 2 x 10° cells per
well and incubated with the CDN-NP or free CDN at equal CDN con-
centrations ranging from 1 to 100 nM. Empty-NPs were also used at
the equivalent polymer concentration. After 24 h, the supernatant
was removed and the cells were collected, washed, stained, fixed and
analysed by flow cytometry. The following antibodies were used: CD45
BV785 (clone 30-F11), CD11b BV421 (clone M1/70), F4/80 BUV395 (clone
T45-2342), MHCIIBV605 (clone M5/114.15.2), CD11c BV421 (clone N418),
CD86 BB515 (clone GL-1), CD80 APC (clone 16-10A1) and CD206 PE
(clone C068C2). Live cells were gated using LIVE/DEAD (Thermo Fisher)
near-IR (cat. no. L34976).

PK of CDN-NPs

Non-tumour-bearing 6-8-week-old female C57BL/6 mice were intra-
venously injected (100 pl per mouse) with fluorescent CDN-NPs and
whole blood was collected 0.25, 0.50, 1.00, 3.00, 6.00 and 24.00 h
post-injection in Eppendorf tubes containing heparin through sub-
mandibular bleed (for early time points) or cardiac puncture (for late
time points). Plasma was obtained by centrifugation for 20 min at
10,000x%g. Fluorescent CDN-NPs were quantified using a 640 nm excita-
tion and 680 emission wavelength by a plate reader, and the CDN was
also quantified by LC-MS/MS.

BD and cellular localization of CDN-NPs

C57BL/6 mice bearing B16-F10 tumours (-100 mm?) were intravenously
injected with fluorescent CDN-NPs and euthanized at 6, 24 and 48 h
after injection. Tumour, tdLN, liver, lungs, heart, kidneys and spleen
were collected, imaged using an in vivo imaging system (IVIS), and
digested using Precellys lysing kits (Bertin Instruments) following
the manufacturer’s instructions. Fluorescent CDN-NP distribution
was quantified by referencing to astandard curve and the background
fluorescence was removed by subtracting the baseline fluorescence
values of tissue lysates from PBS-treated mice. CDN was also quantified
by LC-MS/MS as described above. To determine the cellular populations
that contained CDN-NPs, mice bearing B16-F10 tumours were treated
as described above and were euthanized 4 and 24 h post-injection.
The tumour, tdLN, spleen and liver were collected; dissociated into
single-cell suspensions; and stained, fixed, washed and resuspendedin
acell-staining buffer (BioLegend). The following antibodies were used:
CD45APC-Cy7 (clone30-F11), CD45BV785 (clone 30-F11), NK-1.1BV710
(clone PK136), CD3 BB700 (clone 17A2), CD8a BV421 (clone 53-6.7),
CD4BUV395 (clone GK1.5), CD11b BV421 (clone M1/70), F4/80 BUV395
(clone T45-2342), Ly-6C APC-Cy7 (clone HK1.4), Ly-6G BV661 (clone
1A8), MHCIIBV605 (clone M5/114.15.2) and CD11c BV421 (clone N418).
Live cells were gated using LIVE/DEAD (Thermo Fisher) aqua (cat. no.
L34966), green (cat.no.L34970) or near-IR (cat.no.L34976). Cells were
analysed by flow cytometry using a BD LSRFortessa flow cytometer
(BD Biosciences) and analysed using FlowJo software (v.10.8).

In vivo therapeutic efficacy

B16-F10, 4T1 and CT-26 cells were subcutaneously injected into the
right flank of 6-8-week-old female mice (of the appropriate background
for the cell type) in 100 pl Hanks’ Balanced Salt solution (HBSS) at
densities of 5x10°,1x10° and 1 x 10° cells per injection, respectively.
Seven days after tumour inoculation (=50 mm?®), the mice were sub-
jected to intravenous injection (100 pl) of free CDN or CDN-NPs at a
CDN dose of 0.5 pg. Mice were injected three times with treatments
spaced four days apart. Groups receiving checkpoint blockade were
intraperitoneally injected 24 h after systemic administration with
100 pg anti-PD-1 (clone RMP1.14, Bio X Cell). The tumour size was
measured every other day via caliper measurements and the tumour
volume was calculated using the equation V=L x W x H x E . Body
weight was contemporaneously measured with the tumour volume.
The mice were euthanized when the tumours reached a volume of
1,000 mm? or exhibited poor body condition.

STING-dependent therapeutic efficacy

To confirm the STING-dependent antitumour activity, WT or gold-
enticket female C57BL/6 mice (6-8 weeks old) were subcutane-
ously inoculated with either WT B16-F10 tumour cells or STING KO
B16-F10 tumour cells. To study STING-dependent therapeutic efficacy
in spleen-deficient mice, C57BL/6 mice were splenectomized one
week before the therapeutic efficacy studies and B16-F10 tumours
were implanted as described above. In both cases, seven days after
tumour inoculation (-50 mm?®), the mice were subjected to anintrave-
nous injection (100 pl) of CDN-NPs (0.5 pg) with or without anti-PD-1
(100 pg) following the same dose regimen described above. Tumour
size and survival were monitored until the tumours reached a volume
of 1,000 mm? or exhibited poor body condition.

Immunophenotyping analysis

Subcutaneous B16-F10 tumours were established in female C57BL6/)
mice (6-8 weeks old), as previously described. The treatment groups
were PBS (untreated control), anti-PD-1, free CDN, free CDN with
anti-PD-1, CDN-NPs, and CDN-NPs with anti-PD-1. CDN formulations
(free drug or NP, 0.5 pg CDN) were intravenously administered and
anti-PD-1 (100 pg) was intraperitoneally administered 24 h after CDN
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treatment. DCs and macrophages were assessed 48 h after treatment
and T cells were analysed seven days post-treatment. Tumours were
harvested, chopped and digested in a solution of HBSS supplemented
with collagenasel, lland IV (100 ng ml™) and DNase I (1 pg ml™) for2 h
at37 °C. The tdLNs and spleens were harvested and mechanically dis-
sociated. Single cell suspensions of tumours, tdLNs and spleens were
filtered through a 40 pm nylon cell strainer. Spleen and tumour cells
were further treated with ACK Lysing Buffer (Gibco). The cells were
washed, filtered through a 40 um nylon cell strainer and counted.
For intracellular IFNy cytokine analysis, 1 x 10° cells were seeded in a
24-well platein Dulbecco’s minimum essential medium containing 10%
(v/v) FBS and supplemented with PMA/ionomycin/brefeldin A cocktail
(BioLegend). After 4 h, the cells were washed and stained in100 pl cell
staining buffer (BioLegend). Intracellular staining was performed using
an intracellular staining permeabilization wash buffer (BioLegend).
The following anti-mouse antibodies were used for flow cytometry
and were purchased from BioLegend: CD45 APC-Cy7 (clone 30-F11),
NK-1.1BV710 (clone PK136), IFNy BV421 (clone XMG1.2), CD279 (PD-1)
FITC (clone 29 F.1A12), CD45BV785 (clone 30-F11), CD11b BV421 (clone
M1/70), Ly-6C APC-Cy7 (clone HK1.4), Ly-6G BV661 (clone 1A8), CD8a
BV421 (clone 53-6.7), CD86 BV510 (clone GL-1), CD80 BV711 (clone
16-10A1), CD206 PE (clone C068C2), MHCIIBV605 (clone M5/114.15.2),
CD11c APC (clone N418), Siglec H PE (clone 551) and CD44 BV786 (clone
IM7). The following anti-mouse antibodies were purchased from BD
Biosciences: CD3 BB700 (clone 17A2), CD4 BUV395 (clone GK1.5),
CD8a BUV737 (clone 53-6.7), F4/80 BUV395 (clone T45-2342), CD103
BUV395 (clone M290), CD80 BUV737 (clone 16-10A1), ki67 BV510 (clone
B56), CD69 BV605 (clone H1.2F3) and CD62L PE-CF594 (clone MEL-
14). Live cells were gated using LIVE/DEAD (Thermo Fisher) aqua (cat.
no. L34966), green (cat. no. L34970) or near-IR (cat. no. L34976). The
stained cells were analysed by flow cytometry using a BD LSRFortessa
flow cytometer (BD Biosciences) and all the data were analysed using
FlowJo software (FlowJo). Supplementary Figs. 49 and 50 show the
gating strategy.

Cytokine analysis

Female C57BL/6 mice (6-8 weeks old) bearing B16-F10 tumours were
given one i.v. injection of PBS, free CDN and CDN-NPs at a dose of
0.5 pg or Empty-NP (non-CDN-containing NPs at an equivalent pol-
ymer concentration). After 4 h, the mice were euthanized and the
tumours, tdLNs and spleens were harvested and blood was collected,
after which plasmawas obtained by centrifugation. Tissues were lysed
with 0.5% (v/v) CHAPS containing protease and phosphatase inhibitors.
Levels of IFNy, IFN-B, IFN-a. (MSD U-Plex interferon combo, cat. no.
K15320K-2),IL-1B, IL-2, IL-4, IL-5, IL-6, IL-9, KC/GRO, IL-10, IL-12p70 (MSD
Proinflammatory Panel, cat. no. K15045G-2), tumour necrosis factor,
IL-15,IL-17A/F, IL-27p28/1L-30, L-33, IP-10, MCP-1, MIP-1oc and MIP-2 (MSD
Cytokine Panel, cat. no. K15245D-2) were measured according to the
manufacturer’s instructions.

Cellular transfer of CDN-NPs

Wild-type and STING KO B16-F10 cellsina T-75 tissue culture flask at a
confluency of 80-90% were treated for 4 h with free CDN, Empty-NPs
or CDN-NPs at equivalent doses. The cells were then washed, trypsi-
nized and seeded in 24-well plates at a density of 1 x 10° cells per well.
Once the cells were attached, 1 x 10° immune cells (WT and STING KO
THP1-Dual, RAW-LuciaISG, BMDC and BMDM) were added to the wells
and incubated for 24 h. In the case of the immortalized reporter cell
lines, the supernatant was analysed according to the manufacturer’s
instructions. For experiments involving primary immune cells, the cells
were collected, washed, stained, fixed and analysed by flow cytometry.
For in vivo studies, B16-DsRed, B16-F10 or B16-F10 STING KO cells
were identically treated, as above, via subcutaneous implantation
in the right flank of female C57BL/6 mice (5 x 10° cells per injection
in 100 pl HBSS). Cells treated with Empty-NPs alone at an equivalent

polymer concentration were used as the control. For efficacy studies,
the tumours were monitored until the humane endpoint was reached.
For mechanistic studies, tumours and tdLN were isolated at one, two
and seven days post-tumour inoculation. The DCs and macrophages
were isolated by flow cytometry and the percentage of fluorescent
CDN-NPs and B16-DsRed cancer cells was determined.

Haematoxylin and eosin staining

B16-F10 tumour-bearing C56BL/6 mice were systemically injected
with CDN-NPs containing 0.5 pg CDN. At two and seven days
post-administration, the spleens and livers were collected, kept in
10% (v/v) formalin for aminimum of 24 hand thenin 70% (v/v) ethanol
until processing. Haematoxylin and eosin was assessed from histologi-
cal sections (5 pm) following standard protocols.

Statistical analysis

Statistical analyses were carried out using Prism 9 software (Graph-
Pad). All the data are reported as mean + standard error of the mean
(s.e.m.).Forinvitroexperiments,aminimum of n = 3 biological repli-
cateswere used per conditionin each experiment. Pair-wise compari-
sons were performed using Student’s ¢-tests. Multiple comparisons
among groups were determined using one-way analysis of variance
(ANOVA) or two-way ANOVA with Bonferroni’s multiple-comparisons
tests. Forin vivo experiments, aminimum of n = 5biological replicates
were used per condition in each experiment. Kaplan-Meier survival
curves statistical analysis was determined using a two-tailed Man-
tel-Cox test.

Reporting summary
Furtherinformation onresearch designis availablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data generated or analysed that support the findings of this study
areavailable within this Article and its Supplementary Information. All
raw data from this study are available from the corresponding author
uponrequest. Source data are provided with this paper.
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Data exclusions  No data was excluded
Replication All experiments were repeated at least twice, without significant differences in their outcome
Randomization  In all experiments, with or without mice, groups were randomly assigned.

Blinding Investigators were blinded during to group allocation during data collection and analysis.
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Animals and other organisms
Human research participants
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Antibodies

Antibodies used Rat anti-mouse PD-1 (clone RMO1-14, BioXCell) (dilution depended on concentration of stock from manufacturer, 100ug/mouse)
APC/Cy7-conjugated rat anti-mouse CD45 (clone 30-F11, Biolegend, 1:100)
BV711-conjugated mouse anti-mouse NK-1.1 (clone PK136, Biolegend, 1:100)
BV421-conjugated rat anti-mouse IFN-y (clone XMG1.2, BD Biosciences, 1:100)
FITC -conjugated rat anti-mouse CD279 (PD-1) (clone 29F.1A12, Biolegend, 1:100)
BV785-conjugated rat anti-mouse CD45 (clone 30-F11, Biolegend, 1:100)
BV421-conjugated rat anti-mouse CD11b (clone M1/70, Biolegend, 1:50)
APC/Cy7-conjugated rat anti-mouse Ly-6C (clone HK1.4, Biolegend, 1:200)
BV661-conjugated rat anti-mouse Ly-6G (clone 1A8, Biolegend, 1:200)
BV421-conjugated rat anti-mouse CD8a (clone 53-6.7, Biolegend, 1:400)
BV510-conjugated rat anti-mouse CD86 (clone GL-1, Biolegend 1:200)
BV711-conjugated hamster anti-mouse CD80 (clone 16-10A1, Biolegend, 1:200)
PE-conjugated rat anti-mouse CD206 (clone C068C2, Biolegend, 1:200)
BV605-conjugated rat anti-mouse MHCII (clone M5/114.15.2, Biolegend, 1:200)
APC-conjugated hamster anti-mouse CD11c (clone N418, Biolegend, 1:200)
PE-conjugated rat anti-mouse Siglec H (clone 551, Biolegend, 1:100)
BV786-conjugated rat anti-mouse CD44 (clone IM7, Biolegend, 1:100)
BB700-conjugated rat anti-mouse CD3 (clone 17A2, BD Biosciences, 1:100)
BUV395-conjugated rat anti-mouse CD4 (clone GK1.5, BD Biosciences, 1:100)
BUV737-conjugated rat anti-mouse CD8a (clone 53-6.7, BD Biosciences, 1:100)
BUV395-conjugated rat anti-mouse F4/80 (clone T45-2342, BD Biosciences, 1:200)
BUV395-conjugated rat anti-mouse CD103 (clone M290, BD Biosciences, 1:100)
BUV737-conjugated hamster anti-mouse CD80 (clone 16-10A1, BD Biosciences, 1:200)
BV510-conjugated mouse anti-mouse ki67 (clone B56, BD Biosciences, 1:100)
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BV605-conjugated hamster anti-mouse CD69 (clone H1.2F3, Biolegend, 1:100)
PE-CF594-conjugated rat anti-mouse CD62L (clone MEL-14, BD Biosciences, 1:100)

All antibody were validated for each specific assay. Antibody validation was provided by manufacture's website (cell images or flow
cytometry plots) and/or data provided in the manuscript.

Eukaryotic cell lines
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Cell line source(s)

Authentication

B16-F10, 4T1, and CT26 cell lines were obtained from ATCC. THP1-Dual, THP1-Dual KO-STING, RAW-Lucia ISG, and RAW- cell
lines were obtained from Invivogen. B16-F10 KO-STING cell line was obtained from Takeda Pharmaceuticals. B16-DSred cell
line was obtained from Koch Institute for Integrative Cancer Research.

B16-F10, 4T1, and CT26 cell lines were authenticated by ATCC. THP1-Dual, THP1-Dual KO-STING, RAW-Lucia ISG, and RAW-
cell lines were authenticated by Invivogen. B16-F10 KO-STING cell line was authenticated by Takeda Pharmaceuticals. B16-
DSred cell line was authenticated by Koch Institute for Integrative Cancer Research. All cell lines were authenticated by STR
profiling

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

Commonly misidentified lines  No commonly misidentified cell lines were used.
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Animals and other organisms
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Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

6-8-week-old female BALB/c mice (Charles River, 18 g-20 g)

6-8- week-old female C57-BL/6 mice (Charles River or Jackson Laboratory, 18 g-20 g)

6-8- week-old female C57-BL/6 SpleenX mice (Charles River, 18 g-20 g)

6-8- week-old female C57BL/6J-Sting1gt/J mice (Jackson Laboratory, 18 g-20 g)

12-week-old female BALB/c mice (Charles River, 18 g-20 g) used for rechallenge studies

12- week-old female C57-BL/6 SpleenX mice (Charles River, 18 g-20 g) used for rechallenge studies

Mice were housed in 12h light/12h dark cycle with the temperature maintained between 65-75°F (~18-23°C), ~50% humidity.

No wild animals were used.
No field-collected samples were used.
Animal research and veterinary care was performed at the Hale Building for Transformative Medicine, the Koch Institute for

Integrative Cancer Research at Massachusetts Institute of Technology (MIT), and at Takeda Pharmaceuticals under the protocol
approved for this study by the Institutional Animal Care and Use Committee (IACUC).

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

Sample preparation

The sample preparation was described in the Materials and Methods section. Briefly, mouse tissues were enzymatically
digested or mechanically processed and serially filtered to obtained a single cell suspension. Samples were then counted and
the appropriate downstream staining protocol was followed depending on extracellular or intracellular staining. Cell culture
samples were processed similarly except using trypsin or non-enzymatic methods of detachment. Single cell suspensions only
were used in all experiments.

Instrument LSRFortessa HTS-2 and FACS Symphony A3
Software BD FACSDiva (v. 9.0) was used for the collection. FlowJo (v. 10.8) was used for analysis.
Cell population abundance From in vitro, cells were collected to obtain at least 10000 events.

From the in vivo, cells were collected to obtain at least 1000 events in the smallest subpopulation.
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Gating strategy Cells were gated first with SSC-A vs. FSC-A plots. To exclude doublets cells were gated by FSC-H vs. FSC-W and SSC-H vs. SSC-
W. Live cells were gated using LIVE/DEAD (Thermo Fisher) aqua (cat. no. L34966), green (cat. no. L34970) or near-IR (cat. no.
L34976) stainings

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