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Intermetallic nanoassemblies potentiate

systemic STING activation

Xingwu Zhouft, Xiang Lingt, et al.

INTRODUCTION: Metal ions play essential roles in biology by organiz-
ing biomolecules into precise structures that enable specialized
functions, such as oxygen transport and mineral formation. These
examples illustrate how metal-directed assembly can orchestrate
biological activity. One immune pathway that could benefit from such
design is the cyclic guanosine monophosphate -adenosine monophos-
phate synthase -stimulator of interferon genes (cGASSTING) pathway,
which detects cytosolic DNA and triggers interferon responses that
support antitumor immunity. Clinical translation of STING agonists
has been challenging, and safe and effective systemic STING activation
remains an unmet need in cancer immunotherapy.

RATIONALE: Systemically delivered small molecules require high
doses and often cause widespread immune activation and toxicity,
whereas nanoparticle formulations improve delivery but generally
fail to elicit strong immune responses in tumors. We hypothesized
that structurally ordered, metal-based nanostructures could
overcome these limitations.

RESULTS: Inspired by natural metal-biomolecule assemblies, we
developed CRYSTAL (crystal-like STING-activating nanoassemblies),
in which manganese ions (Mn>") organize cyclic dinucleotide STING
agonists into stable nanoscale structures that are subsequently
coated with lipids. This design was intended to stabilize the STING
agonist, improve systemic exposure, promote immune cell engage-
ment, and enhance STING signaling at substantially lower doses. We
evaluated CRYSTAL using computational modeling, in vivo studies
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across multiple species, and ex vivo experiments in human tumor
tissues. Computational modeling predicted spontaneous formation
of well-defined manganese -STING agonist nanostructures. In mice,
intravenous CRYSTAL induced robust and sustained interferon
responses at ultralow doses. CRYSTAL selectively activated myeloid
cells, remodeled immunosuppressive tumor environments, and
promoted strong CD8* T cell responses in a host STING-dependent
manner, resulting in durable tumor regression in advanced mouse
models and aggressive rabbit tumors. Across species, CRYSTAL
achieved potent immune activation with a favorable safety profile:
Dogs and nonhuman primates exhibited strong interferon induction
without significant toxicity. CRYSTAL also activated interferon
signaling in freshly resected human head and neck cancer samples,
demonstrating translational relevance.

CONCLUSION: CRYSTAL introduces a structurally ordered metal-
based nanomedicine that enables safe, potent systemic STING
activation across species. By combining metal-directed molecular
assembly with lipid encapsulation, CRYSTAL overcomes key delivery
and toxicity barriers that have limited STING-based cancer immu-
notherapies. More broadly, this work establishes metal-organized
nanostructures as a powerful design principle for immune modula-
tion and supports CRYSTAL’s potential for clinical translation. (]
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Metal-organized nanoassemblies amplify systemic STING activation. Biomimetic use of metal ions leads to the development of a new category of STING-activating
metallonanoparticle, called CRYSTAL, with pronounced dose sparing and exceptional antitumor efficacy in multiple preclinical models. After systemic administration, CRYSTAL
selectively activates myeloid cells and expands antitumor CD8* T cells, leading to robust STING-driven tumor regression. [Figure created with BioRender.com]
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Natural systems use metal ions to form ordered structures

that regulate biological processes, inspiring the rational design
of nanotherapeutics. The cyclic guanosine monophosphate—
adenosine monophosphate synthase—stimulator of interferon
genes (cGAS-STING) pathway drives antitumor immunity but
has been difficult to activate systemically owing to poor
pharmacology and toxicity. Here, we report CRYSTAL, a
structurally ordered intermetallic nanoparticle for potent
systemic STING activation. CRYSTAL self-assembles from
manganese ions intercalated with cyclic dinucleotides, enabling
precise structural control. At an ultralow intravenous dose
(0.003 milligrams per kilogram), CRYSTAL activated STING in
mice, dogs, and nonhuman primates without cytokine release
syndrome. CRYSTAL induced robust tumor regression in
advanced murine and rabbit models, remodeled immunosuppressive
environments, and promoted host STING-dependent CD8*

T cell priming. CRYSTAL activated interferon responses in human
head and neck squamous cell carcinoma biopsies, underscoring
its translational potential for cancer immunotherapy.

Natural systems have developed various strategies to harness metal ions
in essential biological processes. For example, iron (Fe*") ions coordi-
nate structurally with hemoglobin subunits for oxygen transportation
and storage (I). Magnesium (Mg2+) ions regulate crystallization of
hydroxyapatite nanowires in dental enamel to form the hardest tissue
in the human body (2, 3), whereas zinc (Zn>*) ions facilitate the in vivo
storage of self-assembled insulin protein in the crystal form (4).
Beyond biological applications, structurally ordered metal ion doping
has driven advancements in fuel cells (5), catalysts (6), and photonic
devices (7). Inspired by these intricate natural and engineered designs,
we sought to develop a class of structurally ordered intermetallic
nanoparticles for biological applications.

In particular, cyclic guanosine monophosphate (GMP)-adenosine
monophosphate (AMP) synthase (cGAS) recognizes cytoplasmic DNA
to produce 2,3-cGAMP, which binds to the stimulator of interferon
genes (STING) protein and activate its downstream signaling pathways
(8, 9). Activation of STING initiates interferon (IFN) regulatory factor
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3 (IRF3) and nuclear factor kB (NF-kB) pathways to generate type I
IFN (IFN-I) and proinflammatory cytokines and chemokines that are
essential for establishing innate and adaptive antitumor immune re-
sponses (10). However, translating STING activation into effective
cancer immunotherapy has proven challenging. Cyclic dinucleotides
(CDNs), STING activators, exhibit poor pharmacological properties,
restricting their use as localized therapeutics (17) and limiting their
efficacy against advanced cancers. In addition, clinical trials of intra-
tumoral STING agonists have shown only modest responses in patients
(12). Limited responses from intratumoral treatment have driven the
development of small-molecule STING agonists for systemic cancer
immunotherapy (13-15); however, these molecules require high doses,
pose toxicity risks, and suffer from a narrow therapeutic window. To
overcome these issues, nanoparticle systems have been developed for
targeted STING activation (16), improved pharmacodynamic (PD) pro-
files through polymeric nanoparticles (17, 18), enhanced tumor pen-
etration through lipid nanodiscs (19), and increased STING activation
through manganese metal ions (Mn>") (20) or polyvalent STING ago-
nists (21). Despite these advances, nanoparticle systems provide only
limited dose-sparing effects and exhibit dominant liver accumulation
upon systemic administration, thus failing to achieve potent immune
activation in tumor tissues and ultimately reducing therapeutic efficacy.
To address these issues, we examined how metal-organized nanostruc-
tures can overcome pharmacological and immunological barriers.

Results

Self-assembled CRYSTAL induces systemic STING activation in mice
Cyclic-di-AMP (CDA), a bacterial CDN, interacted with Mn>* (Mn) and
an 11-mer of histidine (His11, used as a metal coordinating ligand) to
form structurally ordered CDA/Mn/His11 ribbonlike nanoassemblies
(Fig. 1A). STEM-EDX (scanning transmission electron microscopy-
energy dispersive x-ray analysis) confirmed the copresence of CDA
(element P) and Mn?* within the nanoribbons (Fig. 1B). To elucidate
the assembly mechanism, we examined the physical properties of CDA/
His1l and CDA/Mn/Hisl1 nanocomplexes. Whereas CDA/His11 self-
assembled into thin fibers, the addition of Mn** followed by brief soni-
cation resulted in the formation of nanoribbons (fig. S1, A to C). Strong
interactions between CDA and Mn were overcome by the addition of
positively charged His11 (fig. S1D), leading to electrostatic repulsion
and improved colloidal stability (22). Fourier transform infrared
(FTIR) spectroscopy revealed intermolecular interactions stabilizing
the CDA/Mn/His11 nanoassemblies, as evidenced by a red shift and
peak broadening in the 1200 to 1300 cm ™! and 1600 to 1700 em ™! re-
gions (fig. SIE). Atomic force microscopy (AFM) further confirmed the
ribbonlike morphology of the CDA/Mn/His11 nanoassemblies, measur-
ing ~11 nm in thickness (Fig. 1, C and D, and fig. S2). These findings
demonstrate that specific self-assembly conditions drive the formation
of distinct nanoassemblies, contrasting with the amorphous clustering
observed under other conditions (7, 20, 23).

To investigate the forces governing the assembly of these anisotropic
nanostructures, we simulated the self-assembly process of CDA/Mn/
His11 using a Monte Carlo (MC) growth algorithm. The molecular
constituents of the nanoribbons were coarse-grained into building
blocks, with each block representing a His1l peptide complexed with a
variable number of CDA-Mn units along the « direction (fig. S3). Growth
along the @ direction was determined by the number of CDA-Mn
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Fig. 1. Self-assembled CRYSTAL induces systemic STING activation in mice. (A) Schematic comparison of three categories of STING agonists currently under clinical

or preclinical development, including free drugs, lipid nanoparticles, or particles with structurally ordered nanoassemblies. (B) STEM-EDX analysis of CDA/Mn/His11 nano-
assemblies. N (yellow), P (orange), O (cyan), and Mn (green) are representative elements in CDA/Mn/His11 nanoassemblies (scale bar: 0.5 pm). (C) AFM images of CDA/Mn/
His11 nanoassemblies (scale bar: 100 nm). (D) Width and length analysis of CDA/Mn/His11 based on TEM images. Height analysis of CDA/Mn/His11 based on AFM images.

(E) Snapshots from MC simulations of the CDA/Mn/Hisl1 nanoassembly showing front (top) and cross-sectional (bottom left) views at 500,000 MC sweeps. The growth
dimensions of the CDA/Mn/His11 nanoassembly (bottom right). (F) Cryo-EM images of CRYSTAL, with an inset showing the FFT image (scale bar: 20 nm). (G) Statistical
analysis of CRYSTAL dimensions based on cryo-EM images (top) and analysis of nanoassembly spacings along the line marked “a” in (F) (bottom). (H) Radar plots of systemic
STING activation profiles of diABZi (30, 10, and 1 ug), uCMP (10, 5, and 1 ug), and CRYSTAL (10, 5,1, 0.5, and 0.1 pg) in B16F10 tumor—-bearing C57BL/6 mice. Levels of IFN-B,
TNF-a, CXCL10, and IL-6 were measured by ELISA 4 hours after intravenous administration. (I) Investigation of antitumor efficacy of diABZi, uCMP, and CRYSTAL in B16F10
tumor-bearing C57BL/6 mice. Treatment with the indicated dosage was performed on DO, D4, and D8 via intravenous administration. (J) Investigation of antitumor efficacy of
CRYSTALs loaded with various STING agonists, including Tak-676, ADU-S100, and E7766 in B16F10 tumor—bearing C57BL/6 mice. Treatment with the indicated dosage was
performed on DO, D4, and D8 via intravenous administration. (K) Surviving mice from the CRYSTAL (10 pg CDA) treatment group and naive mice were inoculated with 2.5 x 10°
B16F10 cells on D60, and their survival was monitored. The data represent the mean withn=3to 5 (H) or the mean + SEM withn=3to 5 (I),n=4 or 5 (J), and n = 4 to 7 (K) bio-
logically independent samples. Shown is a representative experiment from two independent experiments; the independent repeats of (1) and (J) are shown in fig. S37. The data
were analyzed by two-way ANOVA [(I) and (J)] with Tukey's multiple comparison post hoc test for tumor growth curve, or by log-rank (Mantel-Cox) test for survival curve (K).

complexes that bind to Hisll, whereas growth in the y direction was
constrained by interaction energies on the order of a few kg7 (thermal
energy scale) per building block (parameters in table S1), limiting expan-
sion to only a few layers, consistent with experimental observations. In
contrast, growth in the & direction was modeled as occurring under
strong, irreversible binding conditions, as the experimentally observed
long, uniform ribbons suggested a preferential binding direction along
the z axis. Beyond these short-range attractive interactions, we assumed
that His11 was fully protonated, resulting in long-range electrostatic re-
pulsion between building blocks.

These conditions led to the formation of anisotropic ribbonlike
structures in the simulation (Fig. 1E, fig. S4, and movie S1). As observed
in the experiments (Fig. 1B and figs. S1 and S2), nanoribbon growth
was self-limiting in the # and y directions owing to the balance of
competing forces at different length scales, leading to the robust for-
mation of uniform structures of comparable size. Additionally, modify-
ing the length of (His)n in the computational model allowed for the
prediction of nanoribbon morphologies. Simulations predicted thicker
nanoribbons with a 6-mer of histidine (His6) and thinner structures
with a 33-mer of histidine (His33), compared with Hisll (table S2,
fig. S5, and movies S2 and S3). These were consistent with transmis-
sion electron microscopy (TEM) images of CDA/Mn/His6 and CDA/
Mn/His33, indicating that (His)n plays a key role in regulating nanoas-
sembly formation through electrostatic repulsion. Overall, the compu-
tational model accurately predicted the self-assembly behavior of CDA/
Mn/(His)n, highlighting the potential for the rational design of tunable
nanostructures.

To enable systemic delivery, we encapsulated CDA/Mn/Hisl11l
within lipid layers using Hisl1 conjugated with 1,2-dioleoyl-sn-glyce
ro-3-phosphoethanolamine (DOPE), forming lipid-coated nanopar-
ticles called CRYSTAL (crystal-like STING-activating nanoassem-
blies). Since lipid composition influences the in vivo performance of
lipid-based nanoparticles (24, 25), we varied the lipid compositions
of CRYSTAL (CRYSTAL-1 to CRYSTAL-6) and evaluated antitumor
efficacy in vivo (fig. S6A). Each formulation exhibited distinct surface
charges depending on its lipid composition (fig. S6B). Compared
with other formulations, CRYSTAL-1 (DOPC:Chol:DP-PEG5K:14PA =
1:1:0.07:0.3) given intravenously showed superior antitumor efficacy
with favorable liver function profiles in B1I6F10 tumor-bearing mice
(fig. S6C).

‘We compared CRYSTAL-1 and CRYSTAL-5 (DOPC:Chol:DP-PEG5K =
1:1:0.07) in more detail (fig. S7). While CRYSTAL-1 and CRYSTAL-5
exerted comparable antitumor efficacy, CRYSTAL-1 induced much less
elevation of aspartate aminotransferase (AST) and alanine aminotrans-
ferase (ALT), enzymes associated with liver inflammation, than did
CRYSTAL-5 (fig. S7B). Supporting this, bulk RNA sequencing analysis
revealed that CRYSTAL-5-treated livers were enriched for inflamma-
tory and cellular stress-response pathways, including tumor necrosis
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factor (TNF) signaling, p53 signaling, and the nonalcoholic fatty liver
disease pathway (fig. S7C). CRYSTAL-1-treated livers were enriched
for canonical hepatic programs—including metabolism of vitamin B6,
linoleic acid, retinol, and nitrogen as well as steroid biosynthesis—
consistent with normal hepatic functions. These transcriptional signa-
tures correlated with the better liver safety profile observed in CRYSTAL-L.
Thus, we selected CRYSTAL-1 (hereafter referred to as CRYSTAL) for fur-
ther investigation. Cryo-electron microscopy (cryo-EM) and fast Fourier
transform (FFT) analysis revealed that CRYSTAL contained a tightly
packed, highly ordered nanoassembly core (Fig. 1F). CRYSTAL retained
an elongated morphology with a median aspect ratio of 3.76 and ex-
hibited an ordered nanoscale spacing of ~1.8 nm within its core as-
sembly (Fig. 1G and fig. S8A), consistent with the predicted structure
of the CDA/Mn/His11 nanoassembly (figs. S3 and S4).

CRYSTAL enhanced cellular uptake of STING agonists via the en-
docytic pathway, as evidenced by colocalization of the STING agonist
signal and LysoTracker, and also induced immunostimulatory activity
in a STING-dependent but gasdermin D-independent manner (fig. S9).
To investigate whether nanoribbon formation influenced in vivo per-
formance, we synthesized an unordered CDA-Mn>* metallonanopar-
ticle (uCMP) without preassembling CDA, Mn?*, and DOPE-Hisll. The
resulting uCMP was ~44 nm in size with a morphology typical of
traditional lipid nanoparticles (fig. S8B). Both CRYSTAL and uCMP
had a similar CDA-to-Mn>* ratio, as determined by inductively coupled
plasma mass spectrometry (ICP-MS) (fig. S8C). Notably, CRYSTAL ex-
hibited a slower release of CDA compared with uCMP, likely because
of the structural stability of the nanoassembly core (fig. S8D). This
improved the in vivo pharmacokinetic profile of CRYSTAL in B16F10
tumor-bearing mice, with a more than fivefold increase in distribution
half-life in comparison to uCMP (fig. S10) and a marked increase in
circulation in comparison to other polymeric nanoparticle-based
STING agonists (I8).

We examined systemic STING activation efficiency across differ-
ent dosage levels (Fig. 1, H and I) and included diamidobenzimidazole
(diABZi), a widely used systemic STING agonist (13), as our bench-
mark. At all dose levels, CRYSTAL administered intravenously elicited
a more potent STING activation and exhibited superior antitumor
efficacy in B1I6F10 tumor-bearing mice compared with both uCMP and
even a threefold higher dose of diABZi. Even at ultralow doses (0.1 or
0.5 pg), CRYSTAL induced systemic STING activation and effectively
suppressed tumor growth in both the B16F10 melanoma model (Fig. 1,
H and I) and the NOOCI head and neck cancer model (fig. S11). In
contrast, uCMP and diABZi induced only limited systemic STING ac-
tivation with a narrow therapeutic window.

‘We compared the activity of CRYSTAL and diABZi across immune
cell types. CRYSTAL selectively activated STING (as assessed by
CXCL10 and IFN-I) in bone marrow-derived dendritic cells (BMDCs)
in vitro, whereas diABZi triggered STING activation in BMDCs, CD4.*,
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and CD8" T cells (fig. SI2A). Moreover, free soluble diABZi, CDA, and
Adu-S100 induced prominent CD8* T cell death across a broad con-
centration range in vitro, whereas CRYSTAL did not (fig. S12, B and C),
likely owing to the nonphagocytic nature of CD8" T cells (26). CRYSTAL
intravenous treatment resulted in strong innate immune activation in
the spleen, enhancing activation markers (CD80 and/or CD86) across
¢DC1, ¢cDC2, macrophages, monocytes, and neutrophils (fig. S13), com-
pared with threefold higher diABZi. In tumor tissues, CRYSTAL in-
creased cDC1 abundance and activation, enhanced monocyte activation
[major histocompatibility complex class II (MHC-II), CD86], and re-
duced M2-like macrophages (CD206) (fig. S13).

Three doses of CRYSTAL were well tolerated in mice, with only
transient body weight changes and no differences in key blood chem-
istry parameters (fig. S14.). Given that the colon is a primary site for
immunotherapy-related autoimmune side effects (27), we examined
colon histopathology in CRYSTAL-treated mice with complete tumor
regression. No differences in colon length or structure were observed
in comparison to healthy controls (fig. S15). The CRYSTAL platform
also demonstrated broad applicability, effectively delivering various
small-molecule STING agonists currently in preclinical or clinical
development, including Tak-676 (14), E7766 (28), and ADU-S100 (29).
Even at 2 to 4% doses of these free STING agonists, CRYSTAL achieved
superior antitumor efficacy (Fig. 1J). When systemic cytokine levels were
comparable between CRYSTAL and free STING agonists (fig. S16),
CRYSTAL demonstrated stronger antitumor responses, suggesting
enhanced on-target STING activation. In addition, mice that achieved
complete tumor regression after CRYSTAL treatment were 100% re-
sistant to tumor rechallenge, indicating the development of immune
memory (Fig. 1K). Thus, CRYSTAL achieved robust antitumor efficacy
with a dose-sparing effect.

CRYSTAL regresses large tumors in mice and rabbits through targeted
STING activation
Late-stage tumors capture the complexity of the tumor microenviron-
ment (TME) (30), and treatments capable of regressing late-stage tumors
hold translational potential. In the late-stage B16F10 melanoma model
(~1 cm in diameter), three cycles of uCMP intravenous therapy led to
minor tumor suppression, followed by tumor relapse (Fig. 2A). Three
cycles of CRYSTAL intravenous therapy resulted in rapid tumor regres-
sion and sustained tumor control (Fig. 2A). We used an even more ag-
gressive MMTV-PyMT model of spontaneous triple-negative breast cancer
and waited until multiple large tumors were present throughout the
body with an average total tumor volume of 1110 mm® per mouse. CRYSTAL
intravenous therapy regressed large MMTV-PyMT tumors (Fig. 2B),
whereas uCMP exhibited only modest tumor growth inhibition.
Upon examining their biodistribution, we found uCMP predominantly
localized in the liver, whereas CRYSTAL showed tumor accumulation
(Fig. 2C and fig. S17, A and B). In addition, CRYSTAL accumulated in
spleen and tumor, leading to robust STING activation, as evidenced
by strong up-regulation of Ifnbl, Tnfa, and Cxcli0 in spleen and tumor
(Fig. 2D). In contrast, free CDA or uCMP induced only limited STING
activation. Correspondingly, CRYSTAL elevated levels of IFN-f, TNF-q,
CXCLI10, and interleukin-6 (IL-6) in the TME (fig. S17C), whereas free
CDA and uCMP did not. At the cellular level, CRYSTAL exhibited ef-
ficient uptake among various myeloid cells, including dendritic cells,
macrophages, and monocytes, both in the spleen and tumor (fig. S18).
We evaluated the therapeutic efficacy of CRYSTAL in the VX2 syn-
geneic tumor model in New Zealand white rabbits (31). Minced VX2
tumor tissue was injected intramuscularly into both hind limbs of each
rabbit, providing a rich blood supply to support primary tumor growth
and lung metastasis (Fig. 2E). This model allowed us to assess systemic
CRYSTAL intravenous therapy on primary and metastatic tumor bur-
dens. After 5.5 weeks of tumor inoculation, rabbits in the control group
had massive primary tumor burden and severe lung metastases (Fig. 2,
F and G). Two cycles of weekly 1.5 mg diABZi intravenous therapy
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showed minimal antitumor effect (Fig. 2, F and G). Two cycles of weekly
0.5 mg CRYSTAL intravenous treatment suppressed primary tumor
growth (Fig. 2, F and G) and lung metastasis (Fig. 2F). Hematoxylin and
eosin (H&E) staining of lung sections from untreated rabbits revealed
>90% tumor burden, whereas systemic CRYSTAL treatment markedly
reduced lung metastases (Fig. 2H). Additionally, CRYSTAL-treated rabbits
maintained normal liver function, with AST and ALT levels remaining
within the normal range (Fig. 2I).

‘We investigated the Kinetics of STING activation in the tumor, spleen,
and liver in VX2 tumor-bearing rabbits. After CRYSTAL intravenous
therapy, we observed strong elevation of Ifnbl and CxcllO transcripts
in both tumor and spleen at 6 hours after treatment and a gradual de-
cline at 24 and 72 hours (Fig. 2J and fig. SI9A). While the liver dis-
played a similar temporal profile, the magnitude of IfnbI induction at
6 hours was considerably higher in tumor (~400-fold) and spleen
(~156-fold), compared with liver (~37-fold) (Fig. 2J), perhaps because of
the lower expression level of STING in the liver (32, 33). H&E analysis
revealed only minor inflammatory changes in the liver within 3 days of
CRYSTAL treatment (fig. S19B). We concluded that the antitumor ef-
ficacy of CRYSTAL was achieved by efficient, targeted STING activation
at both the organ and cellular levels, with only transient elevation of
liver enzymes in late-stage tumor models in mice and rabbits.

Host and tumor factors critical for CRYSTAL therapy
To elucidate mechanisms driving the therapeutic efficacy of CRYSTAL,
we systematically analyzed its effects on the TME and immune re-
sponse (Fig. 3A). Late-stage MMTV-PyMT mice were treated intrave-
nously with CRYSTAL or free CDA on days 80, 85, and 90, and we performed
immune profiling in the TME on day 83 (D83) and D95 (3 days and
15 days after the first CRYSTAL dose, respectively) (Fig. 3B). By D3,
CD11b* myeloid cells, particularly monocytes (Ly6G°"Ly6C"), were
recruited to the TME, suggesting rapid activation of innate immune
responses after systemic CRYSTAL treatment (Fig. 3B). By D15, CD3"
T cells became the dominant population in the TME, indicating a transi-
tion from innate to adaptive immune responses (Fig. 3B). These find-
ings suggested that CRYSTAL orchestrated an early innate immune
response, driving adaptive immunity for sustained antitumor efficacy.
To identify the immune cell populations required for CRYSTAL-
mediated tumor control, we depleted specific immune subsets using
antibodies during CRYSTAL therapy in the B16F10 tumor model.
Depletion of CD4" T cells, CD19" B cells, and natural killer (NK) cells
did not affect CRYSTAL-mediated tumor regression (Fig. 3C). However,
depletion of CD8" T cells impaired antitumor efficacy (Fig. 3C). In
addition, the efficacy of CRYSTAL was reduced in Ifnar_/ ~and Ifng”r_/ -
mice (Fig. 3D), highlighting the indispensable roles of both type I and
type II IFNs in sustaining antitumor immunity (Fig. 3D). CRYSTAL
exhibited reduced antitumor activity in Ragl_/ ~ mice, which lack ma-
ture T and B cells, reinforcing the role of adaptive immunity (Fig. 3E).
CRYSTAL’s efficacy remained intact in Terd™"™ mice, indicating that
depletion of yd T cells alone was insufficient to abolish CRYSTAL-
mediated protection (Fig. 3E). The initial efficacy (until D9) of CRYSTAL
was unaffected by depletion of macrophages, monocytes, or neutro-
phils or in ¢cDC1-deficient (Bath” ~) mice (fig. S20, A and B). However,
by D12, CRYSTAL'’ efficacy declined after depletion of macrophages
or neutrophils or in Batﬁ}’_/ ~ hosts, highlighting the role of myeloid
cells in sustaining adaptive immunity (fig. S20, A and B). This differs
from the sole dependence of cDCls after intratumoral administration
of STING agonists in the form of viruslike particles or synthetic mi-
celles (34, 35). Blocking STING-induced cytokines altogether (i.e.,
TNF-a, IFN-y, IFN-I, IL-6) abolished the efficacy of CRYSTAL (fig. S20C)
(19). Prior studies have reported that STING activation in endothelial
cells can contribute to the therapeutic activity of certain STING ago-
nists (16), and we observed that CRYSTAL could engage endothelial
cells in vitro (fig. S12A); nevertheless, CRYSTAL remained highly ef-
fective in a poorly vascularized pancreatic ductal adenocarcinoma
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Fig. 2. CRYSTAL regresses large tumors in mice and rabbits through targeted STING activation. (A) Antitumor efficacy of uUCMP and CRYSTAL in late-stage B16F10
tumor-bearing C57BL/6 mice. Left to right: treatment regimen, representative tumor images before (DO) and after treatment (Tx) (D3), and tumor growth curve. (B) Antitumor
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efficacy of uCMP and CRYSTAL in late-stage spontaneous MMTV-PyMT breast cancer model. Left to right: treatment regimen, representative tumor images on D85 (before
treatment) and D99, and tumor growth curve. (C) Biodistribution of uCMP and CRYSTAL 6 hours after intravenous administration in MMTV-PyMT mice. uCMP and CRYSTAL were
labeled with Cyanine7 (Cy7) dye by mixing CDG-Cy7 with CDA during particle synthesis. (D) RT-PCR analysis of Ifnbl, Tnfa, and Cxcl10 expression 6 hours after intravenous
injection of 10 pg CDA, uCMP and CRYSTAL in tumor and spleen. (E) New Zealand white rabbits were inoculated with minced VX2 tumor tissues intramuscularly in both
hindlimbs. After 3.5 weeks, rabbits received two cycles of intravenous injections of 0.5 mg CRYSTAL and 1.5 mg diABZi at 1-week intervals. One week after the second dose, rabbits
were euthanized for analysis. (F to J) The therapeutic efficacy of CRYSTAL in the VX2 rabbit model. (F) Representative images of primary tumors and lungs from each treatment
group (scale bar: 2 cm). Lungs from naive rabbits were included for comparison. (G) Measurement of volume and weight of primary tumors (sum of two primary tumors in both
hind limbs). (H) Representative H&E-stained lung tissues and quantification of tumor burden (% tumor area per lung section). (1) Measurement of liver enzymes (AST and ALT)
at the end point. The dotted gray line indicates the normal range of each enzyme. (J) Pharmacodynamics of STING activation in rabbits. RT-PCR analysis of /fnb1 expression in
tumor, spleen, and liver at 6, 24, and 72 hours after intravenous injection of 0.5 mg CRYSTAL in VX2 tumor-bearing rabbits. The data represent the mean + SEM with n=10 (A) and
n =9 (B) biologically independent samples pooled from two independent experiments. The data represent the mean with n=3 (C) or the mean + SEM withn=3 or 4 (D),n=4
or 5[(G) and (H)],n=3to 5 (I), and n = 3 (J) biologically independent samples, with each dot representing an individual animal. The data were analyzed by one-way ANOVA [(D),
(G), (H), and (J)], or two-way ANOVA [(A) and (B)] with Tukey's multiple comparison post hoc test.

model (fig. S21). We concluded that although endothelial cell involve-
ment may occur, CRYSTAL'’s efficacy lies in robust activation of STING-
responsive myeloid cells that promote durable CD8" T cell immunity.

‘We explored how activating STING within tumor cells contributed
to the efficacy of CRYSTAL. In Sting_/ ~ mice, CRYSTAL completely lost
its efficacy in the NOOCI tumor model (Fig. 3F, bottom), regardless of
STING expression in tumor cells (Fig. 3F, bottom). In contrast, com-
plete tumor regression was observed in Sting wild-type (WT) hosts,
even when NOOCI tumors lacked STING expression (Fig. 3F, top).
CRYSTAL triggered robust inflammatory cytokine production in WT
hosts, but not in Stz'ng_/ ~ hosts, regardless of tumor STING expression
(Fig. 3, G and H). CRYSTAL resulted in relatively modest IFN-y levels
compared with those elicited by immunocytokines, such as IL-12 (36)
and IL-18 (37), suggesting limited IFN-y-mediated side effects from
CRYSTAL. These results demonstrate that host STING expression, rather
than tumor-intrinsic STING, is essential for the efficacy of CRYSTAL.

CRYSTAL remodels the tumor and spleen microenvironment

Within the TME, CRYSTAL promoted a ninefold increase in the frequency
of CD8™ T cells compared with the CDA-treated control group (Fig. 4,
A and B, and figs. S22 and S23). CRYSTAL also increased the frequency
of effector memory CD8" T cells (Tgy cells: CD44CD62L ") and reduced
myeloid-derived suppressor cell (MDSC) population (CD11bLy6C*Ly6G™),
compared with the CDA control group (Fig. 4, A to C, and fig. S23).
Similarly, in the spleen, CRYSTAL treatment resulted in a threefold
increase in CD8™ T cell populations compared with CDA control, with
notable enrichment of both central memory CD8" T cells (Tcy cells)
(CD44"CD62L*) and CD8* Tgy; cells (Fig. 4D). Additionally, CRYSTAL
led to an enrichment of macrophages in the spleen, with higher frequency
of M1-like macrophages (MHCIIhiCD2061°) over M2-like macrophages
(MHCIICD206™) (Fig. 4E).

Given the substantial CD8" T cell infiltration driven by CRYSTAL,
we characterized their phenotypes. In tumor tissues, CRYSTAL induced
distinct clusters of CD8" T cells with high Scal expression (Fig. 4F and
fig. S24) and increased CXCR3" effector CD8" T cells (Fig. 4G), a hall-
mark of IFN-I-driven immune activation (38, 39). Distinct clusters of
CD8™ T cells were also observed in the spleen after CRYSTAL treatment
(Fig. 4H). Specifically, cluster 2, which was exclusively induced by sys-
temic CRYSTAL treatment, displayed high Ki67 expression and ele-
vated CX3CR1 levels, characteristics of terminally differentiated CD8*
T cells with enhanced cytotoxicity and effector functions (40) (Fig. 4,
H and I, and fig. S25). Conversely, cluster 3 exhibited high CD62L
and Scal expression but low CD44 levels (Fig. 4, H and I), a subset
of T cells recently reported as multipotent, stem cell-like memory
T cells (41). Furthermore, effector CXCR37CD8™ T cells were increased
in the spleen (Fig. 4I). CRYSTAL treatment increased IFN-y*CD8™ T cells
and perforin*CD8" T cells in tumors (Fig. 4J and fig. $26) and increased
granzyme B*CD8" T cells, IFN-y"CD8* T cells, and perforin*CD8" T cells
in the spleen (Fig. 4K and fig. S26). Additionally, systemic CRYSTAL
treatment induced cytotoxic granzyme B*, IFN-y*, and perforin* CD4*
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T cells and activated NK cells (fig. S27). CRYSTAL treatment slightly in-
creased regulatory T (Ty) cell frequency in the spleen, but not in tumor,
possibly as a counterbalance to strong CD8" T cell responses. Despite
this, the CD8-to-Tig cell ratio increased in both spleen and tumors after
CRYSTAL treatment (fig. S28). To assess the tumor specificity of CRYSTAL-
induced CD8" T cells, we adoptively transferred OT-I cells into mice
bearing either B16F10-OVA or B16F10 tumors. CRYSTAL expanded
OT-I cells only in the presence of cognate antigen (B16F10-OVA), but
not in antigen-negative tumors (fig. S29, A and B), indicating CRYSTAL-
induced expansion of tumor antigen-specific CD8" T cells, potentially
through in situ antigen release and cross-priming. We concluded that
CRYSTAL treatment remodeled the immunosuppressive microenviron-
ment of both tumor and spleen, driving the development of distinct
and highly functional immune populations.

CRYSTAL safely elicits STING activation in healthy dogs and

nonhuman primates

To evaluate the translational potential of CRYSTAL, we performed a
dose escalation study in healthy beagles and nonhuman primates
(NHPs), assessing dose-response relationships, STING activation, and
potential dose-limiting toxicities. In healthy beagles (~10 kg), four
escalating doses of CRYSTAL were administered by intravenous infu-
sion over 30 min (Fig. 5A). At each dose, CRYSTAL transiently in-
creased white blood cells (WBCs), particularly neutrophils (NEUs),
peaking at 24 hours after each dose and returning to baseline by D7,
indicating systemic innate immune activation (Fig. 5B). Even at an
ultralow dose of 0.003 mg/kg, CRYSTAL induced potent STING activa-
tion, as demonstrated by elevation in serum IFN-f, IL-6, TNF-a, and
IFN-y levels, along with increased CXCL10 and MX1 transcript expres-
sion (Fig. 5C and fig. S30, A and B). These serum biomarkers peaked
at 4 hours postinjection and returned to baseline within 24 hours.
However, in two female dogs dosed at 0.03 mg/kg on D36, elevated
ALT and AST levels were observed but gradually resolved. As a precau-
tion, we adjusted the final dose to 0.01 mg/kg on D57, which resulted
in only slightly elevated ALT and AST levels. The remaining two male
dogs, who received 0.01 mg/kg on both D36 and D57, showed no signs
of liver toxicity. By the end of the study, all dogs gained weight and
exhibited normal liver and kidney function, as confirmed by compre-
hensive chemistry panels (Fig. 5D and fig. S30C). Overall, CRYSTAL
achieved strong STING activation in healthy dogs with a well-tolerated
safety profile.

‘We conducted a dose escalation study with CRYSTAL (0.003 mg/kg
to 0.3 mg/Kkg) in cynomolgus monkeys (Fig. 5E). CRYSTAL increased
WBCs and NEUs within 24 hours after intravenous infusion, returning
to baseline by D7 (Fig. 5F). After the second dose (administered at a
2-week interval), we did not observe elevation of WBC and neutrophil
counts in blood, indicating refractory response to CRYSTAL treatment
(Fig. 5F). The refractory response might result from the ~3-week turn-
over rate of dendritic cells in NHPs (42) and/or STING degradation after
activation (43, 44). Thus, we extended the subsequent dosing interval
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Fig. 3. Host and tumor factors critical for CRYSTAL therapy. (A) Schematic shows host and tumor factors orchestrate both innate and adaptive immune responses.

(B) MMTV-PyMT mice (D80 after birth) received intravenous injections of 10 pg CDA or CRYSTAL on DO, D5, and D10. Tumors were collected for immune profiling on D3 and

D15. Changes in myeloid cells (CD11b"CD3~CD49b~F4/80~), monocytes (CD11b*Ly6C*Ly6G'"), and T cells (CD3*) among live CD45* cells from D3 to D15 are shown from left
to right. (C) Antitumor efficacy of CRYSTAL after antibody-mediated depletion of various immune cells (anti-CD8, anti-CD4, anti-CD19, and anti-NK1.1) in B16F10 tumor-bearing
mice. (D and E) Antitumor efficacy of CRYSTAL in BI6F10 tumor-bearing WT, Ifnar™", Ifngr™~ C57BL/6 mice (D) or WT, Terd™~, Ragl™~ C57BL/6 mice (E). (F) Antitumor
efficacy of CRYSTAL in STING WT NOOC1 and STING knockout (KO) NOOC1 tumor-bearing WT C57BL/6 mice [top: tumor growth curve (left), survival curve (right)] and
Sting™~ C57BL/6 mice [bottom: tumor growth curve (left), survival curve (right)]. (G and H) Serum cytokine analysis at 6 hours after intravenous injection of CRYSTAL in STING
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WT NOOCI tumor-bearing WT or Sting™~ C57BL/6 mice (G) and in STING KO NOOC1 tumor-bearing WT or Sting™~ C57BL/6 mice (H). The data represent the mean + SEM
withn=5(B),n=3105(C),n=5(D),n=4or5(E),and n = 3 to 5 (F) biologically independent samples or the mean + SEM with n =4 or 5 [(G) and (H)] biologically independent
samples, with each dot representing an individual mouse. Shown is a representative experiment from two independent experiments; the independent repeats of (F) are shown

in fig.S37 and those of (C) to (E) are shown in Dryad (55). The data were analyzed by one-way ANOVA [(G) and (H)] or two-way ANOVA[(B) to (F)] with Tukey's multiple
comparison post hoc test for tumor growth curve, or log-rank (Mantel-Cox) test for survival curve.

to 3 weeks. The extension of the dosing interval led to restoration of sys-
temic STING activation, as evidenced by transient elevations of WBCs,
NEUs, and neutrophil percentage (Fig. 5F and fig. S31). Consistent with
our findings in dogs, ultralow doses of CRYSTAL elicited strong STING
activation in NHPs. Even at 0.003 mg/kg dose, CRYSTAL increased IFN-f,
IFN-q, IL-6, and interleukin-1 receptor antagonist (IL-1RA) levels in se-
rum, along with robust CXCL10 (~12,600 pg/ml) secretion (Fig. 5G and
fig. S32, A and B). We only observed inflammatory IL-1p at the highest
CRYSTAL dose of 0.3 mg/kg (fig. S32B). The serum levels of IFN-f and
CXCL10 exhibited a dose-dependent increase with CRYSTAL adminis-
tration, whereas their muted levels after the second dose corresponded
with the minimal changes in WBCs and NEUs. We concluded that, in
this setting, WBC mobilization was a pharmacodynamic biomarker of
systemic STING activation rather than an indicator of hematologic
toxicity. This is in line with prior work reporting IFN-pf-mediated tran-
sient elevation of WBCs and NEUs after viral infection (45).

Although cytokines are essential for therapeutic efficacy, cytokine
release syndrome (CRS) is a critical safety concern in many forms of
cancer immunotherapies. For example, IL-12 therapies are limited by
IFN-y toxicity, and CAR-T therapies are often complicated by IL-6-
driven CRS (46). Peak levels of IL-6 and IFN-y remained within grade
0 to 3 CRS thresholds (fig. S33) (47). CRYSTAL induced higher levels
of IFN-a and CXCL10, key biomarkers of STING activation and potency
(fig. S33). This separation of efficacy and toxicity biomarkers further
supports a favorable safety profile.

Across all doses of CRYSTAL tested (0.003 mg/kg to 0.3 mg/kg),
NHPs exhibited normal body weight, complete blood cell (CBC) counts,
comprehensive chemistry panels, and serum C3a (complement activa-
tion) and no CRS-like symptoms (Fig. 5H and figs. S31 and 32C). At the
highest dose (0.3 mg/kg), CRYSTAL caused acute (24 hours after injec-
tion) elevation of AST, creatinine (CR), creatine Kinase, urea, and triglyc-
erides, but these were reversible, returning to baseline within 7 days (Fig.
5H and fig. S34). We directly compared the peak CRYSTAL-induced
lab values (AST, ALT, lactate dehydrogenase, CR) with those reported
in human CRS grading scales with the CAR-T treatment (fig. S33) (47),
and they fell within or below the grade 0 to 3 CRS range, indicating a
favorable laboratory safety profile.

‘We summarized all mouse doses and their cross-species equivalents
using standard body surface area allometric scaling (fig. S36A) and
visualized the corresponding dose ranges between mice and NHPs,
showing that the tumor-eliminating and tumor-regression doses in
mice fall within or below the dose range evaluated in NHPs (fig. S36B).
We also compiled all independent therapeutic efficacy studies strati-
fied by dose, highlighting the robustness of CRYSTAL’s antitumor ac-
tivity across multiple tumor models and a broad dose range (figs. S36C
and S37). We propose that CRYSTAL demonstrates safe, potent, and
repeatable STING activation in NHPs across a broad dose range, un-
derscoring its strong translational potential.

CRYSTAL induces potent STING activation in human samples

We also investigated how CRYSTAL interacts with human immune
cells. We first incubated CRYSTAL with peripheral blood mononuclear
cells (PBMCs) from healthy human subjects. CRYSTAL was taken up
by monocytes and to some degree by myeloid DCs, B cells, and T cells
(Fig. 6A and fig. S35, A and B). CRYSTAL treatment of human PBMCs
led to a 488-,128-, 328-, and 3-fold enhanced secretion of IFN-f, IFN-y,
IL-6, and CXCLI10, respectively, compared with free CDA (Fig. 6B). We
also examined STING activation using fresh tumor biopsies derived
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from head and neck squamous cell carcinoma (HNSCC) patients un-
dergoing tumor resection surgery. Ex vivo treatment with CRYSTAL
increased IFN-I production from human tumor tissues in comparison
to free CDA or diABZi treatment (Fig. 6C). Certain tissue samples (e.g.,
from patient 3) did not respond to CRYSTAL or other STING agonists
(Fig. 6C), suggesting that other factors, such as STING haplotypes, could
underlie nonresponsiveness and heterogeneity in IFN-I responses (48).
We performed STING haplotype sequencing, identifying 78.3% R232
(WT), 8.7% HAQ, 8.7% R232H, and 4.3% AQ STING variants among 23
patient samples (Fig. 6D and fig. S35C), consistent with the known
STING haplotype frequencies in the human population (48). Compared
with free CDA, CRYSTAL treatment enhanced IFNBI activation, result-
ing in IFNBI elevation in 19 out of 23 patient samples examined (Fig.
6E). Among the 18 patient samples with the WT (R232) STING haplotype,
all but two responded to CRYSTAL treatment (Fig. 6F). Additionally,
two patients with the HAQ STING haplotype and one with the AQ
STING haplotype exhibited IFNBI elevation after CRYSTAL treatment.
However, both patients carrying the R232H STING variant failed to
respond to CRYSTAL treatment (Fig. 6F).

Discussion

Therapeutic targeting of the cGAS-STING pathway has been challeng-
ing, in part because uncontrolled STING activation can compromise
efficacy while increasing the risk of systemic toxicity (72). This chal-
lenge is further compounded by the fact that STING signaling is highly
cell type dependent: Activation in myeloid cells can induce innate
activation and prime adaptive immunity, whereas activation in other
compartments (such as CD8" T cells) can be detrimental by promoting
apoptosis. Within this framework, our results show that CRYSTAL
preferentially elicits robust innate activation while sparing CD8" T cells
from apoptosis, thereby offering a mechanistic basis for its improved
therapeutic index.

CRYSTAL may also address a major translational bottleneck for
STING agonists: tumor-intrinsic STING dysfunction. Because STING
signaling is frequently dysregulated within tumor cells across many
human cancers (49), an approach that relies on host STING activation
rather than tumor cell-intrinsic STING signaling may broaden the
range of patients and tumor types that can benefit from treatment.
This host-dependent mechanism further motivates biomarker identi-
fication that could inform patient selection to maximize clinical out-
comes. A clinically consequential variable is human STING haplotype,
as genetic variants can shape STING responsiveness and thereby influ-
ence both efficacy and safety. Although the molecular basis for the
reduced CRYSTAL responsiveness observed in samples harboring the
R232H haplotype is beyond the scope of this study, our analyses of
human tumor tissues underscore the translational importance of in-
corporating haplotype-informed patient stratification into future clini-
cal development strategies.

Safety remains a central concern for many forms of cancer immu-
notherapy. CRYSTAL’s transient and reversible cytokine response may
underlie its favorable safety profile, in contrast to therapies such as
CAR-T cells or immunocytokines, which can induce sustained cyto-
kine elevations and consequently increase the risk of adverse events
(46, 50). In this context, the kinetics of cytokine induction and resolu-
tion may serve as a clinically actionable parameter, informing dosage
selection, regimen designs, and management of CRS.

Finally, our work highlights a broader design principle in engineer-
ing structurally ordered metalloimmunotherapy (51). By selecting
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Fig. 4. CRYSTAL remodels the tumor and spleen microenvironment. MMTV-PyMT mice (D80 after birth) were enrolled and received intravenous injections of 10 pg CDA or

CRYSTAL on DO, D5, and D10. Tumors and spleens were collected for immune profiling on D15 via flow cytometry (see figs. S22, S24, and S25 for the gating strategy). (A to C) Frequency

of major immune cell types among CD45™" live cells in the TME (A), frequency of CD3*CD8* T cells among CD45™ live cells and effector memory (CD44*CD62L~) CD8 T cells in
tumor (B), frequency of CD11b*Ly6C*Ly6G* MDSCs among CD45™ live cells (C). (D and E) Frequency of CD3*CD8* T cells among CD45* live cells, effector memory
(CD44*CD62L7) CD8* T cells, and central memory (CD447CD62L*) CD8* T cells in spleen (D), frequency of F4/80" macrophages among CD45™ live cells, and frequency of

M-like (MHC-II"CD206'°) and M2-like (MHC-11°CD206™) macrophages in spleen (E). (F and G) Characterization of CD8* T cell phenotypes in the TME. UMAP (uniform manifold
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approximation and projection) plots of concatenated CD8™ T cells from untreated, CDA, and CRYSTAL groups with proportion of each cluster and expression levels of different
phenotypic markers (F). Frequency of effector-like (CXCR3") CD8" T cells (G). (H and I) Characterization of CD8" T cells phenotypes in the spleen. UMAP plots of concatenated
CD8* T cells from untreated, CDA, and CRYSTAL groups with proportion of each cluster and expression levels of different phenotypic markers (H). Frequency of effector-like
(CXCR3*) CD8* T cells, stem cell-like memory Scal* T cells among CD44~CD62L* CD8* T cells, proliferative (Ki67+) CD8* T cells, and terminally differentiated (CX3CR1*) CD8*
Tcells (I). (J and K) Intracellular cytokine staining assay of CD8" T cells upon PMA (phorbol 12-myristate 13-acetate) and ionomycin stimulation. Frequency of granzyme B
(Granz B*)-, IFN-y (IFN-y™)-, and perforin (Perforin*)-expressing CD8* T cells in tumor (J) and spleen (K). The data represent the mean (A) or the mean + SEM with n =5 [(B) to
(E), (G), and (1) to (K)] biologically independent samples, with each dot representing an individual mouse. Shown is a representative experiment from two independent
experiments; the independent repeats are shown in Dryad (55). The data were analyzed by one-way ANOVA, followed by Tukey's multiple comparison post hoc test.

different ligands, metal ions, and therapeutics, this modular platform
may enable the rational design of metalloimmunotherapies with
tunable secondary structures and programmable immune activation
profiles, thereby addressing drug delivery and immunomodulatory
challenges.

Materials and methods

Synthesis and characterization of CDA/His1l and

CDA/Mn/Hisll nanoassemblies

To prepare CDA/His11 nanoassemblies, CDA (MedChemExpress, HY-
12326A) [1 mg/ml, methanol (MeOH)] and His11 (GenScript) [10 mg/ml,
ethanol (EtOH)] were mixed together with 100:40 volume ratio, fol-
lowed by vortexing at room temperature for 2 hours. The self-assembling
condition was kept at pH < 5 to protonate His11. After water bath soni-
cation (37 Hz, 100 W) to clear suspension, 10 pl of suspensions contain-
ing CDA/His11 was added onto TEM grid (Electron Microscopy Sciences,
CF400-CU-UL) and air-dried for TEM analysis.

To form CDA/Mn/His11 nanoassembly, CDA (1 mg/ml, MeOH) and
Hisll1 (10 mg/ml) (100:40 volume ratio) were rapidly mixed together
to form the first nanoassembly. The self-assembling condition was kept
at pH < 5 to protonate Hisll. After complete self-assembling, MnCl,
(100 mM, MeOH, 100:40:7 volume ratio) was added rapidly with vor-
texing to form the intermetallic nanoassembly. CDA/Mn/His1l was
vortexed at room temperature for 2 hours with sporadic water bath
(37 Hz, 100 W) sonication. After centrifugation at 20,000g for 10 min,
pellets were resuspended in deionized (DI) water with water bath
sonication. Ten microliters of suspension containing CDA/Mn/His11
was added onto a TEM grid and air-dried for TEM and STEM-EDX
analysis. For AFM analysis, 10 pl of suspension containing CDA/Mn/
His11 was added onto a Mica disc (Fisher Scientific, NC1535937).

TEM was performed on Thermo Fisher Talos F200X G2 S/TEM with
TEM mode for morphology observations and STEM mode for EDX
analysis. To reduce beam damage and carbon accumulation, STEM-
EDX analysis of CDA/Mn/His11 nanoassemblies was taken at cryogenic
temperature (<128 K). For other TEM analysis, images were taken at
room temperature (300 K). TEM image analysis was performed on
DigitalMicrograph. AFM was performed on Veeco Dimension Icon
Atomic Force Microscope with SCANASYSTAIR probe (Bruker) using
PeakForce Quantitative Nanomechanical Mapping mode. AFM image
analysis was performed on NanoScope Analysis 2.0. Zeta potential of
nanoassemblies was measured with Zetasizer (Nano ZSP, Malvern,
UK). FTIR spectroscopy of freeze-dried nanoassemblies was performed
on IR-TRACER100 (Shimadzu).

Synthesis and characterization of CRYSTAL and uCMP

CRYSTAL was prepared by first forming CDA/Mn/His11 nanoassem-
blies and then encapsulating the nanoassemblies within lipid layers.
To form CDA/Mn/His11 nanoassembly, CDA (1 mg/ml, MeOH) and DOPE-
Hisl11 [10 mg/ml, EtOH with 0.5% trifluoroacetic acid (TFA)] (100:40
volume ratio) were rapidly mixed together to form the first nanoas-
sembly. Addition of 0.5% TFA kept the histidine protonated, thus provid-
ing binding sites and electrostatic repulsion to stabilize the nanoassembly
(pH < 5). After complete self-assembling, MnCl, (100 mM, MeOH,
100:40:7 volume ratio) was added rapidly with vortexing to form the
intermetallic nanoassembly. CDA/Mn/His11 was vortexed at room
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temperature for 2 hours with sporadic water bath (37 Hz, 100 W) soni-
cation. After centrifugation at 20,000g for 10 min, the intermetallic nano-
assembly (containing 100 pg CDA) was resuspended in lipid mixtures
containing 20 pl DOPC (Avanti Polar Lipids: 850375C-25mg, 10 mg/ml
in EtOH), 10 pl cholesterol (Avanti Polar Lipids: 700000P-500mg,
10 mg/ml in EtOH), and 12.8 pl 18:0 PEG5000 PE (Avanti Polar Lipids:
880220P-25mg, 10 mg/ml in EtOH). After brief water bath sonication
(37 Hz, 100 W), 128 pl H,O was added to clear CDA/Mn/Hisl1@lipid
mixture for CRYSTAL formation. For CRYSTAL-6, DOPC was replaced
with DOTAP (Avanti Polar Lipids: 890890P-200mg). The solvent and
unloaded drugs were removed by dialysis against 10% sucrose overnight.
To make CRYSTALs (CRYSTAL-], -2, -3, and -4 with different lipid com-
positions, the additional lipid was added at the indicated amount dur-
ing the dialysis, including 14PA (Avanti Polar Lipids: 830845P-200mg),
16PA (Avanti Polar Lipids: 830855P-200 mg), DOPG (Avanti Polar Lipids:
840475C-25mg), and DOTAP (Avanti Polar Lipids: 890890P-200mg).
After overnight dialysis, CRYSTALSs were further purified by ultrafiltration
(100 kDa, Sigma Aldrich, no. UFC810008) and resuspended in 10% su-
crose for further investigation. To make CRYSTAL with other STING
agonists, CDA was replaced with Tak-676 (MedChemExpress, HY-148029),
E7766 (MedChemExpress, HY-111999A), and ADU-S100 (MedChemExpress,
HY-12885A), following the same synthesis protocol.

uCMP was prepared by rapid mixing of CDA in water phase and the
lipid mixtures in ethanol, as adapted from the mRNA liquid nanopar-
ticle fabrication method (24). The lipid mixture contained 40 pl DOPE-
His11 (10 mg/ml, EtOH with 0.5% TFA), 20 ul DOPC (10 mg/ml in
EtOH), 10 pl cholesterol (10 mg/ml in EtOH), and 12.8 ul 18:0 PEG5000
PE (10 mg/ml in EtOH). The aqueous phase contained 100 pg CDA (in
248 pl DI water). After rapid mixing of two phases, 7 ul MnCl, (100 mM
in water) was added, and the solution was dialyzed against 10% sucrose
overnight, during which 26.4 pl 14PA (2.5 mg/ml, 25% THF containing
DI) was added. After overnight dialysis, uCMP was further purified by
ultrafiltration (100 kDa) and resuspended in 10% sucrose for further
investigation.

DOPE-His11 was prepared, as previously reported (20). Briefly, DOPE-
NHS (NOF America, COATSOME FE-8181SU5) [100 mg, 2 ml N,N’-
dimethylformamide (DMF)] and His11 (300 mg, 2 ml DMF) were mixed
at room temperature. One hundred microliters of 10% triethylamine
(DMF) was added to the reaction every 12 hours three times. After
24 hours, unconjugated reactants were removed by dialysis against
water (molecular weight cut-off: 2 kDa) for 2 days. The purified DOPE-
His1l powder was obtained by freeze-drying.

The concentration of CDA was measured with ultraviolet absor-
bance at 260 nm and validated by ultra-performance liquid chroma-
tography. The size distribution and surface charge of CRYSTAL and
uCMP were measured by Zetasizer (Nano ZSP, Malvern, UK). Cryo-EM
(Talos Arctica) was used to characterize the morphology of CRYSTAL
and uCMP. CRYSTAL and uCMP were resuspended in 3% trehalose for
the preparation of cryo-EM samples (Vitrobot). The Vitrobot setting
used was 4°C, 100% humidity with 5-s blotting time, zero blotting force,
and 10-s wait time.

In vitro investigation of CRYSTAL
BMDCs were generated by harvesting bone marrow from C57BL/6,

Gsdmd ™", and Sting’/ ~ mice and culturing in bacteriological Petri
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Fig. 5. CRYSTAL safely elicits STING activation in healthy dogs and nonhuman primates. (A to D) Dose escalation trial of systemic CRYSTAL treatment in two female (F1,
F2) and two male (M1, M2) naive beagles. Dosing regimen is shown in (A). The dynamic changes of WBC, NEU, and lymphocyte (LYM) counts were measured before and after
each dose (the dashed horizontal lines indicate normal ranges, dotted vertical lines indicate the day of treatment) (B). Investigation of systemic STING activation responses at 4
and 24 hours after each dose with ELISA (IFN-B and IL-6) and RT-PCR (CXCL10 and MXI) [values before each dose (0 hours) set as the baseline] (C). Safety measurements of
individual dogs included body weight (BW), liver enzyme ALT and AST levels , and CR level (dashed horizontal lines indicate normal ranges, and dotted vertical lines indicate the
day of treatment) (D). (E to H) Dose escalation study of systemic CRYSTAL treatment in two female (C1501, C1502) and two male (C1001, C1002) cynomolgus monkeys. Dosing
regimen is shown in (E). The dynamic changes in WBC, NEU, and LYM counts were measured before and after each dose (dashed blue and pink horizontal lines indicate normal
ranges for male and female NHPs, respectively, and dotted vertical lines indicate the day of treatment) (F). Investigation of systemic STING activation responses at 4, 24, and
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72 hours after each dose with ELISA (IFN-B) and Meso Scale Discovery (MSD) assays (CXCL1O0, IL-6, and IL-IRA) [values from prebleeding (D-7) set as the baseline] (G). Safety
measurement of individual NHPs included BW, liver enzyme ALT and AST levels, and CR level (dashed blue and pink horizontal lines indicate normal ranges for male and female
NHPs, respectively, and dotted vertical lines indicate the day of treatment) (H). Each line corresponds to an individual animal, and each dot represents a measurement obtained

at a specific time point.

dishes with granulocyte-macrophage colony-stimulating factor-
containing medium. Media was refreshed on days 3, 6, and 8, and
BMDCs were collected on day 8 for experiments. For other immune
cell populations, B cells, CD4" T cells, and CD8" T cells were isolated
from C57BL/6 spleens using isolation Kits (Stemcell). Whole spleno-
cytes were isolated from C57BL/6 spleens for bulk analysis. For cyto-
Kkine assays, cells (1 x 10° per well) were seeded in 96-well plates and
incubated with indicated agents. After overnight culture, supernatants
were collected for cytokine enzyme-linked immunosorbent assay (ELISA)
at the Cancer Center Immunology Core, University of Michigan. For the
cellular cytotoxicity assay, CellTox Green Cytotoxicity Assay (Promega)
was used followed by the manufacturer’s instructions. For cellular up-
take study, BMDCs were incubated with free CDG-Dy547 or CDG-Dy547
encapsulated in CRYSTAL for 4 hours and then co-stained with 4/,6-
diamidino-2-phenylindole and Lysotracker Green for confocal imaging
(Nikon A1SI).

Description of Monte Carlo lattice growth simulations

We developed a phenomenological coarse-grained molecular model
and performed lattice growth MC simulations to investigate the elec-
trostatically controlled growth of the uniform CDA/Mn/His11 nanorib-
bons observed in the experiments (7) via a custom python script. In
developing the model, we assumed that CDA binds to His1l and that
neighboring His11l/CDA complexes associate through Mn bridges
(52, 53), as illustrated in fig. S3A. We further assumed that each His11
binds to a variable number of CDA. Together, these two assumptions
led to the periodicity in one direction (the short axis of the nanorib-
bons) but not the other (the long axis). On the basis of these assump-
tions, the basic building block in the model comprises a single His11
oligomer oriented along the z axis and coordinated with a variable
number of CDA/Mn complexes, each protruding out along the x direc-
tion (fig. S3A). We set the «, y, and & dimensions of the building block
on the basis of a 3D molecular model of the CDA/Mn/His11 complex
(fig. S3A). The lattice growth simulations were performed on an or-
thorhombic lattice with lattice vectors set by the z, y, and £ dimensions
of the building block.

We considered two flavors of energetic interactions, long-range
electrostatic repulsion and short-range, direction-dependent attrac-
tion. Given that His11 is fully protonated at the experimental condi-
tions, each building block contains a charge of +11e centered on the
building block. We model the charge-charge repulsion as a Coulombic
interaction with a Apeqium chosen to phenomenologically match fiber
growth for His1l. We assume that the energy of growth along the z
direction is in the limit of irreversible binding, consistent with the
uniform fiber growth observed experimentally. Growth in the y direc-
tion has an associated change in energy of a few kg7, consistent with
histidine-histidine potential of mean force calculations (54). Growth
in the @ direction depends on the number of CDA bound to the in-
coming building block (a number chosen on the fly for each at-
tempted insertion in the simulation; see below), with a constant
binding energy per CDA. Each incoming building block has at least
one CDA bound to it, as our model assumes that the CDA-His11 in-
teraction is crucial to crystal growth. We assumed that CDA cannot
saturate each “side” (+x or —x) of Hisll, and we therefore set the
maximum number CDA per side of Hisll to four. Therefore, when
attempting to add a building block to the growing crystal in the «
direction, we randomly select one, two, three, or four CDA with equal
probability that is bound to it, which in turn determines the associ-
ated change in energy.
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With the interactions in the model as described above, the lattice
growth simulations proceeded as follows. We randomly select a build-
ing block on the surface of the growing crystal and an open surface
direction (+a, +y, or +2) and as a trial addition add a new building
block displaced one lattice vector along the growth direction from the
surface particle. If the growth direction is +a, we also choose N¢pa.yn
as a random integer from [1, 4], distributed uniformly. The associated
change in energy AE is the sum of the electrostatic repulsion Egjectrostatic
and the direction-dependent attractions Egrowtn

AE = Egectrostatic + Egrowth

where

E = Q% Yo
electrostatic — medium i=1'1

with @ the charge on each particle, kpeqium the constant that is a
function of the dielectric constant, and 7; the distances between the
incoming building block and the other building blocks in the cluster.
The sum over 7 runs over all the building blocks in the cluster at the
beginning of the trial move. The attractive interactions are given by
Egrowth = Nepa-vnEcpa-vn for growth along +a, Egrown = E, for growth
along +y, and Egrowmn = E; for growth along +2. The trial addition is
accepted with probability p,.. according to the Metropolis criterion
Dace = min(1, e 2E/4T)

For each trial addition, we also performed one trial removal. The
removal moves consist of selecting a building block on the surface of
the crystal (i.e., one with at least one exposed surface) and computing
the change in energy associated with its removal using the expression
for AE above. Note that for removal moves, the electrostatic contribu-
tion to AE is negative (favorable ), whereas the other contributions are
positive (unfavorable). The trial removal is also accepted according to
the Metropolis criterion.

We ran each simulation until the growth in the # and y directions
stopped, and the nanoribbons were only growing along +z, typically
2 x 10 MC sweeps, where each sweep consisted of one trial addition
and one trial removal.

In addition to the CDA/Mn/Hisl11 building blocks, we also simulated
building blocks representing CDA/Mn/His6 and CDA/Mn/His33 to
probe the effect of the size and charge of the polyhistidine component
on the resulting crystal morphology (“Effect of His charge on crystal
morphology” below). We changed the charge Q to match the number
on His. Additionally, we scaled E,, dz, and the maximum N¢pa-mn lin-
early on the basis of the values used for His11 baseline [max (N¢pa-yn)
= 2 for His6 and 12 for His33].

We characterized the self-assembled nanoribbons by their # and y
dimensions. To account for irregularities in the surface of the ribbons,
we took slices of the ribbon along = and averaged the a(y) across these
slices to obtain the average a(y) thickness for the nanoribbon. For
ribbons that “split” during growth (CDA/Mn/His33, see “Effect of His
charge on crystal morphology” below), we consider each branch of the
split separately; that is, the reported # and y dimensions represent the
average x and y dimensions of contiguous regions of the nanoribbons.

Effect of charge on crystal morphology

The crystal morphologies formed in the CDA/Mn/His6, CDA/Mn/
Hisl1l, and CDA/Mn/His33 simulations are summarized in table S2
(dimensions reported at mean + standard error of the mean over three
replicates). We observed continuous growth along the z direction in
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Fig. 6. CRYSTAL induces potent STING activation in human samples. (A and B) Cellular uptake and STING activation efficiency of CRYSTAL among human PBMCs. Human
PBMCs were seeded and rested overnight before treatment. PBMCs were incubated with CRYSTAL-Cy7 at 2.5 or 5 uM for 1 hour and then analyzed with flow cytometry for the
frequency of CRYSTAL-Cy7" cells among each cell type (A). mDCs, myeloid dendritic cells. PBMCs were cultured with 10 pg/ml CRYSTAL or free CDA overnight, followed by ELISA
analysis of IFN-p, IFN-y, IL-6, and CXCL10 (B). (C to F) STING activation by CRYSTAL in fresh human HNSCC biopsies. (C) Fresh human tumor tissues derived from six HNSCC
patients were incubated with various STING agonists, and IFNBI expression [normalized by PTPRC gene (CD45)] was determined by RT-PCR (5 pg CDA and diABZi or 1 pg
CRYSTAL). (D) Investigation of STING haplotypes of 23 HNSCC patient tumor tissues and percentage of each STING haplotype, including R232, HAQ, R232H, and AQ. STING
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haplotypes were determined by sequencing of exons 3, 6, and 7 to identify R71H (exon 3), G230A, R232H (exon 6), and R293Q (exon 7) mutations. Fresh human tumor tissues
derived from these 23 HNSCC patients were incubated with 5 pg CDA or CRYSTAL, and IFNBI expression [normalized by PTPRC gene (CD45)] was determined by RT-PCR (E).
IFNBI expression levels were plotted for various STING haplotypes (F). The data represent the mean + SEM, with individual points showing n = 2 or 3 technical replicates [(A)
and (B)] or biologically independent samples n = 6 for (C) and n = 23 for (E). Each line corresponds to an individual patient's sample, and each dot represents a measurement.
The data were analyzed by one-way ANOVA, followed by Tukey's multiple comparison post hoc test.

all cases. However, the charge of the His component affected the
growth in the self-limited x and y directions, with smaller x and y
dimensions when increasing His length. The nanoribbon in the CDA/
Mn/His33 system split into two smaller ribbons in some regions
because of the relatively large electrostatic repulsion compared with
the His6 and Hisl1 systems. These results agree with experiments,
which also show decreasing width and thickness of the nanoribbons
with increasing His length and more irregular crystals with His33
(fig. S5).

Investigation of CRYSTAL in mice

Murine tumor models: All animal procedures were conducted follow-
ing ethical guidelines and were in accordance with and approved by the
Institutional Animal Care and Use Committee (IACUC) at the University
of Michigan, Ann Arbor. Mice were housed in a specific pathogen-free
facility on a 12 hours light-dark cycle at 20° to 26°C with 30 to 70%
humidity, in ventilated cages with standard bedding and environmen-
tal enrichment. Animals were group-housed (three to five mice per cage)
and provided ad libitum access to standard chow and water. Animals
were euthanized in accordance with institutional and NIH guidelines
using CO, inhalation followed by cervical dislocation as a secondary
physical method to ensure death. The sample size for tumor experi-
ments was determined a priori on the basis of the effect size and
variability observed in related pilot experiments, and the calculations
are listed in table S3. For late-stage B16F10 murine tumor model, 6- to
8-week-old female C57BL6 mice (Jackson Laboratories or laboratory-
bred) were inoculated subcutaneously with the indicated number of
B16F10 tumor cells [in 100 pl Hanks’ balanced salt solution (HBSS)]
on the right flank. For the late-stage spontaneous breast cancer model,
MMTV-PyMT mice with an age of ~D85 were enrolled. For the B16F10
tumor model, C57BL/6 (WT), Sting™ ", Ifnar™", Ifngr™~, Terd”~, Ragl ™",
Bazf{a”/ ~ mice (breeding pairs purchased at Jackson Laboratories)
were inoculated subcutaneously with the indicated number of B16F10
cells (in 100 pl HBSS) on the right flank. For the B16F10-OVA tumor
model, C57BL/6 were inoculated subcutaneously with the indicated
number of B16F10-OVA cells (in 100 pl HBSS) on the right flank. For
NOOCI tumor models, C57BL/6 and Sting‘/ ~ mice were inoculated
with the indicated number of STING WT NOOCI or STING KO NOOC1
cancer cells [in 100 pl 1:1 phosphate-buffered saline (PBS):Matrigel
mixture] on the right flank. Tumor size and survival were moni-
tored every 3 or 4 days. Tumor size was calculated with the equa-
tion volume = length x width? x 0.5, and tumor-bearing mice were
assigned to different treatment groups. For cancer cell culture, BI6F10
cells were cultured in complete RPMI 1640 [10% fetal bovine serum
(FBS), 1% penicillin-streptomycin (Pen/Strep)]. NOOC1 cells were cul-
tured in MOC media. For preparation of the 1 liter MOC media, 626 ml
Iscove’s modified Dulbecco’s medium, 313 ml F12 nutrient mixture, 50 ml
FBS, 10 ml Pen/Strep, 1.25 ml 4 mg/ml insulin, 200 pl 200 pg/ml hydro-
cortisone, and 50 pl 100 pg/ml epidermal growth factor were mixed.
NOOCI cells are available through Kerafast Inc. (Cat.No. EMUO061). To
evaluate the safety profile of CRYSTAL, B16F10 tumor-bearing C57BL/6
mice were treated with CRYSTAL, and serum was collected at the
indicated time points for chemistry panel analysis at ULAM pathol-
ogy core of the University of Michigan. For orthotopic pancreatic
cancer model, FVB/N mice (Jackson Laboratories) were inoculated
with indicated number of Pan65671 cells (in 20 pl 1:1 PBS:Matrigel
mixture) directly into the pancreas. After 14 days, the mice were eu-
thanized to evaluate tumor burden in pancreas.
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Cell and cytokine depletion studies: For cell depletion study, 150 pg anti-
CD8a (clone 2.43, Bioxcell), anti-CD4 (clone GK1.5, Bioxcell), anti-CD19
(clone 1D3, Bioxcell), anti-NK1.1 (clone PK136, Bioxcell), anti-Ly6C (clone
Monts 1, Bioxcell), anti-Ly6G (clone 1A8, Bioxcell), and anti-CSF1R (clone
AFS98, Bioxcell) were administered intraperitoneally with the indi-
cated regimen. For cytokine depletion study, 150 pg anti-TNFa (clone
XT3.11, Bioxcell), anti-IL6 (clone MP5-20F3, Bioxcell), anti-IFN-y (clone
XMG1.2, Bioxcell), anti-IFNAR (clone MAR1-5A3, Bioxcell), and anti-
IL10 (clone 1D3, Bioxcell) were administered intraperitoneally with
the indicated regimen.

Biodistribution and cellular uptake: To analyze the in vivo biodistribu-
tion of STING agonist, 2'-[DY-547]-AHC-c-diGMP (Biolog, D 116-001) or
c[3’-[sCya7]-AHC-G(2',5")pA(3’,5")p] (Biolog, C 240-001) was admixed
with CDA (1:20, w/w) to prepare Dy547-labeled CRYSTAL/uCMP or
Cy7-labeled CRYSTAL/uCMP, following the same synthesis procedure
as used for CRYSTAL and uCMP as described above. Loading of Dy547
and Cy7 was quantified by fluorescence intensity. To quantify the bio-
distribution of STING agonists, c[3'-[sCya7]-AHC-G(2',5")pA(3’,5")p]
in free form, CRYSTAL, or uCMP were injected intravenously. Mice
were euthanized at 6 hours after injection, and the fluorescence inten-
sity in the major organs was measured with IVIS. For the cellular uptake
study, 2’-[DY-547]-AHC-c-diGMP in free form, CRYSTAL, or uCMP were
injected intravenously. Mice were euthanized at 6 hours after injection,
and the efficiency of cellular uptake among various immune subsets
was investigated by flow cytometry.

Pharmacodynamics: To analyze the systemic STING activation, vari-
ous STING agonists were injected intravenously at the indicated doses.
The cytokine levels in serum were measured by ELISA in the Cancer
Center Immunology Core of the University of Michigan. For measuring
the cytokines in the tumor, tumor tissues were collected at the indi-
cated time points and weighed. Tumor homogenates were obtained by
tissue dissociator (Miltenyi Biotec) and centrifuged to remove debris
and precipitates. The supernatants were collected for ELISA analysis
and were normalized by the tumor weight. For reverse transcription
polymerase chain reaction (RT-PCR) analysis, tumor and spleen tis-
sues were collected at the indicated time points. Tissues were cut into
small pieces and preserved in RNAlater (Fisher Scientific, AM7021)
until RNA extraction with RNeasy Plus Mini Kit (Qiagen, 74134), fol-
lowing the manufacturer’s instructions. Extracted RNA was quanti-
fied by Nanodrop (Thermo Scientific), and cDNA was obtained with
PrimeScript RT Reagent Kit (Takara Bio, RR037A), following the manu-
facturer’s instructions. RT-PCR assay was performed on QuantStudio 5
using TagMan Gene Expression Assay (FAM). TagMan primers were pur-
chased from Thermo Fisher Scientific: Rn18s (MmO04277571_s1), Ifnbl
(MmO00439552_s1), Tnfa (Mm00443258_m1), and Caell0 (Mm00445235_ml).

Pharmacokinetics: To analyze pharmacokinetic profiles, CRYSTAL and
uCMP were administered intravenously at the indicated doses, and
plasma samples were collected at specified time points. CDA concen-
trations were quantified by liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) at the PK Core of the University of Michigan.
Briefly, plasma (50 pl) was mixed with 50 pl of calibration standards
or water in a 96-well plate. Protein precipitation was performed by
adding 250 pl of ice-cold acetonitrile containing the internal standard
(AICAR-"C,"N, 10 ng/ml), followed by vortexing (1000 rpm, 5 min) and
incubation on ice (10 min). Samples were then centrifuged (4000 rpm,
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10 min, 4°C), and the supernatant (~250 pul) was transferred to a fresh plate
and evaporated at 35°C. Dried samples were reconstituted in 100 pl of
water, vortexed (1500 rpm, 10 min), and centrifuged again (4000 rpm,
10 min, 4°C). A 15 pl aliquot was injected for LC-MS/MS analysis.

OT-l adoptive transfer study: OT-I CD8™ T cells were isolated from the
spleens of OT-I mice using a CD8* T cell isolation kit (Stemcell). Freshly
isolated OT-1 CD8™ T cells were intravenously transferred into B16F10
or B16F10-OVA tumor-bearing mice on D0. On D1, CRYSTAL was ad-
ministered intravenously. Expansion of transferred OT-I CD8" T cells
was identified in blood (D4), spleen (D6), and tumors (D6) by Thyl.1
staining.

In vivo immune profiling in mice: For immune profiling of TME and
spleen, MMTV-PyMT mice with age of ~D80 or B16F10 tumor-bearing
mice were enrolled. Tumor and spleen tissues were harvested for immune
profiling with Spectra Flow cytometer (Cytek Aurora). For processing
tumor samples, tumor tissues were cut into small pieces, dissociated
into single-cell suspension with a tissue dissociator (Miltenyi Biotec).
Single-cell suspension was then filtered through a 70 pm strainer and
washed with fluorescence-activated cell sorting (FACS) buffer before
antibody staining. For processing spleen samples, spleens were dis-
sociated into single-cell suspension by mashing spleens with syringe
plunger and filtered through 70 pm strainer. After centrifugation, cell
pellets were resuspended in ACK lysis buffer (Gibco, no. A10492) for re-
moving red blood cells. Single-cell suspension was then filtered through
70 pm strainer and washed with FACS buffer before antibody staining.
For ex vivo stimulation assay, 2 X 10° splenocytes or tumor cells were
stimulated with 750x eBioscience Cell Stimulation Cocktail (Thermo
Fisher, 00-4970-93) for 4 hours. Brefeldin A Solution (BioLegend, 420601)
was added to samples after 1 hour of stimulation.

For staining of single-cell suspension from tumor and spleen, cells
were stained for viability (Live/Dead fixable Near-IR, Invitrogen, no.
L10119) and treated with Fc blocker (anti-mouse CD16/CD32 mono-
clonal antibody, Fisher Scientific, no. 50-112-9520), followed by surface
staining for 30 min at room temperature. For intracellular staining,
washed cells were fixed and permeabilized with Fixation/Permeabilization
kit (BD Biosciences, 554714), following the manufacturer’s instructions.
After incubation with intracellular antibody cocktail for 30 min, cells
were washed twice and resuspended in FACS buffer for flow cytometry.
For major immune cells/phenotypes/functionality analysis, antibodies
were used at 1:200 dilutions for surface antibodies and 1:100 dilutions
for intracellular antibodies. The antibodies used in the immune profil-
ing are listed in table S4.

Investigation of CRYSTAL in rabbits

All animal procedures were conducted following ethical guidelines
and were in accordance with and approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Michigan, Ann
Arbor. To establish the VX2 tumor model in rabbits, frozen VX2 tumor
tissues (liquid nitrogen, 10% dimethyl sulfoxide of FBS) were rinsed
in PBS several times before cutting into small pieces (~1 mm?®), and
around 100 small tumor fragments were resuspended in 10 ml PBS.
For each rabbit, both hind limbs were inoculated intramuscularly with
1 ml of VX2 tissue suspension via a 19-gauge needle. All treatments
were given via the marginal ear vein. Blood was collected from the
central ear artery via a 23-gauge butterfly needle. Serum samples were
collected at the indicated time points for liver panel analysis at ULAM
pathology core of the University of Michigan. For RT-PCR analysis,
tumor and spleen tissues were collected at the indicated time points
postmortem. RNA and cDNA were obtained the same as described
above. The RT-PCR assay was performed on QuantStudio 5 using TaqgMan
Gene Expression Assay (FAM). TagMan primers were purchased from
Thermo Fisher Scientific: Hprt (0c03399461_m1), [fnbl1 (Oc06813776_s1),
and Cxcl10 (0c06781609_g1).
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Investigation of CRYSTAL in dogs

The dose escalation trial of CRYSTAL in dogs was conducted at Michigan
State University to determine the PD and safety profiles of repeated
intravenous infusions of CRYSTAL. All animal procedures were con-
ducted following ethical guidelines and were in accordance with and
approved by the Institutional Animal Care and Use Committee (IACUC)
at Michigan State University. Four purpose-bred naive beagles (two
males and two females; Oak Hill Genetics) were enrolled into the study.
Blood samples were collected on D-5 to serve as a baseline. Animals
were administered with CRYSTAL by a 30-min intravenous infusion
administration at the indicated doses and days. For blood chemistry
and hematology analysis, serum and whole blood were collected on 1 day
and 7 days after each dose for measurement at Veterinary Diagnostic
Laboratory at Michigan State University. For PD analysis, serum and
PBMCs were collected at 4 hours and 1 day after each dose for cytokine
analysis with ELISA or RT-PCR assays. At the completion of the study,
all dogs were adopted.

Investigation of CRYSTAL in NHPs

The dose escalation trial of CRYSTAL in NHP was conducted at WuXi
AppTec to determine immune activation and safety profiles of re-
peated intravenous infusions of CRYSTAL. The protocol was ap-
proved by Wuxi AppTec (Suzhou) Co. Ltd. Institutional Animal Care
and Use Committee (Study Number: 400577-2023022401-CPK). Four
cynomolgus monkeys (two males and two females), aged 40 to 51 months,
were enrolled (WuXi AppTec). In this study, animals were fasted
overnight prior to blood collection for clinical pathology. Animals
were fed at other times. Blood samples were collected on D-7 to serve
as a baseline. Animals were administered with CRYSTAL by a 60 min
intravenous infusion via cephalic vein at the indicated doses and days.
During the intravenous infusion, plasma samples (0.5 hours) were
collected for investigation of C3a via ELISA. For PD analysis, serum
was collected at 4 hours, 1 day, and 3 days after each dose for cytokine
analysis with ELISA or MSD assays [U-PLEX Custom Biomarker
Group 1 (NHP) Assays]. For chemistry and hematology analysis, serum
and whole blood were collected on 1 day and 7 days after each dose
for measurement.

Investigation of CRYSTAL in human samples

Human PBMCs were purified from Human Peripheral Blood Leukopak,
Fresh (STEMCELL technology), and stored in liquid nitrogen. PBMCs
were thawed and plated at 2 x 108 cells per well in a 6-well plate.
PBMCs were rested overnight before the treatment with 2.5 pM or 5 pM
CRYSTAL-Cy7. After 1 hour incubation, cells were washed with PBS and
stained for flow cytometry analysis. The antibodies used in human PBMCs
were listed in table S5. For cytokine analysis, human PBMCs was plated
at1x 10° cells per well in a 96-well plate, and CRYSTAL was incubated
with PBMCs overnight for ELISA analysis.

All procedures using human patients’ samples were conducted follow-
ing guidelines and were in accordance with and approved by Institutional
Review Board (IRB) (HUMO00113038 and HUMO00042189) at University
of Michigan, Ann Arbor. Consent was obtained from all participants prior
to sample collection. Participants’ age and sex are reported for human
patients’ samples and are summarized in the table S6. Primary HNSCC
tumors were surgically excised at University of Michigan hospital. On
the day of surgical resection, human HNSCC tumors were submerged in
RPMI 1640 (Gibco) supplemented with 10% FBS and divided into 2- to
4-mm? sections using a scalpel. Individual sections were then placed in
a 48-well plate containing 200 pl of media and injected with vehicle
control, free drug STING agonists, or CRYSTAL within each well at indi-
cated doses. After overnight culture, RNA and cDNA were obtained the same
as described above. The RT-PCR assay was performed on QuantStudio 5
using TagMan Gene Expression Assay (FAM). TagMan primers were pur-
chased from Thermo Fisher Scientific: IJFNBI (Hs01077958_s1) and PTPRC
(Hs04189704_m1).
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For human STING haplotypes sequencing, genomic DNA was ex-
tracted from tumor tissues (PureLink Genomic DNA Mini Kit, Thermo
Fisher Scientific, K182001). To prepare for DNA sequencing (Eurofins
Genomics), primers were designed on the basis of the genomic sequence
of STINGI (NG_034249) and a previous report (). Thermo Scientific
Phusion High-Fidelity DNA Polymerase (2 U/pl) (Fisher Scientific, F530L)
was used for PCR (T100 Thermo Cycle, BIO RAD). For exon 3, the
forward primer was 5-GCTGAGACAGGAGCTTTGG-3’ and the reverse
primer was 5'-AGCCAGAGAGGTTCAAGGA-3'. For exon 6, the forward
primer was 5’-CTGGCCTCCTGTACAATGAGAGT-3" and the reverse primer
was 5-CAGCTAGGGACACTACAGCTCAGA-3'. For exon 7, the forward
primer was 5" TCAGAGTTGGGTATCAGAGGC-3’ and the reverse primer
was 5'-ATCTGGTGTGCTGGGAAGAGG-3'. For sequencing, the following
primers were used: For exon 3, the forward primer was 5'-GCTGAGACA-
GGAGCTTTGG-3" and the reverse primer was 5-GGCAGGGCTAGGCATCG
AAGG-3'. For exon 6, the forward primer was 5-CTGGCCTCCTGTACA-
ATGAGAGT-3' and the reverse primer was 5-CAGCTAGGGACACTAC-
AGCTCAGA-3'. For exon 7, the forward primer was 5'-GGCTTAGTCTG-
GTCTTCCTCTTACC-3" and the reverse primer was 5'-ATCTGGTGTG-
CTGGGAAGAGG-3'.

Statistical analysis

The results are expressed as means + standard error of the mean (SEM).
One- or two-way analysis of variance (ANOVA), followed by Tukey’s mul-
tiple comparison post hoc test or two-sided Students’ ¢ test, was used for
testing statistical differences among groups. Analyses of animal sur-
vival were performed using Kaplan-Meier survival analyses with log-rank
Mantel-Cox. All the animal studies were performed after randomiza-
tion. Data collection and analysis were not performed blind to the
conditions of the experiments. The data were approximately normally
distributed, and variance was similar between groups. Shown in each
figure is a complete dataset from one representative dataset or pooled
datasets, as indicated in the figure captions. No samples were excluded
from analysis. GraphPad Prism 10.0 (GraphPad Software) was used
for statistical analyses.
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Editor’'s summary

Molecules that activate innate immune signaling through the stimulator of interferon genes (STING) pathway are

of interest for cancer therapies. However, the use of agonists developed for this purpose has been hampered
because they generally require high doses and can be toxic. Zhou et al. generated an intermetallic nanoparticle called
CRYSTAL that self-assembles when manganese ions intercalate with cyclic dinucleotides (see the Perspective by
Liao and Irvine). CRYSTAL was able to activate STING, could control tumors at low doses in mice and rabbits, and
had a promisingly low toxicity profile. Rather than acting on cancer cells, CRYSTAL activated STING in myeloid cells
preferentially, promoting antitumor T cell responses. —Sarah H. Ross
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Fig. S1: A, B, Transmission Electron Microscopy (TEM) images of nanoassemblies of CDA and
His 11 (CDA/His11) (A) and CDA, His 11, and Mn?" (CDA/Mn/His11) (B) (Scale bar: 500nm).
C, Photographs of the assembling process: the addition of His11 resulted in the self-assembly; the
addition of Min?* led to precipitations; after brief sonication, CDA/Mn/His11 nanoassemblies were
formed. D, Schematic illustration of different states of nanoassemblies and zeta potential values
of as prepared and washed CDA/Mn and CDA/Mn/His11 nanoassemblies. E, Fourier-transform
infrared (FTIR) spectrum of CDA, CDA/His11, CDA/Mn, and CDA/Mn/His11.



21 nm

Line 1 Line 2 Line 3
20 20+ 15+
=15 — 154 .
E g E 10_9 2nm
s 1011.5nm £ 104103 nm £
2 = =2
2, I 2 S
5 4
0 T T T 1 0 T T T 1 0 T T T 1
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
Length (nm) Length (nm) Length (nm)
Line 4 Line 5
20 20

12.0 nm

Height (nm)
a S o
1 1 |

Height (nm)
o > >
1 1 1

N
»
- |
3

hd T T T 1 v T T

T 1
0 25 50 75 100 0 25 50 75 100
Length (nm) Length (nm)

Fig. S2: A, Three-dimensional AFM images of CDA/Mn/Hisl1 nanoassemblies. B, Height
analysis of 5 individual CDA/Mn/His11 nanoassemblies by AFM.
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Fig. S6: Screening CRYSTAL by altering the lipid compositions. A, molar ratio of the lipid
compositions for CRYSTAL-1 to CRYSTAL-6. B, Zeta potential of CRYSTAL-1 to CRYSTAL-
6 by dynamic light scattering (DLS). C, Antitumor efficacy and liver enzyme test of CRYSTAL-
1 to CRYSTAL-6 in B16F10 tumor bearing C57BL/6 mice. From left to right: treatment regimen,
tumor growth curve, and liver enzyme ALT levels on D6 (dashed grey lines are the normal range).
The data represent the mean + s.e.m. with n = 3-5 biologically independent samples (C) and each
dot represents an individual mouse (C, right panel).
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Fig. S7: Comparison of CRYSTAL-1 and CRYSTAL-5 in B16F10 tumor bearing C57BL/6 mice.
A, molar ratio of the lipid compositions for CRYSTAL-1 and CRYSTAL-5. B, Antitumor efficacy
and liver enzyme test of CRYSTAL-1 and CRYSTAL-5 in B16F10 tumor bearing C57BL/6 mice:
treatment regimen (top left), tumor growth curve (top right), and liver enzyme ALT and AST levels
on D2 and D6 (dashed grey lines are the normal range) (bottom). C, differential gene expression
profile of CRYSTAL-1 and CRYSTAL-5 treated liver isolated on D2 via bulk RNAseq. The data
represent the mean + s.e.m. with n = 3-5 biologically independent samples (B) and each dot
represents an individual mouse (B, bottom). The data were analyzed by two-way ANOVA with
Tukey’s HSD multiple comparison post hoc test for tumor growth curve (B).
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Fig. S8: A, Cryo-EM image of CRYSTAL and size distribution profile of CRYSTAL, as
determined by DLS. B, Cryo-EM image of uCMP and size distribution profile of uCMP, as
determined by DLS. C, Quantification of CDA/Mn ratio in CRYSTAL and uCMP. D, CDA release
profile of CRYSTAL and uCMP (CDG-Cy5 labeled) in PBS (37 °C). Released CDA was
determined by measuring the fluorescence intensity of CyS5.
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Fig. S9: Investigation of cellular uptake and action pathway of CRYSTAL. A, BMDCs were
incubated with free CDG-Dy547 or CDG-Dy547 encapsulated in CRYSTAL for 4 hr and then co-
stained with DAPI and Lysotracker Green for confocal imaging. B, BMDCs were pretreated with
different uptake inhibitor (125 uM dynasore, 30 uM chloropromazine, and 2.5 uM cytochalasin
D) for 30 min and followed by 10 ug/mL. CRYSTAL treatment. After overnight culture,
supernatants were used for ELISA analysis of IFN-, TNF-a, IL-6, and CXCL10. C, BMDCs
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derived from WT, Gsdmd-/-, and Sting-/- mice were co-cultured with 10 pg/mL CRYSTAL. After
overnight culture, supernatants were used for ELISA analysis of IFN-B and TNF-a. The data
represent the mean + s.e.m. with n=3 technically independent samples (B, C). The data were
analyzed by two-way ANOVA, followed by Tukey’s HSD multiple comparison post hoc test.
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Fig. S10: Pharmacokinetic profile of uCMP and CRYSTAL in B16F10-bearing mice. The data
represent the mean =+ s.e.m. with n = 5 biologically independent samples. Alpha phase half-life is
determined by WinNonlin with two compartment model IV bolus.
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Fig. S11: Investigation of antitumor efficacy of 10 pg CDA and 0.5 pg CRYSTAL in NOOCI1
tumor-bearing C57BL/6 mice. Treatment with the indicated dosage was performed on DO, 4, and
8 via IV administration. Tumor size and survival were monitored. The data represent the mean =+
s.e.m. with n=35 biologically independent samples. The experiment was repeated twice and the
one additional independent repeat was displayed in Fig. S37. The data were analyzed by two-way
ANOVA with Tukey’s HSD multiple comparison post hoc test for tumor growth curve, or log-
rank (Mantel-Cox) test for survival curve.
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Fig. S12: In vitro investigation of diABZi and CRYSTAL: A, cytokine analysis of cell
supernatants of BMDCs, CD8" T, CD4" T, B, B16F10, and MS1 cells after overnight incubation
with 10 pg/mL of diABZi and CRYSTAL. B, live cell population analysis of freshly isolated
splenocytes after 10 hr incubation with 10 pg/mL of diABZi and CRYSTAL. C, in vitro cytotoxic
assay of CD8" T cells incubated with various STING agonists (CRYSTAL, CDA, diABZi, Adu-
S100) at different concentrations for 24 hr. The data represent the mean + s.e.m. with n=3
technically independent samples (A-C). The data were analyzed by one-way ANOVA (A, B) and
two-way ANOVA (C), followed by Tukey’s HSD multiple comparison post hoc test.
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Fig. S13: Investigation of acute innate immune activation of diABZi and CRYSTAL. B16F10
tumor-bearing mice were administered intravenously with either 30 pg diABZi or 10 pg
CRYSTAL (A). After 6 hr, activation of innate immune cells was analyzed in spleen (B) and tumor
(C). The data represent the mean + s.e.m. with n=>5 biologically independent samples and each
dot represents an individual mouse (A-C). The data were analyzed by one-way ANOVA, followed
by Tukey’s HSD multiple comparison post hoc test.
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Fig. S14: Safety profiles of systemic CRYSTAL treatment. A, 10 pg, 5 ug, and 1 pg CRYSTAL
were given intravenously on DO, 4, and 8 in BI6F10 tumor-bearing C57BL/6 mice, and
bodyweight (BW) were monitored. B, 10 ug CDA and CRYSTAL were given intravenously on
DO, 4, and 8 in B16F10 tumor-bearing C57BL/6 mice, and chemistry panel were measured on D12.
Dotted grey lines mark normal ranges of each parameter. (ALB: Albumin, ALP: Alkaline
phosphatase, ALT: Alanine transaminase, AST: Aspartate aminotransferase, Ca: Calcium, TP:
Total protein, CRE: Creatinine, BUN: Urea nitrogen, GLU: glucose) The data represent the mean
+ s.e.m. with n =15 biologically independent samples (A, B) and each dot represents an individual
mouse (B).
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Fig. S15: Investigation of long-term immunotherapy related adverse events in colon. In B16F10
bearing mice, after three cycles of CRYSTAL treatment (A), the colon from survivors were
obtained for measuring its length (B) and the histopathological HE evaluation (C). The data
represent the mean + s.e.m. with n=3 biologically independent samples and each dot represents
an individual mouse (B). The data were analyzed by unpaired two-sided Student’s #-test.
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Fig. S16: A-C, Cytokine profile for CRYSTAL(Tak), CRYSTAL(E7766), CRYSTAL(Adu).
Investigation of systemic STING activation of CRYSTALs carrying various STING agonists,
including Tak-676 (A), E7766 (B), and ADU-S100 (C) in B16F10 tumor-bearing C57BL/6 mice.
Serum IFN-, TNF-a,, CXCL10, and IL-6 were measured via ELISA at 4 hr after [V administration
of each drug. The data represent the mean + s.e.m. with n = 3-5 biologically independent samples
and each dot represents an individual mouse (A-C).
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Fig. S17: A, Biodistribution of CDA, uCMP, and CRYSTAL (each drug labeled with Cy7) was
determined with IVIS. MMTV-PyMT mice (Age ~D85) were injected IV with 10 ug CDA, uCMP,
and CRYSTAL, and major organs (heart, lung, spleen, liver, kidney) and 3 random tumors
(throughout the mammary pads) were collected for IVIS imaging at 6 hr after IV injection. B,
Quantification of total radiant efficiency of tumor, spleen, and liver. C, Tumors were collected and
homogenized to examine tumor intrinsic STING activation profile. IFN-3, TNF-a, CXCL10, and
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IL-6 in tumor homogenates were measured via ELISA at 6 hr after [V administration of each drug.
The data represent the mean + s.e.m. with n=3 (A, B) and n=4 (C) biologically independent
samples and each dot represents an individual mouse (B, C). The datasets were analyzed by one-
way ANOVA, followed by Tukey’s HSD multiple comparison post hoc test.
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Fig. S18: Cellular uptake of CDA, uCMP, and CRYSTAL (using drug labeled with Dy547) was
determined with flow cytometry. MMTV-PyMT mice (Age ~D85) were IV injected with 10 pg
CDA,uCMP, and CRYSTAL, spleen and tumor were collected to examine immune cellular uptake.
The data represent the mean + s.e.m. with n =4 biologically independent samples. The data were
analyzed by two-way ANOVA with Tukey’s HSD multiple comparison post hoc test.
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Fig. S19: A, Pharmacodynamics of STING activation in rabbits. RT-PCR analysis of Cxc/10
expression in tumor, spleen, and liver at 6, 24, and 72 hr post IV injection of 0.5 mg CRYSTAL
in VX2 tumor-bearing rabbits. B, the histopathological HE evaluation of liver at 24 and 72 hr post
IV injection of 0.5 mg CRYSTAL in VX2 tumor-bearing rabbits in comparison to the untreated
rabbits. The data represent the mean + s.e.m. with n = 3 (A, B) biologically independent samples
and each dot represents an individual rabbit (A). The data were analyzed by one-way ANOVA,

followed by Tukey’s HSD multiple comparison post hoc test.
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Fig. S20: A, Antitumor efficacy of CRYSTAL after antibody-mediated depletion of various
immune cells (anti-Ly6G, anti-Ly6C, and anti-CSF1R) in B16F10 tumor-bearing mice. B,
Antitumor efficacy of CRYSTAL in B16F10 tumor-bearing WT and Batf3™/~ C57BL/6 mice. C,
Antitumor efficacy of CRYSTAL after antibody-mediated depletion of various cytokines (anti-
TNF-a, anti-IL-6, anti-IL-10, anti-IFN-y, and anti-IFNAR) in B16F10 tumor-bearing mice. The
data represent the mean £ s.e.m. withn =5 (A, B) and n=4-5 (C) biologically independent samples.

The data were analyzed by two-way ANOVA with Tukey’s HSD multiple comparison post hoc
test for tumor growth curve.
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Fig. S21: Antitumor efficacy of CDA and CRYSTAL in an orthotopic pancreatic cancer model:
treatment regimen (A), representative tumor images on D14 post treatment (B), and pancreas
weight on D14 post treatment (C). The data represent the mean + s.e.m. with n=4-7 biologically
independent samples and each dot represents an individual mouse (C). The experiment was
repeated twice and the one additional independent repeat was displayed in Fig. S37. The data were
analyzed by one-way ANOVA, followed by Tukey’s HSD multiple comparison post hoc test.
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Fig. S22: Representative gating strategy of major immune cell populations in spleen of MMTV-

PyMT mice.
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Fig. S23: A, MMTV-PyMT mice (around D80 post birth) were enrolled and given IV injections
of 10 ug CDA or CRYSTAL on DO, D5, and D10. Tumor tissues were collected for immune
profiling on D15. B, tSNE plots of tumor CD45" immune cells among untreated, CDA, and
CRYSTAL groups. The data represent the concatenated populations with n=35 biologically
independent samples. The experiment was repeated twice and the one additional independent
repeat was displayed in Dryad (55).

26



Tumor

MMTV-PyMT
. Mmice

P

DO D80 D85 D90 D95

@ Birth ‘ — g
@ 10 g CDA (i.v)10 g CRYSTAL (i.v.) CDA45 CD4
@ Immune profiling
Cc CXCR3 CX3CR1 PD-1 Ki67

&) ; | _ f | - ‘_Il 1 :
Untreated Q" ) L(S é j E

é - |0 (= @ .

Lo 0012 b
CDA
CRYSTAL
1.7 8.3

CD44

Fig. S24: A-C, MMTV-PyMT mice (around D80 post birth) were enrolled and given IV injections
of 10 ug CDA or CRYSTAL on DO, D5, and D10. Tumor tissues and spleen were collected for
immune profiling on D15 (A). Gating strategy in tumor (B) and representative plots of

concatenated tumor CD8" T cells (C). The data represent the concatenated populations with n=15
biologically independent samples.
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Fig. S25: A-C, MMTV-PyMT mice (around D80 post birth) were enrolled and given IV injection
of 10 ug CDA or CRYSTAL on D0, D5, and D10. Tumor tissues and spleen were collected for
immune profiling on D15 (A). Gating strategy in spleen (B) and representative plots of spleen
CD8" T cells (C). The data represent the concatenated populations with n=35 biologically

independent samples.
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Fig. S26: Representative plots of ex vivo activation of CD8" T cell in tumor and spleen in the
MMTV-PyMT model. The data represent concatenated populations with n=35 biologically
independent samples.
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populations with n =5 biologically independent samples (A, B, bottom). The data were analyzed
by one-way ANOVA, followed by Tukey’s HSD multiple comparison post hoc test (A, B).
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Fig. S28: MMTV-PyMT mice (D80 post birth) were enrolled and received IV injections of 10 pg
CDA or CRYSTAL on D0, D5, and D10. Tumors and spleens were collected for immune profiling
on D15. Frequency of Treg among live CD3 T cells and CDS8 to Treg ratio were analyzed in spleen
and tumor. The data represent the mean + s.e.m. with n = 5 biologically independent samples and
each dot represents an individual mouse. The data were analyzed by one-way ANOVA, followed
by Tukey’s HSD multiple comparison post hoc test.
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Fig. S29: In vivo expansion of antigen-specific T cells via CRYSTAL. 0.3 M freshly isolated OT-
I cells were adoptively transferred to the mice bearing B16F10 or BI6F10-OVA tumors. After
CRYSTAL treatment, the expansion of OT-I cells was analyzed: treatment regimen (A), frequency
of Thy1.1" OT-I in blood on D4 and in spleen and tumor on D6 (B). The data represent the mean
+ s.e.m. with n =5 biologically independent samples and each dot represents an individual mouse
(B). The data were analyzed by two-way ANOVA, followed by Tukey’s HSD multiple comparison
post hoc test.
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Fig. S30: A-C, Dose escalation trial of systemic CRYSTAL treatment in two female (F1, F2) and
two male (M1, M2) naive beagles. Dosing regimen was shown in (A). Investigation of systemic
STING activation responses 4 hr and 24 hr after each dose with ELISA (TNF-a and IFN-y) (values
before each dose (0 hr) serve as the baseline) (B). Safety measurements of Glucose, Bilirubin,
Total protein, Albumin, Globulin, and cholesterol levels of individual dogs (dashed horizontal
lines indicate normal ranges, dotted vertical lines indicate the day of treatment) (C). Each line
represents an individual animal, and each dot represents a measurement at a given time point.
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Fig. S31: Complete blood count (CBC) analysis in the dose escalation trial of systemic CRYSTAL
treatment in two female (C1501, C1502) and two male (C1001, C1002) cynomolgus monkeys.
Each line represents an individual animal, and each dot represents a measurement at a given time
point. (dashed blue and pink horizontal lines indicate normal ranges for male and female NHPs
respectively, dotted vertical lines indicate the day of treatment) (NEU: neutrophil, LYMP:
lymphocytes, EOS: eosinophil, BASO: basophils, RBC: red blood cell, HCT: hematocrit, HGB:

hemoglobin, RET: reticulocyte)
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Fig. S32: A-C, Dose escalation trial of systemic CRYSTAL treatment in two female (C1501,
C1502) and two male (C1001, C1002) cynomolgus monkeys. Dosing regimen was shown in (A).
B, Investigation of systemic STING activation responses 4hr, 24hr, and 72hr after each dose with
ELISA (IFN-a) and Meso Scale Discovery (MSD) assays (IL-1B) (values from pre-bleeding (D-
7) serve as the baseline). C, C3a was measured via ELISA at the 0.5 hr timepoint during the IV
infusion of each CRYSTAL dose. Each line represents an individual animal, and each dot
represents a measurement at a given time point. (values from pre-bleeding (D-7) serve as the
baseline, dotted vertical lines indicate the day of treatment)
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Fig. S33: Comparison of various chemistry and cytokine profiles of CRYSTAL (data represents
peak values from 0.3 mg/kg CRYSTAL in NHPs, in blue shaded box) vs a reported CAR-T trial
for acute lymphoblastic leukemia (data represents maximal, minimal, and median values from one-

month-peak values in children and adults by grade (Grade 0-3: N = 37; Grade 4-5: N = 14), in red
shaded box) (47).
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Fig. S34: Clinical chemistry panel in the dose escalation trial of systemic CRYSTAL treatment in
two female (C1501, C1502) and two male (C1001, C1002) cynomolgus monkeys. Each line
represents an individual animal, and each dot represents a measurement at a given time point.
(dashed blue and pink horizontal lines indicate normal ranges for male and female NHPs
respectively, dotted vertical lines indicate the day of treatment) (ALP: alkaline phosphatase, GGT:
Gamma-glutamyl transferase, GLB: Globulin, TBIL: Total bilirubin, GLU: glucose, LDH: Lactate
dehydrogenase, CK: Creatine kinase, TCHO: Total cholesterol, TG: Triglycerides.)
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Gating Strategy
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Fig. S35: A, Gating strategy for identifying key immune subsets among human PBMCs. B,
Representative flow plots of CRYSTAL-Cy7 uptake by B cells, T cells, monocytes, and mDCs.
C, Table of human STING haplotypes with corresponding mutations highlighted in red.
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Dose in mice (ug) Dose in mice Equiv. Dose in | Equiv. Dose in | Equiv. Dose in
H9 (mg/kg) NHPs (mg/kg) | Dogs (mg/kg) | Rabbits (mg/kg)
10 0.5 0.125 0.075 0.125
5 0.25 0.0625 0.0375 0.0625
2.5 0.125 0.0313 0.01875 0.03125
1 0.05 0.0125 0.0075 0.0125
0.5 0.025 0.00625 0.00375 0.00625
0.1 0.005 0.00125 0.00075 0.00125
Transient
CRYSTAL in STING activation chemistries
NHPs detected elevation
& ¢ N o o
& S) S N o
SN < & &
& 9 N N o
Q. Q. Q. Q. Q.
@ @ @ @ @ @ >
D1 D15 D36 D57 D78
CRYSTAL in [ ‘
mice
Tumor Tumor
% regression in elimination in
’ mice mice
Dose Dose .
(ug) (mglkg) Models Figures
B16F10 Fig. 11
Large B16F10| Fig. 2A
10 0.5
Large PyMT- )
MMTV Fig. 2B
NOOC1 Fig. 3F
Mice (~20g) 5 0.25 B16F10 Fig. 11, 1J
PDAC Fig. S21
25 0.125 B16F10 Fig. 1J
1 0.05 B16F10 Fig. 11, 1J
B16F10 Fig. 11
0.5 0.025 : &
NOOC1 Fig. S11
0.1 0.005 B16F10 Fig. 11
Rabbl'(‘;)(”z-g 500 0.17 VX2 Fig. 2F

Fig. S36: A, Doses used in mouse studies and the corresponding equivalent doses in rabbits,
dogs, and NHPs calculated using standard body-surface-area (BSA) allometric scaling. Cross-
species dose conversion was performed according to FDA-recommended BSA normalization
using the following equation (57): DoS€species = DOSE€mouse X Km(mouse) / Kn(species). Km(mouse)
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= 3, Kn(rabbit) = 12, Km(dog) = 20, Kn(NHPs) = 12. B, Schematic illustrating the dose ranges
tested in NHPs and the aligned dose ranges in mice. C, Table summarizing all doses used across
the murine and rabbit tumor models, along with the associated figure references. A broad range
of doses was initially tested in aggressive B16F10 tumor—bearing mice to define the therapeutic
window. Additional doses were subsequently selected to validate these findings across different
tumor models.
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Independent repeats of anti-tumor studies in mice
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Fig. S37: Independent replicate data are shown for: Fig. 11 (A), Fig. 3F (B), Fig. 11 (C), Fig. S21
(D), Fig. 11 (E), Fig. 11 (F), Fig. S11 (G), Fig. 1I (H), Fig. 1J (I-K). For B16F10 tumor model,
treatment with the indicated dosage of diABZi, uCMP, and CRYSTAL was performed on DO, 4,
8 via IV administration. The data represent the mean + s.e.m. with n=4or 5 biologically
independent samples. The data were analyzed by two-way ANOVA with Tukey’s HSD multiple
comparison post hoc test for tumor growth curve. For NOOCI1 tumor model, treatment with the
indicated dosage of CDA and CRYSTAL was performed on DO, 4, 8 via [V administration. The
data represent the mean =+ s.e.m. with n=4 or 5 biologically independent samples. The data were
analyzed by two-way ANOVA with Tukey’s HSD multiple comparison post hoc test for tumor
growth curve. For the Pan65671 orthotopic pancreatic cancer model, treatment with the indicated
dosage of CDA and CRYSTAL was performed on D3, 7, 10 via IV administration. The pancreas
weight on D14 were examined. The data represent the mean + s.e.m. with n=4-7 independent

42



biological samples and each dot represents an individual mouse. The data were analyzed by one-
way ANOVA followed by Tukey’s HSD multiple comparison post hoc test. For the investigation
of antitumor efficacy of CRYSTALs loaded with various STING agonists, including Tak-676,
ADU-S100, and E7766 in B16F10 tumor-bearing C57BL/6 mice, treatment with the indicated
dosage was performed on DO, 4, 8 via [V administration. The data represent the mean + s.e.m.
with n =4 biologically independent samples. The data were analyzed by two-way ANOVA with
Tukey’s HSD multiple comparison post hoc test for tumor growth curve.
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Table S1: Parameters used in the coarse-grained computational modeling. @, dz, and E,, depend

on the length of histidine; the values listed are for His11.

Parameter

Value used in simulation

Q

kmedium

dx

11e
0.005 kgT — nm
1.7nm
1.6 nm
3.3nm
—4 kgT
—100 kgT
—8kgT

Table S2: Effect of His charge on crystal morphology.

Q mean x dimension mean y dimension mean z dimension
(nm) (nm) (nm)

6e 29.7 £ 1.62 945+ 1.23 continuous growth

11e 25.7% 0.651 6.32 £ 0.511 continuous growth

33e 13.1 £0.410 0.735 + 0.0894 continuous growth

Table S3: Power calculations based on pilot anti-tumor efficacy data from the B16F10 and
MMTV-PyMT models. Effect sizes were estimated from pilot studies comparing CRYSTAL
treatment with major control groups treated with free STING agonists (e.g., CDA and diABZi).
These data suggested that group sizes of n > 3 mice per group would provide >90% statistical

ower for the indicated comparisons.

Model: MMTV-PyMT Difference | Pooled SD | Cohen's d
10 yg CRYSTAL vs 30 pg diABZi 3761.71 589.5532 | 6.380612
Model: B16F10

10 yg CRYSTAL vs 10 ug CDA 889.3638 | 156.8923 | 5.668627

Table S4: Antibodies used in the flow cytometry in mice samples.

Target Fluorophore Vendor Catalog No. | Clone
CD45 FITC BioLegend 157607 QAI17A26
CD3 APC BioLegend 100235 17A2
CD8 Pacific Blue BioLegend 100728 53-6.7
CDh4 BV605 BioLegend 100451 GK1.5
CD62L BV785 BioLegend 104440 MEL-14
CD44 AF700 BioLegend 156009 NIM-RS8
Ly6C BV711 BioLegend 128037 HK1.4
CD4%b PE BioLegend 103506 HMa2
F4/80 PE-Cy7 BioLegend 123113 BMS
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CD206 BV650 BioLegend 141723 C068C2
MHC II BV510 BioLegend 107635 M5/114.15.2
CDI11b PerCP-Cy5.5 BioLegend 101227 M1/70
CDll1c BV750 BioLegend 117357 N418
Ly6G Spark Blue 550 | BioLegend 127663 1A8
XCRI1 Pacific Blue BioLegend 148241 ZET
Thyl.1 BV711 BioLegend 202539 0X-7
CD172a (SIRPa) | RB744 Fisher Scientific BDB757596 | P84
FOXP3 PE-Cy5.5 Fisher Scientific 50-112-3557 | FIK-16s
CXCR3 BV421 BioLegend 126521 CXCR3-173
CDh4 BV510 BioLegend 100449 GK1.5
CD62L BV605 BioLegend 104437 MEL-14
CX3CRI1 BV711 BioLegend 149031 SAO11F11
PD-1 BV785 BioLegend 135225 29F.1A12
TCF1 PE Cell Signaling Technology | 14456S C63D9
CD44 PE-Cy5 BioLegend 103009 IM7

Sca-1 PE-Cy7 BioLegend 108114 D7

Ki-67 Alexa Fluor 647 | BioLegend 652408 16A8

CD3 Alexa Fluor 700 | BioLegend 100215 17A2
CD45 BV605 BioLegend 103155 30-F11
IFN-y BV785 BioLegend 505837 XMG1.2
Granzyme B PE-Cy7 Fisher Scientific 50-245-757 | NGZB
Perforin APC BioLegend 154403 S16009B

Table SS: Antibodies used in the flow cytometry in human samples.

Target Fluorophore | Vendor Catalog No. | Clone
CD45 BV605 BioLegend | 304042 HI30
CD19 Bv421 BioLegend | 302234 HIB19
CD3 PerCP-Cy5.5 | BioLegend | 344807 SK7
HLA-DR | FITC BD BDB555560 | TU36
CDllc APC BioLegend | 301614 3.9
CD56 PE-Cy7 BioLegend | 362509 NCAM

Table S6: Age and sex information for human participants.

Sample

number Age Sex
1 75 M
2 69 M
3 43 F
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4 62 F
5 54 M
6 42 F
7 74 M
8 67 M
9 56 F
10 69 F
11 61 M
12 61 M
13 50 M
14 47 M
15 64 M
16 76 M
17 53 F
18 69 M
19 65 F
20 45 F
21 73 F
22 59 M
23 62 M
24 62 F
25 58 M
26 72 M
27 58 F
28 62 M
29 81 M

Movie S1: Video of CDA/Mn/His11 growth during the MC simulations.
Movie S2: Video of CDA/Mn/His6 growth during the MC simulations.
Movie S3: Video of CDA/Mn/His33 growth during the MC simulations.
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