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Radiotherapy and Activates STING for Potent Cancer Radio-

Immunotherapy
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Abstract: The activation of the stimulator of interferon
genes (STING) protein by cyclic dinucleotide metabo-
lites plays a critical role in antitumor immunity. How-
ever, synthetic STING agonists like 4-(5,6-dimeth-
oxybenzo[b]thiophen-2-yl)-4-oxobutanoic acid (MSA-2)
exhibit suboptimal pharmacokinetics and fail to sustain
STING activation in tumors for effective antitumor
responses. Here, we report the design of MOF/MSA-2, a
bifunctional MSA-2 conjugated nanoscale metal-organic
framework (MOF) based on Hfy secondary building
units (SBUs) and hexakis(4'-carboxy[1,1'-biphenyl]-4-
yl)benzene bridging ligands, for potent cancer radio-
immunotherapy. By leveraging the high-Z properties of
the Hfs; SBUs, the MOF enhances the therapeutic effect
of X-ray radiation and elicits potent immune stimulation
in the tumor microenvironment. MOF/MSA-2 further
enhances radiotherapeutic effects of X-rays by enabling
sustained STING activation and promoting the infiltra-
tion and activation of immune cells in the tumors. MOF/
MSA-2 plus low-dose X-ray irradiation elicits strong
STING activation and potent tumor regression, and
when combined with an immune checkpoint inhibitor,
effectively suppresses both primary and distant tumors
through systemic immune activation. )
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Introduction

Radiotherapy (RT) is a cornerstone in cancer treatment,
with approximately half of cancer patients receiving RT
during their courses of disease management. RT works by
using ionizing radiation to damage the DNA of cancer
cells, effectively killing them or inhibiting their ability to
reproduce.! However, RT has significant clinical limita-
tions, including debilitating side effects from high doses of
radiation, radioresistance, and the inability to effectively
target metastatic lesions that are beyond the irradiated
tumors.?! High radiation doses are needed to eradicate
tumors due to the low radiosensitivity of many tumors,
which causes significant damage to normal tissues and
serious side effects in cancer patients. Radioresistance
allows tumor cells to withstand radiation, reducing treat-
ment efficacy and leading to cancer recurrence. The
inability of RT to control metastatic lesions that are
beyond the irradiated field limits its effectiveness against
advanced cancers. These challenges highlight the critical
need for innovative strategies to significantly enhance RT
efficacy.

Chemotherapy administered in combination with RT
has been clinically used to enhance therapeutic effects
against many cancers including head and neck cancer,
rectal cancer, and cervical cancer, but this combination
often causes serious side effects to cancer patients."!
Radiosensitizers have also been examined to enhance the
effects of RT,! but none has been approved for clinical
use by the US Food and Drug Administration. RT has
been shown to foster an immunosuppressive tumor micro-
environment (TME) by promoting the accumulation of
myeloid-derived suppressor cells (MDSCs), enhancing the
activity of the nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-xB), and causing the exhaustion
of lymphoid cells.F! Existing radiosensitizers enhance
DNA double-strand breaks (DSBs) but do not sufficiently
overcome the immunosuppressive TME, thus limiting
their ability to enhance the efficacy of RT without
sufficiently engaging the patient’s immune system to
target and destroy tumor cells.”! To address the limita-
tions of existing radiosensitizers, we have examined nano-
scale metal-organic frameworks (MOFs) as a new class of
radioenhancers via increasing radiation absorption and
promoting reactive oxygen species (ROS) generation!” as
well as by creating an immunostimulatory TME. A MOF-
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based radioenhancer has shown preliminary anticancer
efficacy when combined with low-dose radiation in a
phase 1 clinical trial.®? We hypothesized that the porosity
and cargo loading ability of MOFs can be leveraged to
deliver small molecule immunotherapeutics to further
enhance the therapeutic efficacy of ionizing radiation via
synergistic radioenhancement and immune activation.

The STING agonist  4-(5,6-dimethoxybenzo-
[b]thiophen-2-yl)-4-oxobutanoic acid (MSA-2) is a novel
immunotherapeutic drug candidate that stimulates a
robust anti-tumor immune response by activating the
STING pathway to promote the production of interferons
and other cytokines.”” MSA-2 has shown potential ther-
apeutic effects on multiple types of tumors.””! However,
MSA-2 has suboptimal pharmacokinetic properties, such
as low bioavailability, rapid metabolism in vivo, and
uneven distribution, which limit its effectiveness and
application in cancer treatment.'” As a result, suitable
nanocarriers are needed to increase intratumoral MSA-2
concentration, protect it from premature metabolism, and
sustain its release in the tumors to realize its therapeutic
potential.

Here, we report the design of MOF/MSA-2, a bifunc-
tional MSA-2 conjugated nanoscale MOF based on Hf;
secondary building units (SBUs) and hexakis(4'-
carboxy[1,1’-biphenyl]-4-yl)benzene (HCBB) bridging li-
gands, for potent cancer radio-immunotherapy. The MOF
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leverages the high-Z properties of the Hfs; SBUs to
enhance the therapeutic effect of X-ray radiation," and
provides anchoring sites for MSA-2 loading. MOF/MSA-2
sustains the release of MSA-2 in tumors to elicit strong
and durable STING activation. The synergistic action of
MOF-mediated RT and STING activation by MSA-2
effectively regressed local tumors and activated the tumor
immune environment in two murine colorectal cancer
(CRC) models. Further combination with an anti-PD-L1
antibody (oPD-L1) showed improved distant tumor
control as manifested by an abscopal effect on a bilateral
CRC model"*? extending the local treatment of MOF/
MSA-2 to systemic antitumor immune responses.

Results and Discussion
Synthesis and Characterization of MOF/MSA-2

The Hf-HCBB nanoscale MOF (abbreviated as the MOF
in this article) comprising Hf; SBUs and HCBB bridging
ligands (Figure S3) was synthesized via a solvothermal
reaction of HfCl, and HHHCBB in a mixture of N,N-
dimethylformamide (DMF), acetic acid, and water at
80°C (Figure la). Powder X-ray diffraction (PXRD)
showed that the nanoscale MOF is isostructural to the
previously reported pbz-MOF-1 based on Zr, SBUs and
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Figure 1. (a) Schematic showing the synthesis of MOF and MOF/MSA-2. (b,c) TEM images of Hf-MOF (b) and MOF/MSA-2 (c). Scale
bar=200 nm. (d) PXRD patterns of MOF and MOF/MSA-2, along with the simulated pattern for the MOF. () Number-averaged sizes of MOF and
MOF/MSA-2 in water. (f) Zeta potentials of MOF and MOF/MSA-2 in water. (g) Release percentages of MSA-2 from MOF/MSA-2 in 0.1xPBS or

1xPBS, respectively (n=3).
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HCBB bridging ligands (Figure 1b).""! Transmission elec-
tron microscopy (TEM) imaging of the MOF demon-
strated a cubic morphology (Figure 1c), while dynamic
light scattering (DLS) measurements provided a number-
averaged particle size of 190.4+3.3nm for the MOF
(Figure le). The surface charge of the MOF was deter-
mined to be nearly neutral, with a (-potential of 1.8+
49mV in water (Figure 1f). 'HNMR and inductively
coupled plasma-mass spectroscopic (ICP-MS) analyses of
the digested MOF afforded an empirical formula of
[Hig(u3-O)4(u3-OH),(OH)4(H,0),(HCBB)](CH;CO,H), 4
which is consistent with the structure of pbz-MOF-1
(Figure Sla, S2b, S4, S5).

As we have previously shown that the "OH/H,O
groups on the SBUs of Hf MOFs can be replaced by
carboxy-containing functional molecules,™ we hypothe-
sized that the "OH/H,O groups in the MOF could be
replaced by MSA-2. Due to the presence of six "OH/H,0
groups on each Hfg SBU, the MOF is expected to have a
high loading of MSA-2."J MOF/MSA-2 was synthesized
by heating a mixture of MOF and MSA-2 in ethanol at
50°C for 24h (Figurela). TEM and DLS analyses
confirmed that MOF/MSA-2 retained the cubic morphol-
ogy and size (195.36 £2.2 nm) of the MOF (Figure 1c, 1f).
The PXRD pattern of MOF/MSA-2 was nearly identical
to that of the MOF (Figure 1d), indicating the mainte-
nance of the MOF structure after MSA-2 loading. MOF/
MSA-2 exhibited a markedly more negative {-potential of
—18.3+9.2mV (Figure le). UV-vis, 'HNMR, and ICP-
MS analyses of the digested MOF/MSA-2 revealed a
molecular formula of [Hfg(us-O)4(u5-OH)4(OH), ,(H,0), 4-
(MSA);(HCBB)](CH;CO,H), 4 (Figure S5). These results
indicate the loading of 29.2 wt % of MSA-2 in MOF/MSA-
2.

We next determined the replacement of carboxylate
capping groups of MSA-2 on MOF/MSA-2 by phosphate
ions under physiological conditions. The release profiles
of MSA-2 from MOF/MSA-2 were determined by liquid
chromatography-mass spectrometry (LC-MS) in 0.1x and
1x phosphate-buffered saline (PBS) solutions to mimic
extracellular conditions and intracellular phosphate con-
centration conditions, respectively (Figureslg, S1b).
MOF/MSA-2 released 25.0 % and 82.6 % MSA-2 in 0.1x
and 1x PBS, respectively, in 48 hours. Thus, MOF/MSA-2
showed a 3.3-times higher MSA-2 release in 1x PBS over
0.1x PBS, indicating the ability of MOF/MSA-2 to release
MSA-2 intracellularly in response to the elevated intra-
cellular phosphate concentrations.

MOF Enhances Radiotherapy and Induces Immunogenic Cell
Death

We first used the DCFH-DA probe to detect total ROS
generation in murine colon cancer CT26 cells."! To
evaluate ROS generation by MOF plus 2 Gy irradiation
[denoted MOF(+)], we incubated CT26 cells with the
MOF for 24 h and then replaced the medium with fresh
medium containing the DCFH-DA probe, which became

Angew. Chem. Int. Ed. 2024, 202417027 (3 of 10)

Research Article

Angewandte

intemationaldition’y) Chemie

fluorescent after oxidation by ROS (Figure2a, Fig-
ure S2a). Laser scanning confocal microscopy (LSCM)
showed that MOF(+) induced more intracellular ROS
than PBS(+), which was evenly distributed in CT26 cells.
In contrast, PBS and MOF groups did not increase ROS.
This result shows that MOF(+) efficiently generates ROS
in CT26 cells due to the radioenhancement effect of the
MOF. The radioenhancement effect of the MOF was also
supported by the increased DNA DSBs in CT26 cells.
After incubation with the MOF for 24 h followed by 1 Gy
or 2 Gy X-ray irradiation, the MOF(+) group showed
significant upregulation of phosphorylated histone
H2 A.X (y-H2AX) over PBS(+) groups as quantified by
western blot (by 1.7- and 1.9-folds, respectively, Figure 2c)
and visualized by LSCM (Figure 2b). The corresponding
uncropped images in Figure 2c are included in Figure S18.
This result shows that MOF(+) treatments induce more
DNA DSBs than PBS(+) treatments due to the potent

radioenhancement effect of the MOF.
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Figure 2. (a) Confocal images showing ROS generation in CT26 cells
induced by MOF with or without 2 Gy of X-rays. Scale bars, 10 pm.
(b,c) Nuclear DNA DSBs visualized by confocal microscopy (b) and
quantified by western blot (c) 24 h after irradiation of CT26 cells with

2 Gy X-rays. The upregulation of y-H2AX of MOF (+)-treated CT26 cells
indicated more DNA DSBs caused by ionizing radiation and hence
strong radiosensitization in vitro. Scale bars, 10 pm. F-actin (green)
was stained to show cellular morphology. (d) Confocal images showing
the upregulation of CRT in CT26 cells induced by MOF with or without
2 Gy of X-rays. Scale bars, 10 pm. (e) ATP secretion from MC38 cells
after different treatments. ANOVA with Tukey test, n=4. (f) HMGB1
release from MC38 cells after different treatments. ANOVA with Tukey
test, n=4.
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In addition to enhancing radiotherapeutic effects of
RT, the MOF also enhances ROS-mediated immunogenic
cell death (ICD) of cancer cells to expose danger-
associated molecular patterns (DAMPs) and tumor-asso-
ciated antigens (TAAs).'"™'" After incubation of CT26
cells with the MOF for 24 h followed by 2 Gy irradiation,
the MOF(+) group showed significantly higher trans-
location of calreticulin (CRT) to cell membranes than the
PBS(+) group.' Incubation of CT26 cells with the MOF
or PBS alone did not show any CRT signal (Figure 2d).
Additionally, MOF(+) induced adenosine triphosphate
(ATP) secretion (Figure 2e) and high mobility group box
1 (HMGBI1) release (Figure 2f) in CT26 cells, with 3.4-
and 4.2-fold higher ATP and HMGBI levels, respectively,
than PBS, and with 1.9- and 2.1-fold higher ATP and
HMGBI levels, respectively, than PBS(+4). These results
indicate efficient ICD induction of CT26 tumor cells by
the MOF(+) treatment.

MOF/MSA-2 Induces Robust and Sustained STING Activation

We next used THP-1 cells with incorporated IFN-stimu-
lated genes as reporter cells to determine if MOF/MSA-2
could induce STING activation.” While free MSA-2
showed a half-maximal effective concentration (ECs,) of
69.1 uM for interferon regulatory factor (IRF) response in
THP-1 cells, MOF/MSA-2 exhibited a 6.3-fold lower ECy,
of 10.9 uM. This result demonstrates MOF/MSA-2 as a
more potent STING agonist than free MSA-2 (Figure 3a).

Based on the ECs, value of MOF/MSA-2, we used an
equivalent MSA-2 concentration of 10 uM in subsequent
in vitro experiments. We examined the phosphorylation of
STING (p-STING) and IRF-3 (p-IRF-3) in Raw264.7 cells
as a measure of downstream signals of STING
activation.’*'®'"l Raw264.7 cells were incubated with
PBS, free MSA-2, or MOF/MSA-2 for 24 h and irradiated
with 0 or 2 Gy X-rays, and then cultured for another
24 hours. MOF/MSA-2(+) treatment upregulated 3.4-,
3.6-, 2.7-, and 2.4-fold higher p-STING and 2.3-, 2.1-, 1.4-,
and 1.9-fold higher p-IRF-3 than PBS, MSA-2, MSA-
2(+), and MOF/MSA-2 treatments, respectively (Fig-
ure 3b). The corresponding uncropped images in Fig-
ure 3b are included in Figure S19. Next, LSCM was used
to assess time-dependent STING activation in Raw264.7
cells. While free MSA-2 induced phosphorylation of
STING and phosphorylation IRF-3 in 2 h, the p-STING
and p-IRF-3 signals quickly disappeared in 12 h (Figure 3¢
and Figure 3d), likely due to rapid metabolic degradation
of free MSA-2. In contrast, MOF/MSA-2 elicited a
sustained and strong STING phosphorylation and IRF-3
phosphorylation with p-STING and p-IRF-3 signals in-
creasing steadily throughout 24 h and higher p-STING
signals than MSA-2 at 24 h post-treatment (Figure 3c and
Figure 3d).

We further showed that MOF/MSA-2(+) induced the
secretion of type I interferons (IFNs) and other inflamma-
tory cytokines in immune cells."*"! After MOF/MSA-
2(+) treatment, Raw264.7 cells showed a rapid release of
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Figure 3. (a) IRF responses on THP-1 reporter cells stimulated by MSA-
2 and MOF/MSA-2. The Scheme shows the STING-TBK-IRF-ISRE-Lucia
pathway for generating luminescence signals in THP-1 reporter cells.
(b) Western blot results showing enhanced STING activation with
stronger p-STING and p-IRF-3 signals in Raw264.7 cells by MOF/MSA-
2 plus 2 Gy X-rays. (c) Confocal images showing higher expression of
p-STING (red) in macrophages (green, labeled by phalloidin) by MOF/
MSA-2 over MSA-2 at different time points. (d) Confocal microscopy
showing higher expression of p-IRF-3 (purple) in macrophages (green,
labeled by phalloidin) by MOF/MSA-2 over MSA-2 at different time
points. All scale bars are 20 ym. (e—g) Secretion levels of IL-6 (e), TNF-
a (f), and IFN-B (g) by MOF/MSA-2(+) treated Raw264.7 cells. ANOVA
with Tukey test, n=3. (h—j) Secretion levels of IL-6 (h), TNF-a (i), and
IFN-B (j) by MOF/MSA-2(+) treated BMDCs. ANOVA with Tukey test,
n=3. TBK, TANK-binding kinase. ISRE, interferon-stimulated response
element. Lucia, luciferase reporter gene system. The scheme was
created with BioRender.com.

interleukin 6 (IL-6) (952.7£58.7 pg/mL, Figure 3e) while
BMDC s also continuously secreted IL-6 (259.9 +31.2 pg/
mL, Figure 3h).’”’. MSA-2 had negligible effects, likely
due to its low cellular uptake and fast metabolic degrada-
tion. Upon MOF/MSA-2(+) treatment, Raw264.7 and
BMDCs also showed enhanced secretion of tumor ne-
crosis factor o (TNF-a) (1973.63 £217.8 and 434 +84.4 pg/
mL, respectively, Figure 3f and Figure 3i) and IFN-$ over
other treatments (2112.1+86.3 and 143.4+28.7 pg/mL,
respectively, Figure 3g and Figure 3j).%!! Taken together,
MOF/MSA-2(+) elicits stronger and sustained activation
of STING and secretion of inflammatory cytokines over
MSA-2(+).
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MOF/MSA-2 Elicits Potent Therapeutic Effects and Activates

the Tumor Microenvironment

The promising in vitro activity of MOF/MSA-2(+)

motivated us to explore their therapeutic

effects in vivo.

Subcutaneous CT26 tumors were established in BALB/c
mice by injecting CT26 cells into the right flanks of the
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mice. Nine days post CT26 cell inoculation, the mice were
intratumorally injected with PBS, MSA-2, MOF, or MOF/

MSA-2 at an equivale

nt MOF dose of 1.2 mmol (based on

HCBB) or/and MSA-2 dose of 0.5 mg and irradiated with
2 Gy X-rays to the tumor regions on 3 consecutive days
(Figure 4a). At this low dose of X-rays, PBS(+) failed to
control tumor growth but MSA-2, MOF(+), and MSA-
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Figure 4. (a) Scheme showing tumor inoculation and treatment schedules. Treatments were intratumorally injected and 2 Gy/fraction was given on
3 consecutive days starting on day 9. (b) Growth curves of subcutaneous CT26 tumors in BALB/c. ANOVA with Tukey test, n=5. (c) Mouse
survival curves after different treatments. (d) Tumor growth curves after rechallenge with CT26 cells. n=3 mice for naive mouse control and n=2
mice for MOF/MSA-2(+) treated mice. (e-l) Immune cell infiltration in the TDLNs and tumors on day 13 (1 day after the last dose of X-ray)
quantified by fluorescence-activated cell sorting. The subpopulations were defined as: (e-f) Myeloid cells as CD45°CD11b¥; (g,j) Granulocytes/
MDSC as CD45*CD11b*GR-17F4/80™¢; (h,k) Macrophages as CD45"CD11b*GR-17F4/80""; (i,l) Dendritic cells as
CD457CD11b*CD11c*MHCII*. ANOVA with Tukey test, n=4. The scheme was created with BioRender.com.
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2(+) moderately inhibited tumor growth with tumor
growth inhibition (TGI) indices of 41.6 %, 58.9 %, and
77.6 %, respectively. Strikingly, MOF/MSA-2(+) potently
regressed tumors with a TGI of 98.9 % and 40 % of tumor-
free mice (Figure 4b, and Figure S8). These results show
that the MOF act as a strong radioenhancer and MOF-
mediated RT further enhances MSA-2 to elicit a strong
therapeutic effect.

The mice receiving MOF/MSA-2(+) treatment had
longer median survival than those in other treatment
groups and doubled median survival over those in PBS
control group (Figure 4c). To test if the cured mice have
acquired long-term protection against tumor cells,”! we
rechallenged the two tumor-free mice in the MOF/MSA.-
2(+) group with CT26 cells on day 60 post the initial
tumor inoculation. The two tumor-free mice in the MOF/
MSA-2(+) group did not develop tumors when the naive
mice reached their tumor burden endpoint (Figure 4d).
This result shows that MOF/MSA-2(+) treatment elicits
immune memory effect against tumor rechallenge.

To investigate the innate immune response, we profiled
leukocytes in the tumors and tumor-draining lymph nodes
(TDLNSs) two days after the last X-ray irradiation by flow
cytometry. MOF/MSA-2(+) treatment decreased total
CD457 leukocytes in the tumors but increased total CD45*
leukocytes in the TDLNs (Figure S9). MOF/MSA-2(+)
treatment caused the accumulation of Gr-1*F4/80™¢ mye-
loid cells including granulocytes and myeloid-derived sup-
pressor cells (MDSCs) and the infiltration of F4/80"e"
macrophages and CD11¢*MHCII*DCs in the tumors (Fig-
ure 4e, 41, 4¢, 4j). In the TDLNs, MOF/MSA-2(+) treatment
induced an obvious increase of macrophages and a higher
percentage of DCs (Figure 4h, 4i, 4k, 41). These observations
demonstrate that the synergistic actions of MOF-mediated
RT and STING activation by MSA-2 in MOF/MSA-2(+)
treatment enhance inflammatory responses in the TME and
TDLNs. MOF/MSA-2(+) treatment did not increase CD8*
T cell populations in the tumors and the TDLNs (Fig-
ure S10), indicating that the early immune responses are
mediated by innate immunity.

MOF/MSA-2 Plus RT in Combination with aPD-L1 Eliminates
Bilateral Tumors

We next evaluated the therapeutic efficacy of MOF/MSA-
2(+) on bilateral MC38 tumors in C57BL/6 mice, which
have been widely used to mimic the clinical treatment of
advanced tumors with metastatic lesions. MOF/MSA-2 or
PBS was injected into the primary tumors of a bilateral
MC38 tumor model at an equivalent MSA-2 dose of 0.5 mg
and MOF dose of 1.2 mmol on day 8. The primary tumors
were irradiated with 2 Gy/fraction of X-rays on four
consecutive days starting on day 9. The mice in the indicated
groups were injected intraperitoneally with aPD-L1 at a
dose of 75 mg per mouse on days 7 and 11 (Figure 5a).
MOF/MSA-2(+) inhibited the tumor growth but did not
regress the primary tumors, and only had a modest
inhibitory effect on the distance tumors, with TGI indices of
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84.4% and 52.3 %, respectively (Figure 5b, 5c). Similarly,
aPD-L1(+) exhibited a modest inhibitory effect on both
primary and distant tumors, with TGI indices of 74.8 % and
61.3%, respectively. Remarkably, MOF/MSA-2(+)+
aPD-L1 treatment regressed both primary and distant
tumors with TGI indices of 97.8 %, and 94.3 %, respectively
(Figure 5b, 5c). 60% of the mice were free of tumors on
day 21. Consistent with the strong antitumor effects of
MOF/MSA-2(+)+aPD-L1 treatment, the mice in this
group more than doubled the survival over other groups
(Figure S11a). To test if the mice have acquired long-term
protection, the three tumor-free mice from the MOF/MSA.-
2(+)+aPD-L1 group were rechallenged with MC38 cells on
day 60. They did not develop MC38 tumors over 21 days
while the concurrently treated naive mice all developed
tumors and reached tumor burden endpoint over 21 days
(Figure S11b).

To investigate the mechanism of systemic immune
responses, we profiled immune cells at a later timepoint
(Day 17).2 MOF/MSA-2(+)+aPD-L1 treatment signifi-
cantly increased the percentages of CD8*, CD4*, and
effector T cells, NK cells, and NKT cells in the primary
tumors (Figure 5d-i), but only slightly increased these cell
populations in the distant tumors (Figure S12). MOF/MSA-
2(+)+aPD-L1 treatment also enhanced the infiltration of
B cells in both primary and distant tumors (Figure S13).
This result shows that combination with aPD-L1 reverses
immunosuppression to enhance antitumor immunity.™!

Whole tumor immunohistochemistry (IHC) staining
results showed that MOF/MSA-2(+)+oPD-L1 treatment
increased the signals of ionized-calcium binding adaptor
molecule 1 (IBA-1) and CD3, the biomarkers for innate and
adaptive immune cells, respectively, in the primary tumors
(Figure 6a). This result supports enhanced immune infiltra-
tion into the TME by the MOF/MSA-2(+) 4+ aPD-L1 treat-
ment. Lastly, MOF/MSA-2(+)+oPD-L1 treatment in-
creased y-H2AX expression and reduced the cell
proliferation marker Ki67 signal (Figure 6b).*" Taken
together, the synergistic actions of MOF-mediated RT,
STING activation by MSA-2, and immune checkpoint
blockade by aPD-L1 induce an inflammatory TME and
trigger adaptive immune responses over time.

Radiosensitizers enhance the efficacy of RT by increas-
ing the DNA damage of radiation to cancer cells.’” This
DNA damage effect reduces the required radiation dose for
cure and mitigates toxicity in patients. Hafnium oxide
nanoparticles and nanoscale MOFs®! are currently under
clinical evaluation as radiosensitizers. By leveraging high-Z
elements, they absorb more X-rays to generate more ROS
and cause more DNA damage.” Additionally, nanoscale
MOFs also trigger ICD to release TAAs and DAMPs,
leading to an immunostimulatory TME.

Synthetic STING agonists activate the STING pathway
by mimicking the action of endogenous 2'3'-cyclic GMP-
AMP (cGAMP)PY to induce the production of IFN-B and
other inflammatory cytokines by immune -cells, which
enhances the immune system’s ability to recognize and
eliminate cancer cells. However, the development of STING
agonists such as MSA-2 has faced significant challenges. For
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Figure 5. (a) Scheme showing tumor inoculation and treatment schedules. Treatments were intratumorally injected and 2 Gy/fraction was given to
the primary tumors on 4 consecutive days starting on day 8. Intraperitoneal (i.p.) injection of aPD—L1 (75 pg) was given on day 7 and 12. (b,c)
Growth curves of treated primary tumors (b) and untreated distant tumors (c) on a bilateral subcutaneous MC38 tumor model in C57BL/6 mice.
(d=i) Immune cell infiltration into primary tumors on day 17 (5 days after the last dose of X-ray) quantified by flow cytometry. T cell subpopulations
are defined as: (d) Total T cells as CD45"CD3e"; (e) CD4" cells as CD45"CD3e*CD4"; (f) CD8" T cells as CD45"CD3e " CD8*; (g) Effector T cells
as CD457CD3e*CD447CD62 L~; (h) NK cells as CD457CD3e NK1.17; (i) NKT cells as CD457CD3e*NK1.1* (ANOVA with Tukey test, n=4). The

scheme was created with BioRender.com.

example, a major hurdle is the effective and sustained
delivery of these STING agonists to the TME. We have
leveraged the coordination of MSA-2 to Hfs SBUs in MOF/
MSA-2 to selectively release MSA-2 in the TME. We
observed a markedly increased and sustained release of
MSA-2 from MOF/MSA-2 in a high phosphate concentra-
tion that mimics intracellular environments. As a result,
MOF/MSA-2 elicits potent and sustained STING activation
to lead to a highly inflammatory TME (Figure 6c¢).
MOF-mediated RT and STING activation by MSA-2
showed strong synergy in regressing colorectal tumors in
mouse models at a low X-ray dose of 2 Gy/fraction for 3 or 4
daily fractions and a low MSA dose of 0.5 mg per mouse.
Immune profiling studies showed that MOF/MSA-2(+)
enhances inflammatory responses in the TME and TDLNs
to recruit and activate innate immune cells in the short term
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and increases intratumoral infiltration of CD8", CD4", and
effector T cells, NK cells, and NKT cells in the long term to
trigger potent anti-tumor immunity. Further combination of
MOF/MSA-2(+) with aPD-L1 improves distant tumor
control to elicit an abscopal effect on a bilateral tumor
model, thus extending the local therapeutic effect of MOF/
MSA-2(+) to systemic antitumor immune responses.

Conclusions

In this work, we developed a bifunctional MSA-2 conjugated
nanoscale MOF that serves as both a radiosensitizer and an
immunostimulant. The MOF increases the sensitivity of
cancer cells to X-ray irradiation by enhancing ROS gen-
eration and DNA damage as well as inducing ICD of cancer
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Figure 6. (a) Immunohistochemistry of pan-macrophage cells with IBA-1 staining (top) and T cells with CD3e staining (bottom) in primary tumors.
(b) Immunohistochemistry with y-H2AX staining (top) and Ki67 staining (bottom) in primary tumors. All scale bars are 100 ym. (c) Mechanistic
summary of synergistic radiosensitization and immune activation by MOF/MSA-2(+). MOF/MSA-2 functions as a powerful radiosensitizer and
delivers MSA-2 for STING activation to promote cancer immunotherapy. RT activates the MOF to mediate ICD of cancer cells to release TAAs and
DAMPs while the released MSA-2 elicits potent and sustained STING activation in macrophages and DCs. The activated APCs secrete type | IFN
and inflammatory cytokines for recruitment and stimulation of infiltrating leukocytes, resulting in enhanced tumor antigen presentation and the
activation of antitumor immunity. The combination of MOF/MSA-2(+) with aPD—L1 improves distant tumor control to elicit an abscopal effect
and extends the local therapeutic effect to systemic antitumor immunity. The scheme was created with BioRender.com.

cells to trigger the release of TAAs and DAMPs. MOF/
MSA-2 significantly enhances the uptake and retention of
MSA-2 in the TME to elicit robust and sustained STING
activation, leading to a highly inflammatory TME. The
synergistic actions of MOF-mediated RT and STING
activation by MSA-2 regress local tumors and activate the
tumor immune environment on two murine colon cancer
models. The combination of MOF/MSA-2 plus low doses of
X-rays with aPD—L1 improves distant tumor control to elicit
an abscopal effect on a bilateral tumor model of CRC via
systemic antitumor immune responses. Our work establishes
MOFs as a promising nano-platform for simultaneous
STING activation and radiosensitization, and given the
synthetic tunability of MOFs, we envision the development

Angew. Chem. Int. Ed. 2024, 202417027 (8 of 10)

of novel multifunctional MOF conjugates for effective
cancer immunotherapy.
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