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HEALTH AND MEDICINE

Nanoscale metal-organic frameworks for x-ray
activated in situ cancer vaccination

Kaiyuan Ni'*, Guangxu Lan'#, Nining Guo'?*, August Culbert', Taokun Luo', Tong Wu',

Ralph R. Weichselbaum?, Wenbin Lin"**

Cancer vaccines have been actively pursued to bolster antitumor immunity. Here, we designed nanoscale metal-
organic frameworks (nMOFs) as locally activable immunotherapeutics to release danger-associated molecular
patterns (DAMPs) and tumor antigens and deliver pathogen-associated molecular patterns (PAMPs) for in situ
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personalized cancer vaccination. When activated by x-rays, nMOFs effectively generate reactive oxygen species
to release DAMPs and tumor antigens while delivering CpG oligodeoxynucleotides as PAMPs to facilitate the mat-
uration of antigen-presenting cells. Together, DAMPs, tumor antigens, and PAMPs expand cytotoxic T cells in
tumor-draining lymph nodes to reinvigorate the adaptive immune system for local tumor regression. When treated
in combination with an immune checkpoint inhibitor, the local therapeutic effects of nNMOF-based vaccines were
extended to distant tumors via attenuating T cell exhaustion. Our work demonstrates the potential of nMOFs as
x-ray-activable in situ cancer vaccines to awaken the host’s innate and adaptive immune systems for systemic

antitumor immunity.

INTRODUCTION
For several decades, cancer vaccines have been developed to amplify
tumor-specific T cell responses (1, 2). In particular, tumor antigen-
based cancer vaccines have been widely investigated in the clinic,
leading to the approval of the prostatic acid phosphatase-based pros-
tate cancer vaccine sipuleucel-T by the U.S. Food and Drug Admin-
istration (3). However, traditional approaches to cancer vaccine
development face several major hurdles, including tumor hetero-
geneity with different somatic mutations and, hence, varied tumor
antigens among patients (4, 5), ineffective delivery of peptide-based
tumor antigens to lymph nodes due to rapid renal clearance and
enzymatic degradation (6), inefficient internalization of tumor anti-
gens by antigen-presenting cells (APCs) (7), and the ability of tumors to
escape from immune surveillance via mechanisms such as the pro-
grammed death-1/programmed death-ligand 1(PD-1/PD-L1) axis (8).
Personalized vaccines with neoantigens or autologous whole tu-
mor lysates can overcome tumor heterogeneity (9), but their produc-
tion processes are lengthy, complicated, and expensive (10). One
promising strategy to improve personalized cancer vaccination uses
immunostimulatory treatments to generate tumor antigens in situ,
which can afford systemic antitumor immune responses in a person-
alized fashion and modulate local tumor microenvironments to re-
lieve immunosuppression (11). For instance, intratumoral injection
of oncolytic viruses such as talimogene laherparepvec (T-VEC) in-
flicts direct cytotoxic effects on cancer cells and recruits dendritic cells
(DCs) for antigen presentation, acting as in situ cancer vaccines with
reduced side effects (12). Nonviral treatments with potent antitumor
effects, such as phototherapy (13), radiotherapy (RT) (14), and some
chemotherapies, can also generate danger-associated molecular pat-
terns (DAMPs) and tumor antigens by inducing immunogenic cell
death (ICD) (15).
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Stimulation of DCs with immunoadjuvants such as stimulator of
interferon (IFN) genes (STING) agonist (16, 17) or CpG oligode-
oxynucleotides (18) further promotes antigen presentation and im-
mune responses (19). Naturally existing as microbial DNAs known
as pathogen-associated molecular patterns (PAMPs), CpGs are short
DNA strands explored widely as vaccine adjuvants for Toll-like re-
ceptor 9 (TLRY) stimulation, DC maturation, antigen presentation,
and the priming of tumor-specific cytotoxic T lymphocytes (CTLs)
(20). In addition, antigen presentation by immature DCs in the ab-
sence of immunoadjuvants induces tolerance rather than stimulates
an immune reaction (21). In particular, class C CpGs enhance type
ITEN production to activate DCs and stimulate B cells, which, in turn,
up-regulates costimulatory molecules and secretes pro-inflammatory
cytokines to afford superb anticancer effects (22). Similar to peptide
vaccines, however, even locally administered unmodified CpGs are
prone to enzymatic degradation and cannot be efficiently internal-
ized by APCs because of their anionic nature (23).

In the context of antigen and adjuvant delivery, nanotechnology
is at the forefront of merging drug delivery and immune stimulation
to elicit antitumor activity for cancer vaccination (24-27). Here, we
propose a strategy of using nanoscale metal-organic frameworks
(nMOFs) for personalized cancer vaccination via x-ray-activated
generation of DAMPs and tumor antigens and efficient delivery of
CpGs to APCs as PAMPs. Assembled from tunable metal-oxo clus-
ters and functional organic ligands, nMOFs have emerged as a new
type of porous and crystalline molecular nanomaterials with inter-
esting potential in biomedical applications (28, 29). Notably, nMOFs
have shown potent antitumor activity by generating highly cytotoxic
and immunogenic reactive oxygen species (ROS) upon external
light or x-ray irradiation (30, 31). nMOFs are also able to directly
convert x-ray energy to ROS via a unique RT-radiodynamic therapy
(RT-RDT) (32). To expand the therapeutic effect of nMOF-mediated
local inflammation to systemic anticancer efficacy, several strategies
have been explored, including combination with checkpoint blockade
immunotherapy (CBI) (33) and co-delivery of different immuno-
therapeutic drugs such as small-molecule inhibitors (34) and ago-
nists (35). However, none of these strategies generated robust DC
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infiltration and activation, suggesting an impaired antigen presen-
tation to bridge innate immunity and adaptive immunity.

Considering the ability of CpGs to boost the maturation of APCs,
we designed cationic nMOFs to deliver anionic CpGs via electro-
static interactions in this work. When activated by x-rays, nMOFs
effectively generate ROS to release DAMPs and tumor antigens while
delivering CpGs as PAMPs to facilitate APC maturation. The in situ
vaccination afforded by nMOFs effectively expands cytotoxic T cells
in tumor-draining lymph nodes (DLNs) to reinvigorate the adaptive
immune system for tumor regression. Unlike previous nMOF-based
treatments, the present in situ cancer vaccination strategy effectively
increases intratumoral DC population, stimulates DC maturation,
and facilitates antigen presentation to prime T lymphocytes on T cell-
excluded syngeneic colorectal MC38 and pancreatic Panc02 tumor
models. The local therapeutic effects of the nMOF-based in situ vac-
cines were extended to distant tumors by combination treatment
with an anti-PD-L1 antibody (¢PD-L1) to afford an 83.3% cure rate
on immunosuppressive MC38 models.

RESULTS

Synthesis and characterization of nMOFs

To generate DAMPs and tumor antigens through RT-RDT and de-
liver PAMPs with high CpG loading, we designed two positively
charged nMOFs, Hf-DBB"-Ir and Hf-DBB-Ir, with high-Z metal
Hf, secondary building units (SBUs) and photosensitizing DBBF-Ir
and DBB-Ir ligands, respectively (fig. S1). Hf-DBB-Ir and Hf-DBB-
Ir nMOFs had UiO-like structures with a formula of Hfg(u3—0) 4(us—
OH),L¢, where L = DBB*-Ir or DBB-Ir (fig. S2, A to D and M).
Hf-DBBF-Ir and Hf-DBB-Ir exhibited spherical to octahedral mor-
phologies with diameters of ~100 nm, as revealed by transmission
electron microscopy (TEM) imaging (Fig. 1B, and fig. S2, E to H)
and dynamic light scattering measurements (fig. S2N). The photo-
sensitizing characteristics of Hf-DBBF-Ir and Hf-DBB-Ir were
confirmed by ultraviolet-visible absorption and luminescence spec-
troscopy, where Hf-DBBF-Ir and Hf-DBB-Ir showed similar absorb-
ance and luminescence to those of DBB'-Ir and DBB-Ir, respectively
(fig. S2,Ito L).

Detection of ROS

We proposed that photosensitizing Hf-DBB*-Ir and Hf-DBB-Ir
could generate multiple ROS upon x-ray irradiation, including hy-
droxyl radical ("OH) through water radiolysis of Hfs SBUs and sin-
glet oxygen ('O,) and superoxide anion (O,") through excitation of
photosensitizing ligands (Fig. 1A). Aminophenyl fluorescein (APF)
and singlet oxygen sensor green (SOSG) assays were performed
to probe "OH and 'O,, respectively, which showed that both
Hf-DBBF-Ir plus x-ray irradiation [denoted Hf-DBB-Ir(+)] and
Hf-DBB-Ir(+) exhibited significantly enhanced “OH and 'O, gener-
ation in comparison to their ligand controls (Fig. 1, C and D, and
fig. $2, O and P). However, only Hf-DBB'-Ir(+) displayed efficient
O, generation, as determined by 5-tert-butoxycarbonyl 5-methyl-
1-pyrroline-N-oxide (BMPO), a nitrone spin trap. The O, genera-
tion by Hf-DBBF-Ir(+) is ascribed to the higher reduction potential
of DBB'-Ir than DBB-Ir (Fig. 1E) (36).

Generation of ROS in vitro
We first evaluated the uptake of Hf-DBB-Ir and Hf-DBB-Ir by
MC38 cells. Inductively coupled plasma mass spectrometry (ICP-
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MS) studies showed that the two nMOFs reached similar intracel-
lular Hf levels after 4-hour incubation (fig. S3A). We then probed
in vitro 'O, and O, generation by SOSG and superoxide assay
kits, respectively. Both Hf-DBB-Ir(+) and Hf-DBBF-Ir(+) induced
strong green fluorescence, indicating significant '0, generation.
However, only Hf-DBBF-Ir(+) exhibited strong red fluorescence,
indicating the generation of O, through Hf-DBBF-Ir-mediated
RT-RDT process (Fig. 2A). To confirm the RT effect, we quantified
‘OH-induced DNA double-strand breaks by flow cytometric anal-
ysis of phosphorylated y-H2AX in cells treated with phosphate-
buffered saline (PBS), ligands, or nMOFs with or without x-ray.
Two hours after irradiation, significantly higher red y-H2AX fluo-
rescence was observed in the group treated with Hf-DBB*-Ir(+)
than Hf-DBB-Ir(+), likely due to the biotransformation of O, to
‘OH by superoxidase dismutase. No fluorescence was observed in
the groups without x-ray irradiation or without nMOF incubation
(fig. S3B).

Release of DAMPs and in vitro immunogenicity

To test the hypothesis that the myriad of ROS generated by
Hf-DBBF-Ir damages cancer cells more effectively than other
treatments, we evaluated Hf-DBBF-Ir-mediated cell damage and
DAMP generation. Clonogenic assays showed that H-DBB"-Ir(+)
slightly outperformed Hf-DBB-Ir(+) with a radiation ehancement
factor at 10% survival (REF;) value (calculated as the ratio of
irradiation doses for the PBS control over that for the experimental
group at 10% survival) of 1.75 versus 1.68 (Fig. 2B). 3-(4,5-
Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfo-phenyl)-2H-tetrazolium (MTS) assays further showed that
Hf-DBBF-Ir(+) exhibited higher cytotoxicity than Hf-DBB-Ir(+)
with ICsg (half maximal inhibitory concentration) values of 4.28 +
1.15 uM and 7.85 + 2.41 uM, respectively, at 2 gray (Gy) (P = 0.036;
Fig. 2C). A greater level of cell death was also observed for Hf-
DBB"-Ir(+) by live/dead cell imaging and apoptotic cell quantifi-
cation by confocal laser scanning microscopy (CLSM) and flow
cytometry (Fig. 2D and fig. S3, C to E). These results indicate a stronger
cell killing effect by Hf-DBBF-Ir(+) via the RT-RDT process.

We next investigated the generation of DAMPs from nMOF-
mediated RT-RDT by examining the ICD of tumor cells and
phagocytosis of dying tumor cells and their apoptotic debris by
APCs. In the ICD process, calreticulin (CRT) is translocated to
cell membrane as an “eat-me” signal that is recognized by macro-
phages and DCs to engulf dying tumor cells and their apoptotic
debris. Flow cytometric quantification revealed that Hf-DBBF-
Ir(+)-treated cells exhibited higher CRT fluorescence, suggesting
that Hf-DBB*-Ir(+) induced stronger ICD with higher cytotoxicity
(fig. S4A).

To assess the impact of nMOF-mediated RT-RDT on antigen
processing by and immune activation of APCs, we cocultured
DCs differentiated from bone marrow cells with carboxyfluorescein
diacetate succinimidyl ester (CFSE)-labeled MC38 cells treated with
PBS, DBB-Ir, DBB'-Ir, Hf-DBB-Ir, or Hf-DBB'-Ir with or without
x-ray irradiation. Flow cytometry showed that Hf-DBB'-Ir(+) treatment
induced significantly higher population of phycoerythrin (PE)-Cy5.5-
conjugated CD11c-labeled DCs with phagocytosed CFSE-labeled
MC38 cells than other treatment groups, indicating enhanced immune
stimulation mediated by cationic nMOFs (fig. S4B and Fig. 2, E and F).
CLSM imaging confirmed that more CD11c* DCs phagocytosed
Hf-DBB"-Ir(+)-treated CFSE" MC38 cells (fig. S4C).
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Fig. 1. Characterization of nMOFs. (A) Schematic illustration of controlled synthesis of Hf-DBB-Ir and Hf-DBBF-Ir n(MOFs based on Hf-oxo clusters and DBB'-Ir or DBB-Ir
ligands, respectively. Upon x-ray irradiation, Hf-oxo clusters absorb x-ray to generate "OH through radiolysis and transfer energy to adjacent photosensitizing ligands to
generate '0,and/or 0,”. (B) TEM images of Hf-DBB-Ir (top) and Hf-DBB"-Ir (bottom).. Scale bars, 100 nm. (C to E) "OH generation probed by aminophenyl fluorescein (APF)
with an IVIS fluorescence imaging system (n = 6) (C), 'O, generation probed by SOSG with an VIS fluorescence imaging system (n =6) (D), and O, generation probed by
5-tert-butoxycarbonyl 5-methyl-1-pyrroline-N-oxide (BMPO) in electron paramagnetic resonance (EPR) (E) of DBB-Ir, DBBF—Ir, Hf-DBB-Ir, or Hf-DBBF-Ir upon x-ray irradiation.

a.u., arbitrary units; G, gauss.

In vitro delivery of PAMPs

We rationalized that fluorination of the DBB" ligand in Hf-DBBF-Ir
could introduce electron-withdrawing effects to increase the sur-
face charge for more efficient delivery of CpG. Hf-DBB'-Ir and Hf-
DBB-Ir exhibited {-potential values of 31.6 + 1.2 mV and 23.8 £ 0.8 mV,
respectively, confirming a more cationic skeleton of Hf-DBB-Ir for
electrostatic adsorption of anionic CpG (Fig. 3A). One milligram
of CpG was incubated in 20 ml of PBS solution of Hf-DBBF-Ir or
Hf-DBB-Ir with an Hf concentration of 10 mM for 10 min. After
centrifugation, DNA gel electrophoresis showed the adsorption of
82.7% CpG onto Hf-DBB'-Ir and 46.5% CpG onto Hf-DBB-Ir, with
8.6 and 43.8% of CpG remaining in the corresponding supernatants
as quantified by NanoDrop spectrophotometry (Fig. 3B). We next
examined CpG internalization by DCs. Flow cytometry and CLSM
imaging showed that Hf-DBB'-Ir delivered the highest amount of
CpG to DCs after they were cultured with fluorescein isothiocya-
nate (FITC)-labeled free CpG, Hf-DBB-Ir@CpG, or Hf-DBB'-Ir@
CpG (Fig. 3C and fig. S5A). These results confirm the superior abil-
ity of Hf-DBB"-Ir in delivering CpG as PAMPs to APCs.

In vitro DC maturation
To evaluate the effects of CpG delivery on DC maturation, we incu-
bated bone marrow-derived DCs with CpG, Hf-DBB-Ir@CpG, or
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Hf-DBBF-Ir@CpG at CpG concentrations of 0, 62.5, 125, 250, 500,
and 1000 ng/ml for 60 hours. The cells were harvested and stained
for the detection of DC maturation markers, including major histo-
compatibility complex class II (MHC-II) and costimulatory mole-
cules CD80 and CD86. The supernatants were also collected and
assayed for the presence of cytokines IFN-o and interleukin-6 (IL-6).
Both Hf-DBB-Ir@CpG and Hf-DBBF-Ir@CpG effectively promoted
DC maturation with increased mean fluorescence intensity (MFI)
signals of CD80 (Fig. 3D), CD86 (Fig. 4E), and MHC-II compared
to free anionic CpG (Fig. 3F). Hf-DBB*-Ir@CpG outperformed
Hf-DBB-Ir@CpG in the up-regulation of CD80, CD86, and MHC-II
signals as a result of its more effective CpG delivery. Only cationic
nMOF-delivered CpG showed elevated IFN-a levels, while free CpG
completely had no effect (Fig. 3G). Moreover, DCs treated with free
CpG excreted IL-6 only in high CpG concentrations, while treated
with nMOFs/CpG excreted IL-6 at low CpG concentrations (Fig. 3H).
Quantitative polymerase chain reaction (QPCR) of IL-6 and IFN-a.
expression confirmed that Hf-DBB"-Ir more efficiently delivered CpG
as PAMPs to activate DCs (fig. S5, B and C). To directly demon-
strate the enhanced antigen presentation property of DCs after Hf-
DBB"-Ir@CpG stimulation, we cultured MC38 cells transfected with
ovalbumin antigen (OVA; cell line denoted as MC38-ova) with CpG-,
Hf-DBB-Ir@CpG-, or Hf-DBBF-Ir@CpG-stimulated DCs in a
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Fig. 2. In vitro generation of DAMPs and phagocytosis. (A) Generation of '0, and O, in MC38 cells treated with phosphate-buffered saline (PBS), DBB-Ir, DBB-Ir,
Hf-DBB-Ir, or Hf-DBB-Ir with (+) or without (-) x-ray irradiation as detected by SOSG and superoxide kits. Green (102) and red (O;") florescence merged to appear as yellow
florescence. Scale bars, 50 um. (B) Clonogenic assays to evaluate radioenhancement of Hf-DBB-Ir or Hf-DBBF-Ir on MC38 cells upon x-ray irradiation; n = 6. (C) Cytotoxicity
of Hf-DBB-Ir or Hf-DBB-Ir upon x-ray irradiation at a dose of 2 Gy on MC38 cells; n=6. (D) Annexin V/propidium iodide (PI) cell apoptosis/death analysis of MC38 cells;
n=3. (E and F) Phagocytosis of carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled MC38 cells by DCs. DCs cocultured with treated MC38 cells without () (E) or
with (+) (F) irradiation were stained with PE-Cy5.5-conjugated CD11c antibody; n = 3. Data are expressed as means + SD. *P < 0.05, **P < 0.01, and ***P < 0.001 by t test.

3:1 ratio. Tumor antigen uptake and presentation were examined
by detecting the expression of H-2K-SIINFEKL complex (Kb-ova)
on DC surface. Hf-DBB*-Ir@CpG outperformed Hf-DBB-Ir@CpG and
free CpG on promoting antigen uptake and presentation by DCs
(Fig. 31), likely as a result of more efficient delivery of PAMPs and
antigen presentation. We further showed that nMOFs alone mini-
mally activated DCs, while both nMOF(+)-induced DAMPs and
nMOF-delivered PAMPs efficiently promoted DC activation (fig. S5,
D andE).

X-ray-triggered in situ cancer vaccines

We next investigated the local anticancer effect of Hf-DBB!-Ir@
CpG(+) as an in situ cancer vaccine. We first showed that intrave-
nous injection of 2 umol of DBB*-Ir or Hf-DBBF-Ir biweekly for a
total of four doses did not cause toxicity on C57BL/6 mice, as judged
from the steady body weight gains (fig. S6, A and B). We then estab-
lished a T cell-excluded murine colorectal model MC38 on C57BL/6¢
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mice by subcutaneous injection of 5 x 10° MC38 cells on right flanks.
In our previous studies, subcutaneous MC38 tumors were established
by inoculating 2 x 10° MC38 cells and reached 100 to 150 mm? in
sizes at day 7 before the commencement of treatments. When inoc-
ulated with fewer cells, MC38 tumors grew to 100 to 150 mm® in
14 days (the 14-day model) and showed much more immunosup-
pressive tumor microenvironments than the 7-day model (fig. S6D).
PBS, Hf-DBB-Ir, Hf-DBB'-Ir, or Hf-DBB"-Ir@CpG was injected
intratumorally at an Hf dose of 0.2 pmol and/or a CpG dose of 1 pg.
Twelve hours later, the tumors were irradiated with 1 Gy of x-ray
[225 peak kilovoltage (kVp), 13 mA, and 1 Gy], followed by four
more daily irradiation of x-ray (1 Gy). Hf-DBB"-Ir(+) outperformed
Hf-DBB-Ir(+) with a tumor growth inhibition index (TGI) of
81.9% versus 64.7%, suggesting more efficient release of DAMPs by
Hf-DBB"-Ir-mediated RT-RDT in vivo. Hf-DBB*-Ir@CpG(+) showed
enhanced tumor regression over CpG(+) (TGI of 99.6% versus 34.8%)
or Hf-DBB-Ir(+) on day 31, indicating the synergy of DAMPs

40f13



SCIENCE ADVANCES | RESEARCH ARTICLE

W

A

3 F. ] ) (o8
100 Il Hf-DBBF-Ir Il Hf-DBB-Ir 100 /.'ﬂm
: ” - _
- S -
- L
£ (O] o
=20 & ° N S
= < 501 502 Hf-DBE-r/CpG
e 3 hag
a0 § = Hf-DBBF-lr/cy\‘\‘ S
0 0- -0 2 T3 4 5
Hf-DBBF-Ir Hf-DBB-Ir 10 1 FITC 10 10
D 2300 E F
- CpG * | 15,0001 :
2100~ Hf-DBB;Ir@CpG © 90004 g *%
® " |« Hf-DBB"-Ir@CpG 2 2
T [T = 10,000+ *
“= 1400 . -
° 60007 | °
[T [’ ('8
= 700 = = 5000
3000
ok . . , . . : ol . . . . :
0 200 400 600 800 1000 200 400 600 800 1000 0 200 400 600 800 1000
CpG concentration (ng/ml) CpG concentration (ng/ml) CpG concentration (ng/ml)
G 180 H 300 |
mmCpG
. |mmHf-DBB-Ir@CpG ©
= — g
E120{mmHf-DBB -Ir@Cp "E 200 °
[o2] a o]
2 o X
: 2 5
E 60 1100+ LEL
0-

0 625 125 250 500 1000
CpG concentration (ng/ml)

625 125

CpG concentration (ng/ml)

0
blank nMOF 0 62.5 125 250 500 1000
CpG concentration (ng/ml)

250 500 1000
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released by nMOF-mediated RT-RDT and PAMPs delivered by cat-
ionic nMOFs (Fig. 4A and table S1). The anticancer efficacy was con-
firmed by optical images and averaged weights of excised tumors on
day 31 (fig. S6, E and F). Immunofluorescence of terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine triphosphate nick end
labeling (TUNEL) and hematoxylin and eosin staining indicated sig-
nificant apoptosis of tumor cells with Hf-DBB"-Ir@CpG(+) treatment
(fig. S6, I and J). No systemic toxicity was observed for all treatment
groups (fig. S6, C and K). We further evaluated the antitumor activity
on a murine pancreatic cancer model, Panc02, on C57BL/6¢ mice with
high radioresistance and poor immunogenicity. Hf-DBB -Ir@CpG(+)
afforded superior tumor growth inhibition over other groups (Fig. 4B;
table S1; and fig. S6, G and H), suggesting the potential of using
Hf-DBBY -Ir@CpG(+) as in situ cancer vaccine on a broad spectrum
of cancers with varied immunogenicity.

Innate immunity after in situ cancer vaccination
We assayed plasma IL-6 and IFN-a concentrations by enzyme-
linked immunosorbent assay (ELISA) and determined gene expres-
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sion in tumors and tumor-DLNs by gPCR 24 hours after treatment
to evaluate the innate immune response. Hf-DBB"-Ir@CpG(+)
treatment showed significantly elevated levels of plasma and intra-
tumoral IL-6 and IFN-o over CpG(+) or Hf-DBBF-Ir(+) treatment
(Fig. 4C, and fig. S7, A to D). Furthermore, flow cytometry and
CLSM studies showed significant increases of tumor- and DLN-
infiltrating APCs, including macrophages (Fig. 4D) and DCs (Fig. 4E),
in the Hf-DBBF -Ir@CpG(+) treatment group, which indicates the
synergistic effect of DAMPs and tumor antigens released by nMOF-
mediated RT-RDT and PAMPs delivered by cationic nMOFs (fig.
S7E). DC maturation promoted by Hf—DBBF—Ir@CpG(+) was further
demonstrated with elevated expression of MHC-II and costimula-
tory CD80 molecules (Fig. 4F). Elevations of total immunoglobulin
G (IgG) (Fig. 4G) and IgM (Fig. 4H) in plasma 2 and 12 days after
Hf-DBB"-Ir@CpG(+) treatment suggest effective promotion of hu-
moral immunity mediated by B cells. As IgM can bind and activate
the complement system to promote the opsonization and degrada-
tion of antigens and antigen presentation by phagocytes, the in-
creased levels of plasma IgG and IgM results imply an important
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Fig. 4. nMOFs for in situ personalized cancer vaccination to boost innate immunity for in vivo anticancer treatment. Tumor growth curves of (A) MC38 and
(B) Panc02 tumor-bearing mice treated with PBS(-), PBS(+), CpG(+), Hf-DBB-Ir(+), Hf-DBB™-Ir@CpG(-), or Hf-DBB -Ir@CpG(+). Hf-DBB-Ir(+) served as control group on the
MC38 model; n = 6. (C) Plasma concentration of IL-6 and IFN-o. 48 hours after first irradiation as quantified by ELISA. The percentages of macrophages (D) and DCs (E) with
respect to the total cells in tumors and tumor-DLNs excised from MC38-bearing mice 2 days after treatment. The percentages of tumor-infiltrating CD80* MHCII* cells
(F) with respect to DCs in tumors and tumor-DLNs excised from MC38-bearing mice day 2 after treatment. Total immunoglobulin G (IgG) (G) and total IgM (H) in plasma
2 and 12 days after irradiation; n = 6. (I) Percentages of SINFEKL-H,K®* cells excised from MC38-ova-bearing mice day 6 after treatment. (J) Representative CLSM showing
the T cell expansion of tumor-DLNs. Blue, green, and red fluorescence represent 4',6-diamino-2-phenylindole (DAPI), CD8a, and Ki67, respectively. Scale bars, 50 um.
Individual (K) and average (L) growth curves of MC38-ova tumor-bearing Rag2™/~ mice treated with Hf-DBB'-Ir(+) or Hf-DBB -Ir@CpG(+) with or without OT-I T cell transfer
study. Black, red, and green arrows refer to intratumoral injections, x-ray irradiation, and adoptive T cell transfer, respectively. Data are expressed as means + SD (n=6).
n.s., not significant. P> 0.05, *P < 0.05, **P < 0.01, and ***P < 0.001 by t test. Central lines, bounds of box, and whiskers represent mean values, 25 to 75% of the range of
data, and 1.5-fold of interquartile range away from outliers, respectively.

role of B cells in promoting antigen presentation after in situ vacci-  (fig. S8, H and I, suggesting T cell expansion in DLNs. The increased
nation (ﬁg S8, A to F). The express10n of Kb-ova complex (SIIN-  expression of Ki67 in DLNs by CLSM supported T cell expansion in
FEKL-H,K" gated from CD45" cells) was significantly up-regulated DLNs following Hf-DBBF-Ir@CpG(+) treatment (Fig. 4]) Last,
after Hf-DBBF-Ir@CpG(+) treatment on the MC38-ova model, ~MC38-ova tumors were established on 1mmunodeﬁc1ent Rag2™"~ mice
confirming the antigen presentation process (Fig. 41, and fig. S7, F  and then treated with Hf-DBB'-Ir(+) or Hf-DBB-Ir@CpG(+) plus adoptive
and G). Hf-DBBF-Ir@CpG(+) group also exhibited enlarged DLNs  transfer of OT-I T cells. Mice treated with Hf-DBB*-Ir@CpG(+)
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3 days at a dose of 75 ug per mouse. Black, red, and green arrows refer to the times of intratumoral injections, x-ray irradiation, and intraperitoneal injection, respectively;
n=6.The percentages of tumor-infiltrating CD45" cells (D), DCs (E), CD80* MHCII* DCs (F), NK cells (G), CD4" T cells (H), and CD8" T cells (I) with respect to the total cells
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means, 25 to 75% of the range of data, and 1.5-fold of interquartile range away from outliers, respectively. (J) Representative flow cytometric plots showing infiltration
of CD4* and CD8" T cells on both primary and distant tumors treated by PBS(-) or Hf—DBBF-Ir@CpG(+) + 0PD-L1 shown in black or green contours, respectively. (K) Rep-
resentative pictures showing the infiltration of T cells on excised tumor section slides. Blue, green, and red fluorescence represent DAPI, CD8a, and CD4, respectively.
Scale bars, 50 um.

plus OT-I T cell transfer showed more effective tumor suppression
than either Hf-DBB'-Ir(+) plus OT-I T cell transfer or Hf-DBBF-
Ir@CpG(+) alone (Fig. 4, K and L), supporting an effective antigen
presentation process after Hf-DBB*-Ir@CpG(+) treatment as an in
situ cancer vaccine. We observed macrophage repolarization with
an increased ratio of pro-inflammatory M1 subtype to anti-
inflammatory (tumor-promoting) M2 subtype following Hf- DBBE-
Ir@CpG(+) treatment (fig. S8G).

Ni et al., Sci. Adv. 2020; 6 : eabb5223 2 October 2020

Abscopal effect

A bilateral model of MC38 was then established to assess the sys-
temic anticancer efficacy of Hf-DBB"-Ir@CpG(+) in combination
with aPD-L1. Hf-DBB"-Ir@CpG was intratumorally injected into
primary tumors at a dose of 0.2 umol of Hf and 1 ug of CpG 14 days
after tumor inoculation, with daily x-ray irradiation at a dose of
1 Gy per fraction beginning on day 15 for a total of five fractions.
Seventy-five micrograms of aPD-L1 was administered every 3 days
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by intraperitoneal injection for a total of three doses. Without
oPD-L1, Hf-DBBF-Ir@CpG(+) almost eradicated primary tumors
but only moderately delayed progression of distant tumors. In stark
contrast, the combination of Hf-DBB-Ir-F@CpG(+) and aPD-L1
significantly regressed both primary and distant tumors with a cure
rate of 83.3%. This result indicates a strong synergy between
Hf—DBBF—Ir@CpG(+)—based in situ cancer vaccination and CBI
(Fig. 5, A to C).

Adaptive immunity

We profiled infiltrating leukocytes in both primary and distant tu-
mors 10 days after irradiation. Hf-DBBF-Ir@CpG(+) + aPD-L1 treat-
ment group showed significant increase of tumor-infiltrating CD45"
leukocytes (Fig. 5D), DCs (Fig. 5E), macrophages (fig. S9, A and B),
and CD8" T cells (Fig. 5F) in both primary and distant tumors, im-
plying a strengthened innate immune response after in situ vaccina-
tion. Specifically, after treatment with Hf-DBB*-Ir@CpG(+) +
aPD-L1, the percentages of natural killer (NK) cells (Fig. 5G), CD4"
T cells (Fig. 5H), and CD8" T cells (Fig. 5I) of the total primary and
distant tumor cells significantly increased to 0.52 + 0.42% and 1.21 +
0.89%, 0.25 £ 0.23% and 1.15 + 1.14%, and 1.46 + 0.59% and 1.43 +
0.55% from 0.06 + 0.05% and 0.13 + 0.19%, 0.05 + 0.04% and
0.03 + 0.02%, and 0.41 + 0.30% and 0.36 + 0.27% in PBS(-) group,
respectively. The effector T cell infiltration was shown by both
flow cytometry (Fig. 5J) and CLSM (Fig. 5K). DLNs on both sides
were harvested, weighed, and immunostained for detecting T cell
expansion, suggesting that Hf-DBB"-Ir@CpG(+) + oPD-L1 treat-
ment promoted T cell expansion on bilateral DLNs (fig. S9, C to
E). These results suggest that the combination of Hf-DBB-Ir@
CpG(+) + oPD-L1 not only induces innate immune response but
also augments adaptive immunity in both treated local and untreated
distant tumors.

Specificity of induced immunity

We first determined the presence of tumor antigen-specific cyto-
toxic T cells with an IFN-y Enzyme-Linked ImmunoSpot (ELISpot)
assay. Splenocytes were harvested from MC38-bearing mice 10 days
after first irradiation and stimulated with the peptide sequence
KSPWFTTL for 42 hours. IFN-y spot-forming cells were counted
with an ImmunoSpot Reader. The number of antigen-specific
IEN-y-producing T cells per 10° splenocytes significantly increased
in tumor-bearing mice treated with Hf—DBBF-Ir@CpG(+) and Hf-
DBBF—Ir@CpG(+) + oPD-L1 (60.2 + 39.6 and 139.0 + 52.4 com-
pared to 16.4 = 5.9 for PBS(-); Fig. 6A), suggesting that both
Hf-DBB"-Ir@CpG(+) and Hf-DBB"-Ir@CpG(+) + aPD-L1 effec-
tively generate tumor-specific T cell responses. To further investi-
gate the specific antitumor immunity, we treated MC38 primary
tumors with Hf-DBBF-Ir@CpG(+) or Hf-DBBF-Ir@CpG(+) +
oPD-L1 to observe whether the treatment could regress unmatched
syngeneic tumors on distant flanks. As illustrated in Fig. 6B, MC38
were used as the primary treated tumors, and syngeneic tumor
cell lines B16F10 and LL2 were implanted concurrently as the dis-
tant untreated tumors. Both Hf-DBBF-Ir@CpG(+) and Hf-DBBF-
Ir@CpG(+) + aPD-L1 treatments effectively regressed the primary
MC38 tumors but had no effect on the distant B16F10 or LL2
tumors (Fig. 6, C to F). These experiments indicate tumor speci-
ficity and personalized nature of the newly expanded T cells follow-
ing in situ vaccination with the Hf—DBBF—Ir@CpG(+) + aPD-L1
treatment.

Ni et al., Sci. Adv. 2020; 6 : eabb5223 2 October 2020

Long-term antitumor immunity

The involvement of cytotoxic T cells in efficient abscopal effect was
further supported by the lack of efficacy of Hf-DBB*-Ir@CpG(+) +
oPD-L1 treatment on a bilateral subcutaneous model of MC38 on
Rag2™'~ C57BL/6 mice deficient of mature T and B cells. The prima-
ry tumors treated with Hf—DBBF-Ir@CpG(+) + aPD-L1 were ini-
tially suppressed (Fig. 6G) but grew rapidly after the end of x-ray
irradiation. No abscopal effect was observed on the distant tumors
(Fig. 6H). This result confirms that both the abscopal effect and local
tumor regression/eradication require the presence of tumor-specific
adaptive immunity. Last, we carried out a tumor rechallenge study
to confirm the long-term immune memory effect. For the mice
completely cured after treatment with Hf-DBB"-Ir@CpG(+) +
aPD-LI, 5 x 10> MC38 cells were inoculated on the contralateral,
left flank 30 days after tumor eradication, and those cured mice re-
mained tumor-free after the first challenge, indicating strong anti-
tumor immune memory effect. Two months after the first challenge,
2 x 10° B16F10 cells were inoculated on the right flank, and the
cured mice established tumors similarly to naive mice, suggesting
the tumor specificity of the immune memory effect (Fig. 6I). We also
profiled memory effector cells (CD3g"CD8a’CD44Mg"CD62L"
phenotype) in splenocytes after the combination treatment. As shown
in (Fig. 6]), significant increase of memory effector cells was ob-
served in spleens after Hf-DBBF-Ir@CpG(+) + aPD-L1 treatment.

DISCUSSION

Advanced tumors escape immune surveillance by inactivating, dys-
regulating, and hijacking host immune systems (37). To combat this,
anti-PD-(L)1 CBI has become a standard of care for some cancers
by targeting T cell inhibitory checkpoint signaling pathways to
afford durable anticancer efficacy with low side effects (38). Immune
checkpoint inhibition, however, only elicits durable responses in a
minority of patients with cancer due to the reliance on immuno-
genic tumor microenvironments, so-called “hot” tumors. For
patients with relatively “cold” tumors, e.g., low tumor mutation
burden, low PD-L1 expression level, and/or low abundance of pre-
existing T cells, immunoadjuvant treatments to turn cold tumors hot
are actively examined in combination with checkpoint inhibitors to
overcome immune tolerance and potentiate antitumor immunity in
the host system.

Having previously described the abscopal effect in the setting of
RT (39), immunoadjuvant therapy with CpG (40, 41), and oncolytic
viral therapy (42), we propose that local treatment to generate
innate immunity with tumor antigen exposure may effectively rein-
vigorate cold tumors to become immunogenic hotbeds. Furthermore,
two pattern recognition receptor pathways (43), cGAS-STING
induced by DAMPs after RT damage (44) and TLR pathway induced
by PAMPs such as CpG (45), operate independently (46), indicat-
ing that they may be activated simultaneously to achieve an additive
or synergistic effect on immune stimulation. We previously reported
that porous nMOFs built from Hf-oxo SBUs and photosensitizing
ligands significantly enhance radiotherapeutic effects of ionizing
radiations with enhanced x-ray energy deposition, facile ROS diffu-
sion, and unique RT-RDT mode of action (33, 34). Drawing from
these previous results, we report here a new cationic Hf-based nMOF,
Hf-DBBF-Ir, for nonviral in situ vaccination by mediating efficient
RT-RDT to generate immunogenic tumor antigens and DAMPs and to
deliver anionic CpG as PAMPs. To our knowledge, Hf-DBB -Ir@CpG(+)
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() Tumor growth curves after challenge with MC38 tumor cells and rechallenge with

B16F10 cells on cured mice as treated from Fig. 5C. (J) Percentages of CD44MIhCDe2L W

cells with respect to the total splenocytes; n=6. (K) Schematic illustration of antitumor effect of in situ cancer vaccination by nMOF(+) plus CBI. (1) Hf-DBBF-Ir@CpG isin-

tratumorally administered in the primary tumor. (2) Upon x-ray activation, Hf-DBB"-

Ir generates ROS to induce ICD to expose tumor antigens and DAMPs, while cationic

Hf-DBB"-Ir delivers CpG as PAMPs to APCs. (3) DAMPs and PAMPs promote DC maturation. (4) Tumor antigens are presented by mature DCs onto T cell in tumor-DLNS. (5)
T cells expand and infiltrate to both primary and distant tumors. (6) Systemically administered immune checkpoint inhibitor aPD-L1 attenuates T cell exhaustion.

provides the first treatment with synergistic DAMPs and PAMPs
packaged in the in situ cancer vaccine in local tumors while engag-
ing lymphoid organs for antigen presentation to synergize with CBI
to induce CTL infiltration in distant tumors. Furthermore, the 83.3%
cure rate achieved by Hf—DBBF-Ir@CpG(+) +aPD-L1 on a relatively
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immunosuppressive 14-day MC38 colorectal cancer model suggests
the potential use of nMOF-based in situ vaccines on immuno-
logically cold tumors.

The in situ cancer vaccination afforded by nMOFs has several
potential advantages over traditional cancer vaccines (47). First, the
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in situ vaccine afforded by nMOFs is personalized from autologous
antigens released from tumors by a myriad of ROS and can overcome
the tumor heterogeneity issue facing traditionally manufactured
peptide vaccines. Second, cationic nMOFs can capture DAMPs and
tumor antigens from dying cancer cells via electrostatic interactions
and, with virus-like size distribution, can be recognized and taken
up by APCs for efficient antigen presentation to stimulate a strong
cytotoxic T cell response. Third, cationic nMOFs deliver and pro-
tect anionic CpGs from enzymatic degradation for TLR stimulation
and downstream immunologic processes. Fourth, tumor antigens
and DAMPs released by the nMOF-mediated RT-RDT process and
CpG-based PAMPs delivered by cationic nMOFs work synergisti-
cally to stimulate DC maturation to promote antigen presentation
and adaptive immunity (48). The combination of nMOF-mediated
RT-RDT and the delivered CpG by cationic nMOFs is superior to
previous nMOF-based treatments by substantially enhancing intra-
tumoral DC infiltration and DC maturation to effectively bridge
innate inflammation and adaptive anticancer immunity. Fifth, the
nMOF-based vaccine is activated by x-rays to release DAMPs and
tumor antigens with relatively nontoxic components and is, thus,
expected to have few side effects and can be readily translated to the
clinic. Furthermore, systemic administration of aPD-L1 blocks the
immunosuppressive co-inhibitory marker PD-L1 to augment anti-
gen presentation and attenuate T cell exhaustion. The combination
of nMOF-mediated in situ cancer vaccine with CBI affords tumor-
specific and long-term antitumor immunity.

In summary, we have designed a novel nMOF by rationally fluo-
rinating photosensitizing ligands for effective ROS generation through
RT-RDT and tuning nMOF surface charge for efficient CpG load-
ing. Following intratumoral administration of Hf-DBB'-Ir and x-ray
irradiation, the in situ-released DAMPs and tumor antigens and
CpGs delivered by Hf-DBBF-Ir synergistically function as a potent
personalized cancer vaccine to activate APCs and expand cytotoxic
T cells in tumor-DLNS to reinvigorate the adaptive immune system
for local tumor regression. When combined with an immune check-
point inhibitor, innate and adaptive immunity from the nMOF-based
cancer vaccine was further enhanced to generate superb antitumor
efficacy with tumor specificity and long-term immune memory
effect. This combination treatment extends the local therapeutic
effects of the in situ cancer vaccine to distant tumors via systemic
antitumor immunity by reactivating CTLs. As nMOFs are cur-
rently tested in the clinic as radioenhancers (NCT03444714), this
study paves the way to advance the concept of nMOF-based per-
sonalized vaccines into human trials for the treatment of advanced
cancers.

MATERIALS AND METHODS

Cell lines and animals

Murine colorectal adenocarcinoma cell line MC38, Lewis lung car-
cinoma cell line LL2, and melanoma cell line B16F10 were purchased
from the American Type Culture Collection (USA). Murine pancre-
atic cancer cell line Panc02 was provided by H. Schreiber from the
Department of Pathology, University of Chicago. MC38-ova cell
line [OVA(257-264)-ZSGREEN] was generated by transfection of
MC38 cells with LZRS-based retrovirus. All the cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (GE Healthcare,
USA) supplemented with 10% fetal bovine serum, penicillin G sodium
(100 U/ml), and streptomycin sulfate (100 ug/ml). Cells were cultured
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in a humidified atmosphere containing 5% CO, at 37°C. Mycoplasma
was tested before use by MycoAlert detection kit (Lonza Nottingham
Ltd., USA). C57BL/6 mice (6 to 8 weeks) were obtained from Harlan-
Envigo Laboratories Inc. (USA). The study protocol was reviewed
and approved by the Institutional Animal Care and Use Committee
at the University of Chicago.

Synthesis of DBB-Ir-F and DBB-Ir

Ir(DBB)[dF(CF3)ppyl.* [DBBE-Ir, DBB = 4,4’-di(4-benzoato)-2,2’-
bipyridine; dF(CF;)ppy = 2-(2,4-difluorophenyl)-5-(trifluoro-
methyl)pyridine] was synthesized as shown in fig. SI according to
the literature report (49). 'H nuclear magnetic resonance (NMR)
[500 MHz; dimethyl sulfoxide (DMSO)-dq]: 6 9.08 (d, 2H), 8.76
(d, 2H), 8.49 (d, 2H), 8.44 (d, 2H), 8.15 (s, 2H), 8.02 (d, 4H), 7.82 (s, 2H),
7.62 (d, 4H), 7.12 (t, 2H), and 5.91 (d, 2H). Ir(DBB)(ppy)." [DBB-Ir,
DBB = 4,4'-di(4-benzoato)-2,2'-bipyridine; ppy = 2-phenylpyridine]
was synthesized as shown in fig. S1 according to the literature report
(50). "H NMR (500 MHz, DMSO-dg): 8 9.05 (d, 2H), 8.67 (d, 2H),
8.28 (d, 2H), 8.07 (s, 2H), 7.96 (m, 8H), 7.89 (d, 2H), 7.52 (d, 4H),
7.17 (t, 2H), 7.09 (t, 2H), 6.98 (t, 2H), and 6.33 (d, 2H).

Synthesis of Hf-DBB"-Ir and Hf-DBB-Ir

To a 4-ml glass vial was added 0.5 ml of HfCl, solution [2.0 mg/ml
in N,N’-dimethylformamide (DMF)], 0.5 ml of DBB'-Ir solution
(4.0 mg/ml in DMF), 2.6 pl of trifluoroacetic acid, and 2 pl of water.
The reaction mixture was kept in a 70°C oven for 24 hours. The
yellow precipitate was collected by centrifugation and washed with
DMEF and ethanol. The yield was 61% based on Hf as determined by
ICP-MS. To a 4-ml glass vial was added 0.5 ml of HfCly solution
(1.6 mg/ml in DMF), 0.5 ml of DBB-Ir solution (6.4 mg/ml in DMF),
and 100 ul of AcOH. The reaction mixture was kept in a 70°C oven
for 72 hours. The orange precipitate was collected by centrifugation
and washed with DMF and ethanol. The yield was 52% based on Hf
as determined by ICP-MS.

Digestion of Hf-DBB"-Ir and Hf-DBB-Ir

One milligram of Hf-DBBF-Ir was dried under vacuum. The result-
ing solid was digested in a solution of 500 ul of DMSO-de and 50 ul
of D3P0, and sonicated for 10 min. The mixture was then added to
50 ul of D,O and analyzed by "H NMR. The digested Hf-DBB"-Ir
showed all signals corresponding to DBBF-Ir without any other ar-
omatic signals, which confirms the presence of only DBB"-Ir ligands
in Hf-DBB'-Ir. One milligram of Hf-DBB-Ir was dried under vacuum.
The resulting solid was digested in a solution of 500 pul of DMSO-dg
and 50 ul of D3P0, and sonicated for 10 min. The mixture was
then added to 50 ul of D,O and analyzed by "H NMR. The digested
Hf-DBB-Ir showed all signals corresponding to H,DBB-Ir without
any other aromatic signals, which confirms the presence of only
DBB-Ir ligands in Hf-DBB-Ir.

‘OH generation with APF assay

APF (Thermo Fisher Scientific, USA) reacts with ‘OH to give bright green
fluorescence (excitation/emission maxima, 490/515 nm). DBB'-Ir,
DBB-Ir, Hf-DBBF-Ir, and Hf-DBB-Ir were suspended in water at an
equivalent concentration of 20 pM in the presence of 5 uM APF. A
water solution of 5 uM APF was used as blank control. One hun-
dred microliters of each suspension was added to a 96-well plate and
then irradiated with x-rays at 0, 1, 2, 3, 5, or 10 Gy (RT250 x-ray gener-
ator, Philips, USA; 250 kVp, 15 mA, 1-mm Cu filter). The fluorescence
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signal was immediately collected with an IVIS 200 imaging system
(Xenogen, USA).

10, generation with SOSG assay

SOSG (Thermo Fisher Scientific, USA) reacts with 'O, to give bright
green fluorescence (excitation/emission maxima, 504/525 nm). DBB'-
Ir, DBB-Ir, Hf-DBBF-Ir, and Hf-DBB-Ir were suspended in water at
an equivalent concentration of 20 uM in the presence of 12.5 uM
SOSG. A water solution of 12.5 uM SOSG was used as blank con-
trol. One hundred microliters of each suspension was added to a
96-well plate and then irradiated with x-rays at 0, 1, 2, 3, 5, or 10 Gy
(Philips RT250 x-ray generator; 250 kVp, 15 mA, 1-mm Cu filter).
The fluorescence signal was immediately collected with a Xenogen
IVIS 200 imaging system.

0, generation determined by BMPO assay

BMPO is a nitrone spin trap, which can form distinguishable adducts
with O, (BNPO-O;") with a long half-life (t;/; = 23 min). DBBF-I,
DBB-Ir, Hf-DBB"-Ir, and Hf-DBB-Ir were suspended in benzene at
an equivalent concentration of 200 uM in the presence of 25 mM
BMPO. A benzene solution of 25 mM BMPO was used as a blank
control. One milliliter of each suspension was added to a 4-ml vial
and then irradiated with x-ray at 5 Gy (Philips RT250 x-ray genera-
tor; 250 kVp, 15 mA, 1-mm Cu filter). The electron paramagnetic
resonance (EPR) signal was immediately collected by an X-Band
ELEXSYS-1I 500 EPR (Bruker, USA).

DNA double-strand breaks

The DNA double-strand breaks were detected by probing phos-
phorylated y-H2AX. MC38 cells were cultured in a six-well plate at
5 x 10° per well overnight and incubated with PBS, DBB-Ir, DBBF-Ir,
Hf-DBB-Ir, or Hf-DBB'-Ir at an equivalent concentration of 20 uM,
followed by irradiation at 0 and 2 Gy (Philips RT250 x-ray genera-
tor; 250 kVp, 15 mA, 1-mm Cu filter). Cells were stained 2 hours
after irradiation with the HCS DNA damage kit (Life Technologies,
USA) with 1:500 dilution for flow cytometric analysis.

Clonogenic assay

MC38 cells were cultured in a six-well plate overnight and incubated
with particles at an Hf concentration of 20 uM for 4 hours, followed
by irradiation with 0, 1, 2, 4, 8, and 16 Gy (Philips RT250 x-ray gen-
erator; 250 kVp, 15 mA, 1-mm Cu filter). The irradiated cells were
trypsinized and counted immediately. Two hundred to 2000 cells
were seeded in a six-well plate and cultured with 2 ml of medium for
14 days to form visible colonies, which were counted to determine
the survival fraction. Once colony formation was observed, the cul-
ture medium was discarded. The plates were rinsed twice with PBS
and then stained with 500 ul of 0.5% (w/v) crystal violet in 50%
methanol/H,O. The wells were rinsed with water three times, and
the colonies were counted manually. The radiation enhancement
factor at REF;( was calculated as the ratio of equivalent irradiation
doses needed to give 10% survival rate for the PBS control group
over that for the experimental group.

Cytotoxicity assay

MTS assay (Promega, USA) was used to evaluate cytotoxicity with
x-ray irradiation. MC38 cells were seeded on 96-well plates at
1 x 10* per well and further cultured for 12 hours. PBS, DBB-Ir, DBB"-
Ir, Hf-DBB-Ir, or Hf-DBB"-Ir was added to the cells at an equivalent
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ligand dose of 0, 1, 2, 5, 10, 20, 50, and 100 uM and incubated for
4 hours. The cells were then irradiated with x-rays at a dose of 2 Gy
(Philips RT250 x-ray generator; 250 kVp, 15 mA, 1-mm Cu filter).
The cells were further incubated for 72 hours before determining the
cell viability by MTS assay.

Live/dead cell analysis

The live/dead cell analysis was evaluated with cell-permeable dye cal-
cein AM and propidium iodide (PI) kit. MC38 cells were cultured
in a six-well plate at 5 x 10° per well overnight and incubated with
PBS, DBB-Ir, DBB"-Ir, Hf-DBB-Ir, or Hf-DBB"-Ir at an equivalent
concentration of 20 uM for 4 hours by irradiation with 0 or 2 Gy
(Philips RT250 x-ray generator; 250 kVp, 15 mA, 1-mm Cu filter).
The cells were then washed with PBS gently and stained with calcein
AM (green) for visualization of live cells and with PI (red) for
visualization of dead cells under FLUOVIEW FV1000 confocal laser
scanning microscope (Olympus, Japan).

Apoptosis/necrosis

The cell death analysis was evaluated with apoptotic cell death kit.
MC38 cells were cultured in a six-well plate at 5 x 10> per well
overnight and incubated with PBS, DBB-Ir, DBB'-Ir, Hf-DBB-Ir, or
Hf-DBB-Ir at an equivalent concentration of 20 uM for 4 hours,
followed by irradiation with 0 or 2 Gy (Philips RT250 x-ray generator;
250 kVp, 15 mA, 1-mm Cu filter). Twenty-four hours later, the cells
were stained according to the Alexa Fluor 488 annexin V/dead cell
apoptosis kit (Life Technologies, USA), imaged under CLSM, and
quantified by LSRFortessa 4-15 cytometer (BD, USA).

Immunogenic cell death

The ICD was examined by CRT exposure. MC38 cells were cultured
in a six-well plate at 5 x 10° per well overnight and incubated with
PBS, DBB-Ir, DBB'-Ir, Hf-DBB-Ir, or Hf-DBB'-Ir at an equivalent
concentration of 20 pM, followed by irradiation at 0 and 2 Gy
(Philips RT250 x-ray generator; 250 kVp, 15 mA, 1-mm Cu filter).
The cells were then washed with PBS gently and stained with Alexa
Fluor 488-CRT antibody (Enzo Life Sciences, USA) with 1:100 di-
lution for flow cytometric analysis.

Phagocytosis

C57BL/C bone marrow-derived monocytic cells were harvested, cul-
tured, and activated. Murine granulocyte-macrophage colony-
stimulating factor and IL-4 were supplied to a final concentration of
1% for 168 hours, and the nonadherent cells as immature DCs were
harvested for the following studies. Cells were incubated at under
5% CO; at 37°C. Medium was replaced every 2 to 3 days, and cells were
used after 6 to 8 days of culture. CFSE-labeled (Life Technologies,
USA) MC38 cells (5 x 10°) were cultured in a six-well plate over-
night and incubated with DBB-Ir, DBB"-Ir, Hf-DBB-Ir, and Hf-DBB"-
Ir at an equivalent dose of 20 uM for 4 hours, followed by x-ray
irradiation at a dose of 0 or 2 Gy (Philips RT250 x-ray generator;
250 kVp, 15 mA, 1-mm Cu filter). PE-Cy5.5-labeled DCs (1 x 10%)
were added and cocultured with the treated MC38 cells at 37°C for
4 hours. Cells were then collected, washed twice with cold PBS, im-
aged by CLSM, or analyzed by flow cytometry.

Immunofluorescence staining
Tumors and lymph nodes were collected and subsequently frozen.
Tissue sections with a thickness of 5 um were prepared usinga CM1950
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cryostat (Leica, Germany). These sections were air-dried for at least
1 hour and then fixed in acetone at 20°C for 20 min. After blocking
with 20% donkey serum, the sections were incubated with individ-
ual primary antibodies against CD11b (53-6.7), F4/80 (H57-597),
CD11b (53-6.7), MHC-II (53-6.7), CD86 (53-6.7), CD206 (53-6.7),
and CD8a. (53-6.7) overnight at 4°C, followed by incubation with
dye-conjugated secondary antibodies for 1 hour at room tempera-
ture. After staining with 4’,6-diamino-2-phenylindole (DAPI) for
another 10 min, the sections were then washed twice with PBS and
observed under SP8 LIGHTNING confocal microscope (Leica,
Germany).

In situ vaccination on syngeneic models

Synergistic tumor models, MC38, MC38-ova, and Panc02 were
established to evaluate the in vivo anticancer efficacy of nMOF-
mediated in situ vaccination. For single-tumor models, 5 x 10> MC38
cells, 1 x 10° MC38-ova cells, or 1 x 10° Panc02 cells were subcuta-
neously inoculated onto the right flanks of C57BL/6 mice. When
the tumors reached 100 to 150 mm? in volume, mice were injected
intratumorally with nMOFs at a dose of 0.2 umol of Hf, CpG at a
dose of 1 ug, or PBS. Twelve hours after injection, mice were anaes-
thetized with 2% (v/v) isoflurane, and the tumors were irradiated
with 1-Gy x-ray/fraction (225 kVp, 13 mA, 0.3-mm Cu filter) for a
total of five daily fractions. For bilateral tumor models, 5 x 10°
MC38 cells were subcutaneously inoculated onto the right flanks as
primary tumors, while 2 x 10> MC38 cells, 2 x 10° BI6F10 cells, or
5x 10° LL2 cells were subcutaneously inoculated onto the left flanks
as distant tumors of C57BL/6 mice. aPD-L1 (clone, 10F.9G2; catalog
no. BE0101, BioXCell) were given every 3 days by intraperitoneal
injection at a dose of 75 ug per mouse. The tumor sizes were mea-
sured daily with a caliper where tumor volume = (width* x length)/2.

ELISpot assay

Tumor-specific immune responses to IFN-y were measured in vitro
by ELISpot assay (Mouse IFN-y ELISPOT Ready-SET-Go!; catalog
no. 88-7384-88, eBioscience). A Millipore Multiscreen HTS-IP plate
was coated overnight at 4°C with anti-mouse IFN-y capture anti-
body. Single-cell suspensions of splenocytes were obtained from
MC38 tumor-carrying mice and seeded onto the antibody-coated
plate at a concentration of 2 x 10° cells per well. Cells were incubated
with or without peptide sequence (KSPWFTTL) for 42 hours at
37°C and then discarded. The plate was then incubated with bio-
tin-conjugated anti-IFN-y detection antibody at room temperature
for 2 hours, followed by incubation with avidin-horseradish perox-
idase at room temperature for 2 hours. 3-Amino-9-ethylcarbazole
substrate solution (catalog AEC101; Sigma-Aldrich, USA) was added
for cytokine spot detection. Spots were imaged and quantified with
a CTL ImmunoSpot Analyzer (Cellular Technology Ltd., USA).

Lymphocyte profiling

Tumors and lymph nodes were harvested, treated with collagenase
I (1 mg/ml) (Gibco, USA) for 1 hour at 37°C. Cells were filtered
through nylon mesh filters with size of 40 pm and washed with
PBS. Tumor-DLNs were collected and directly ground through the
cell strainers. The single-cell suspension was incubated with anti-
CD16/32 (clone 93) to reduce nonspecific binding to FcRs. Cells
were further stained with the following fluorochrome-conjugated
antibodies: CD45 (30-F11), CD3e (145-2C11), CD4 (GK1.5), CD8a
(53-6.7), Nkp46 (29A1.4), F4/80 (BM8), CD11b (M1/70), Gr-1 (RB6-
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8C5), MHC-II (AF6-120), CD80 (16-10A1), CD86 (GL1), CD206
(C068C2), CD44 (IM7), CD62L (MEL-14), H-2K® SIINFEKL (25-
D1.16), PI, and yellow fluorescent reactive dye (CD45 from BD
Biosciences, CD206 and CD62L from BioLegend, and others from
eBioscience). Antibodies were used with the dilution of 1:200. Rep-
resentative gating strategies for different immune cells are shown in
fig. S9 (F and G). LSRFortessa 4-15 (BD Biosciences, USA) was used
for cell acquisition, and data analysis was carried out with Flow]Jo
software (Tree Star, USA).

Adoptive OT-I T cells transfer

MC38-ova cells (1 x 10°) were injected subcutaneously onto the
right flanks of C57BL/6 Rag2™~ mouse. Fourteen days later, mice
were intratumorally injected with Hf-DBB-Ir at a dose of 0.2 umol
of Hf with or without CpG at a dose of 1 ug, followed by 1-Gy x-ray/
fraction for a total of five daily fractions. Two days after the first ir-
radiation, spleen and lymph nodes were isolated from OT-I mice,
and CD8" T cells were negatively sorted using mouse CD8" T Cell
Isolation Kit (Miltenyi Biotec, Germany), and 1 x 10° CD8" T cells
were intravenously injected into MC38-ova-bearing Rag2 ™'~ mice.
The tumor sizes were measured daily with a caliper where tumor
volume = (width? x length)/2.

Statistical analysis

Group sizes (n = 5) were chosen to ensure proper statistical analysis
of variance (ANOVA) analysis for efficacy studies. Student’s t tests
were used to determine whether the variance between groups is sim-
ilar. Statistical analysis was performed using OriginPro (OriginLab
Corp.). Statistical significance was calculated using two-tailed Stu-
dent’s ¢ tests and defined as *P < 0.05, **P < 0.01, and ***P < 0.001.
Animal experiments were not performed in a blinded fashion and
are represented as means + SD. The immune analysis was performed
in a blinded fashion and is represented as median + SD.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/40/eabb5223/DC1

View/request a protocol for this paper from Bio-protocol.
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