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Mechanoregulatory Cholesterol Oxidase-Functionalized
Nanoscale Metal-Organic Framework Stimulates Pyroptosis

and Reinvigorates T Cells

Wenyao Zhen, Taokun Luo, Zitong Wang, Xiaomin Jiang, Eric Yuan,

Ralph R. Weichselbaum, and Wenbin Lin*

Cancer cells alter mechanical tension in their cell membranes. New
interventions to regulate cell membrane tension present a potential strategy
for cancer therapy. Herein, the increase of cell membrane tension by
cholesterol oxidase (COD) via cholesterol depletion in vitro and the design of
a COD-functionalized nanoscale metal-organic framework, Hf-TBP/COD, for
cholesterol depletion and mechanoregulation of tumors in vivo, are reported.
COD is found to deplete cholesterol and disrupt the mechanical properties of
lipid bilayers, leading to decreased cell proliferation, migration, and tolerance
to oxidative stress. Hf-TBP/COD increases mechanical tension of plasma

bilayers, determines cell morphologies,
controls adhesion, migration, and division
of cells,l?! and influences mechanosensi-
tive ion channels®’ and material trans-
port in the cytoplasm.¥ Under normal
physiological conditions, cell membranes
are resistant to mechanical tensions of up
to 102 N m L0 When faced with ex-
ternal stress, cells can create membrane
invaginations/blebs, regulate cytoskeletal—
membrane connections passively, and ad-

membranes and osmotic fragility of cancer cells, which induces influx of
calcium ions, inhibits cell migration, increases rupturing propensity for
effective caspase-1 mediated pyroptosis, and decreases tolerance to oxidative
stress. In the tumor microenvironment, Hf-TBP/COD downregulates multiple
immunosuppressive checkpoints to reinvigorate T cells and enhance T cell
infiltration. Compared to Hf-TBP, Hf-TBP/COD improves anti-tumor immune
response and tumor growth inhibition from 54.3% and 79.8% to 91.7% and
95% in a subcutaneous triple-negative breast cancer model and a colon

cancer model, respectively.

1. Introduction

The mechanical tension of cell membranes,!!! defined as the
force per unit length acting on a cross-section of phospholipid
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just mechanosensitive channels and mem-
brane trafficking actively to resist lysis.[®]
However, cells physically rupture when the
strain on membrane lipids exceeds a thresh-
old. Even though membrane pores be-
low a critical size can rapidly reseal, they
make the membrane unstable. As can-
cer cells are known to have altered me-
chanical tension in their cell membranes,
new interventions to regulate cell mem-
brane tension may present a novel approach
to kill cancer cells.

Cholesterol is a crucial lipid molecule
for regulating the fluidity and perme-
ability of cell membranes, which plays
an essential role in the biosynthesis and metabolism of bile acid,
cellular signaling, cellular integrity during stress,”] and mass
transfer.®!l Tumor cells accumulate high levels of cholesterol
via both enhanced receptor-mediated endocytosis of cholesterol-
binding low-density lipoproteins and upregulated cholesterol
synthesis by acetyl coenzyme A (AcCoA) through a “meval-
onate metabolism” in the endoplasmic reticulum (ER).°J The
abnormally high cholesterol level in cancerous tissues is pro-
tumorigenic.!') Recent studies have further shown that intra-
tumorally enriched cholesterol increases ER stress of tumor-
infiltrating T cells and induces exhaustion of effector functions
with upregulated immune checkpoints; thus, creating an im-
munosuppressive tumor microenvironment (TME).['!] Although
immune checkpoint blockade (ICB) with anti-PD-(L)1 and anti-
CTLA4 antibodies have revolutionized the treatment of a small
subset of cancer patients, ICB does not benefit patients with im-
munologically “cold” tumors due to insufficient antigen presen-
tation and sparse immune infiltration."!l As a result, depletion
of cholesterol can potentially influence the cell membrane sta-
bility, reinvigorate T cells, and induce immunogenic TME for
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synergistic antitumor effects when combined with other thera-
peutic modalities. However, it remains unclear how the altered
cholesterol content regulates the membrane mechanical proper-
ties and physiological activities of cancer cells.

Herein, we report our findings that cholesterol depletion
by cholesterol oxidase (COD) increases the membrane tension
of cancer cells, re-assembles the cytoskeleton, raises the os-
motic pressure inside the cell, and increases rupture suscepti-
bility from external stimuli, including hypotonic shock and ox-
idative stress. Based on these findings, we designed a COD-
functionalized nanoscale metal-organic framework (MOF), Hf-
TBP/COD, to achieve synergistic anticancer effects via COD-
induced cholesterol depletion and Hf-TBP-mediated reactive oxy-
gen species (ROS) generation. Hf-TBP is comprised of Hf; sec-
ondary building units (SBUs) and photosensitizing 5,10,15,20-
tetra(p-benzoato)porphyrin (ITBP) ligands. COD is adsorbed onto
HE-TBP to afford Hf-TBP/COD, which depletes cholesterol and
produces H,0,, thereby enhancing antitumor effects of Hf-TBP-
mediated photodynamic therapy (PDT). Depletion of choles-
terol in the TME also downregulates immunosuppressive check-
points to reinvigorate T cells. HE-TBP/COD plus light irradiation
demonstrates strong antitumor effects in murine triple-negative
breast cancer 4T1 and murine colon adenocarcinoma MC38
models. Hf-TBP/COD plus light irradiation also significantly en-
hances antitumor immune responses via simultaneous reinvig-
oration of T-cells and enhancement of cancer cell pyroptosis.

2. Results and Discussion

2.1. Cholesterol Depletion Regulates the Mechanical Tension of
Cancer Cell Membranes

We first investigated how cholesterol regulation affected the ac-
tivities of cancer cells with the goal of finding novel strategies for
cancer treatment. We chose the enzyme COD to regulate choles-
terol content because it could catalytically convert cholesterol and
oxygen to cholest-5-en-3-one and hydrogen peroxide (Figure S1,
Supporting Information). The murine mammary carcinoma cell
line (4T1) with a fusiform-like shape was used in the initial stud-
ies to infer the impact of cholesterol regulation based on cell
morphology changes.['?] The cholesterol level in 4T1 cells was
analyzed with Filipin IIT by flow cytometry,['"® which decreased
steadily with an increasing concentration of COD. Quantifica-
tion of mean Filipin III fluorescence revealed a 77.3% decrease
of cholesterol after incubation of 4T1 cells with 0.125 unit mL™!
COD for 24 h (Figure 1a; Figure S2, Supporting Information).
We also detected the byproduct of COD-catalyzed cholesterol oxi-
dation, H, O, (Figure 1b; Figure S3, Supporting Information). At
a COD concentration of 0.125 unit mL™!, the mean intracellu-
lar 2’,7’-dichlorodihydrofluorescein (DCFH) signal increased by
42.7% over PBS control.

Cholesterol is maintained above a critical level to physiologi-
cally stabilize cell membranes. We studied how COD treatment
affected 4T1 cell membrane tension. Hypo-osmotic shock is com-
monly used to induce mechanical stress on cell membranes. We
assessed the rupture of cholesterol-depleted 4T1 cells by measur-
ing the percentages of lactate dehydrogenase (LDH) release.!'3]
In the structurally stable cancer cells, hypo-osmotic shock of cul-
turing in 0.125x PBS for 30 min slightly increased the rupture
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ratio to 18% from 9.8% for PBS control. In contrast, cholesterol
depletion by 0.125 unit mL~! COD drastically increased the rup-
ture ratio to 90%, suggesting COD increased the osmotic fragility
of cancer cell membranes (Figure 1c).

We used confocal laser scanning microscopy (CLSM) to ob-
serve 4T1 cell morphology changes during this process. Upon
a short-term hypo-osmotic shock or stimulation with a lysis so-
lution, PBS treatment showed no obvious impact on cell mor-
phology, but COD treatment reduced the bright field contrast
(Figure 1d; Figure S4, Supporting Information), which suggests a
diminished refractive index difference between the interiors and
exteriors of 4T1 cells due to rapid solute equilibration. We next ex-
plored if COD treatment impacted the cytoskeleton by observing
the changes in F-actin expression (Figure 1le; Figure S5, Support-
ing Information). Co-culturing with hypotonic solutions (0.5 and
0.25 x PBS, 30 min) or a lysis solution for 1 min did not cause ap-
parent alteration of F-actin assembly in PBS-treated 4T1 cells but
significantly decreased the F-actin assembly in the centers and
increased the F-actin signals at the peripheries of COD-treated
cells.l?) In addition, typical uniform F-actin distribution changed
to clusters and spots in COD-treated 4T1 cells. Stimulation with
hypotonic solutions for 30 min further reduced cytoplasmic flu-
orescence, suggesting that cholesterol depletion compromised
cancer cell membranes and redistributed F-actin in the cells.

We next used fluorescence-lifetime imaging microscopy
(FLIM) to probe the impact of cholesterol depletion on me-
chanical tension of cell membranes. Flipper-TR has been shown
to be an excellent fluorescence probe to sense the tension be-
tween lipid layers through a change of the twist angle between
two dithienothiophenes; and hence, the fluorescence signal of
Flipper-TR.['*] Hypotonic conditions slightly increased mem-
brane tension!**] of 4T1 cells as demonstrated by color-coded av-
erage lifetime maps (Figure 1f) and increased average fluores-
cence lifetimes of Flipper-TR from 0.36 + 0.03 ns to 0.46 + 0.04 ns
for 7, and 4.22 + 0.12 ns to 4.43 + 0.10 ns for 7,. In compar-
ison, a significant increase of cell membrane tension was ob-
served in COD-treated cells with a 7, 0of 0.57 + 0.08 ns and a 7, of
4.63 + 0.07 ns. The increased fluorescence lifetimes of Flipper-
TR in COD-treated cells were confirmed by time-dependent flu-
orescence decay curves (Figure 1h,i; Figures S6-S8, Support-
ing Information). The increased membrane tension suggested
that the repolymerized F-actin around the membrane might be
caused by the increased cell permeability and rapid solute dif-
fusion through the membranes. The mechanical tension of cell
membranes was also related to mechano-sensitive ion channels
(MSCs) and cell mechano-transduction, which could lead to de-
polarization of cell membrane potential and eventual cell lysis
through osmotic imbalance. CLSM imaging by Fluo 3-AM stain-
ing revealed that more calcium ions entered cholesterol-depleted
4T1 cells (Figure 1g).

As the structural stability and mechanical tension of cell mem-
branes affect cancer cell invasion and metastasis, scratch wound
analysis was conducted to evaluate the invasion of 4T1 cells us-
ing an IncuCyte S3 live imaging system.['®l Compared with the
initial wound areas, COD treatment reduced the percentage of
wound closures (Figure 1j; Figure S9, Supporting Information),
indicating the increased cell membrane mechanical tension
reduced the invasiveness of 4T1 cells. Interestingly, cholesterol-
depleted 4T1 cells were more vulnerable to cytotoxicity caused
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Figure 1. a) Depletion of cholesterol in 4T1 cells by COD probed by Filipin IlI (n = 3). b) COD-induced ROS generation in 4T1 cells (n = 3). c) Rupture
ratios of PBS- and COD-treated 4T1 cells (0.06 unit mL~" for 12 h) after incubation with hypotonic solutions (0.5x, 0.25x, 0.125x, and 0.063x PBS) for
30 min (n = 3). d) Morphology changes of PBS- and COD-treated 4T1 cells (0.06 unit mL™" for 12 h) after incubation with hypotonic solutions (0.5x,
0.25x PBS) for 30 min or lysis solution for 1 min. e) F-actin cytoskeleton assemblies of 4T1 cells pre-incubated with PBS or COD (COD: 0.06 unit mL™")
for 12 h followed by incubation with PBS solutions (1x PBS) for 30 min or lysis solution for 1 min. f) Color-coded average lifetime maps for evaluating
the plasma membrane mechanical tension of PBS- and COD-treated 4T1 cells after incubation with 1x PBS or hypotonic solution (0.5x PBS) as probed
by Flipper-TR lifetimes. g) Influx of calcium ions in 4T1 cancer cells after different treatments. h) 7 lifetime and i) 7, lifetime of Flipper-TR in 4T1 cells
after PBS, 0.5 PBS, COD, and COD + 0.5% PBS treatments (n = 3, *, p < 0.05; **, p < 0.01). j) Time-dependent wound healing of 4T1 cells post PBS
or COD treatment (n = 3). k) Cell viability of PBS- and COD-treated 4T1 cells (0.06 unit mL~" for 12 h) after incubation with different concentrations
of H,0, for 30 min (n = 3). ) Schematic depicting how cholesterol depletion increases cell membrane mechanical tension and osmotic fragility to
stimulate influx of calcium ions and increase rupture of cancer cells after incubation with hypotonic solutions.

by hydrogen peroxide (H,O,, Figure 1k). Taken together, COD
effectively depletes cholesterol on cancer cell membranes, in-
creases the mechanical tension and osmotic fragility of plasma
membranes, raises intracellular osmotic pressure due to open-
ing of mechanically sensitive ion channels, and inhibits 4T1 cell

migration. As a result, 4T1 cells are more likely to be lysed by ex-
ternal mechanical pressures and killed by ROS (Figure 11). Based
on these findings, we hypothesized that cell membrane tension
regulation by COD could be combined with ROS-generating
therapies to achieve synergistic anticancer effects.
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2.2. Preparation and Characterization of Hf-TBP/COD

Based on our observations that COD-mediated cholesterol deple-
tion increases the mechanical tension of cell membranes and 4T1
cell susceptibility to ROS-induced cytotoxicity, we hypothesized
that cholesterol depletion could be combined with PDT to syner-
gistically enhance their anticancer effects. We further surmised
that Hf-TBP could not only act as a biocompatible carrier for COD
delivery but also provide an excellent nanophotosensitizer for ef-
fective PDT. As a non-invasive and localized treatment, PDT uses
light, photosensitizers (PSs), and molecular oxygen to generate
ROS to kill cancer cells.l'”] Many reports suggest that PDT can
trigger pyroptosis rather than apoptosis for TME activation.['®]
As most molecular PSs are highly conjugated with low solubil-
ity and a tendency for aggregation-induced quenching of pho-
toexcited states, nanotechnology has provided a potential solu-
tion to overcome these limitations. In particular, nanoscale MOFs
have emerged as a novel class of nanophotosensitizers with ex-
cellent PDT efficacy.l'”) MOF-based nanophotosensitizers exhibit
tunable compositions to accommodate different molecular PSs,
crystalline frameworks to minimize excited-state quenching, and
high payloads of PSs for efficient delivery to tumors.[?%! In addi-
tion to improved PDT efficacy over conventional PSs, MOFs also
have porous structures and dynamic surfaces for loading thera-
peutic agents or molecules with different physicochemical prop-
erties and to facilitate their retention in tumor tissues and uptake
by cancer cells.[2]

Hf-TBP MOF based on Hf;-SBUs and TBP ligands was chosen
for this study owing to its good biocompatibility and moderate
PDT efficacy.?!] Hf-TBP was synthesized via a solvothermal re-
action between HfCl, and 5,10,15,20-tetra(p-benzoato)porphyrin
(H,TBP) in N,N-dimethylformamide with formic acid as the
modulator at 125 °C for 2 days (Figure 2a).?!l Hf-TBP adopted
the reported MOF-545 structure with Hf, (u;-O),(¢;-OH), SBUs
based on their powder X-ray diffraction (PXRD) patterns
(Figure 2b).[?2) The ratio of Hf to TBP was determined to be
3.3 in Hf-TBP by inductively coupled plasma-mass spectrometry
(ICP-MS) and ultraviolet—visible (UV-vis) spectroscopy (Figure
S10, Supporting Information), affording an empirical formula of
(45-0),(u3-OH),(OH), (HCO,)(¢(TBP), 3s. HI-TBP had large 1D
channels with a size of 3.6 nm (Figure S11, Supporting Informa-
tion). Bicinchoninic acid assay showed that COD could be loaded
in Hf-TBP via physical adsorption at room temperature for 6 h
(Figure 2a; Figure S12, Supporting Information),?*l and the load-
ing efficiency could reach as high as 56.1%.

Transmission electron microscopy (TEM) images revealed the
nano-rice morphology of Hf-TBP and Hf-TBP/COD with lengths
of 70-200 nm and widths of 30-0 nm (Figure 2c; Figure S13,
Supporting Information). In addition, H-TBP/COD exhibited
unchanged PXRD patterns from Hf-TBP, indicating the stabil-
ity of Hf-TBP during the COD loading process (Figure 2b).[?3
As the isoelectric points of arginine (Arg, R), histidine (His, H),
and lysine (Lys, K) of COD are 10.76, 7.59, and 9.74 (Figure S14
and Table S1, Supporting Information), respectively, these amino
acids residues bear positive charge during loading process in Hf-
TBP aqueous solution, and there will be attractive electrostatic
interactions between these positive amino acid residues and neg-
ative charged Hf-TBP. In addition, the amino and carboxylate
groups in COD can bind to the surface of Hf-TBP via hydro-
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gen bonds (Figure S14, Supporting Information). The loading of
COD in Hf-TBP was supported by the appearance of the char-
acteristic C—H stretching peak at #2908 cm™ of COD in the
Fourier-transform infrared spectroscopy (FT-IR) spectra of Hf-
TBP/COD (Figure 2d). Both Hf-TBP and Hf-TBP/COD showed
good dispersibility in water with average hydrodynamic diame-
ters of 91.28 and 105.7 nm (Figure 2e) and ¢-potentials of —24.9
and —10.19 mV, respectively (Figure 2f); the increased hydrody-
namic diameter and zeta potential of Hf-TBP/COD suggested the
COD could be adsorbed onto the surface of HI-TBP.[*l The re-
lease of COD from Hf-TBP/COD was evaluated in physiologically
relevant environments. Approximately 10.3% and 7.0% of COD
were released in PBS at pH 5.0 and pH 7.4, respectively, over
48 h (Figure 2g; Figure S15, Supporting Information). Light ir-
radiation (100 mW cm~2, 15 min) did not increase COD release
(6.6%). The DCFH assay showed significantly higher ROS sig-
nals from Hf-TBP/COD under light irradiation (660 nm, 100 mW
cm™?), suggesting the PDT capability of TBP in Hf-TBP/COD
(Figure 2h).[%]

2.3. Hf-TBP/COD Changes the Mechanical Tension of Cancer
Cell Membranes

We then determined how Hf-TBP/COD interacted with cancer
cells and exerted their therapeutic effects. Flow cytometric analy-
sis of TBP showed that Hf-TBP/COD exhibited a slightly lower
cellular uptake than Hf-TBP (Figure S16 and Table S2, Sup-
porting Information), which could be mediated by COD-induced
membrane tension which inhibited endocytosis by counteracting
clathrin polymerization and activating membrane fission.[?*] The
cholesterol level also decreased steadily with an increasing con-
centration of H-TBP/COD (Figure 2i), while the cholesterol level
in Hf-TBP treated cells did not show significant change (Figure
S17, Supporting Information). We also detected the byproduct of
COD-catalyzed cholesterol oxidation, H,0,, by DCFH-DA. With-
out light illumination, Hf-TBP/COD elevated ROS levels in 4T1
cells (Figure 2j; Figure S18, Supporting Information), while Hf-
TBP had a slight effect on ROS generation. These results indicate
that the biocatalytic activity of COD was maintained after loading
onto Hf-TBP due to the mild condition in the aqueous media.l?’!
Upon binding to the surface of cells, loaded COD could deplete
cholesterol from phospholipid bilayers and compromise the in-
tegrity of the cancer cell membrane, which was supported by the
increased LDH release from Hf-TBP/COD treatment (Figure 2k).
We next studied the stability of cell membranes and the sus-
ceptibility of 4T1 cells to lysis. 4T1 cells pre-incubated with Hf-
TBP/COD showed a higher rupture ratio when treated with an
ammonium-chloride-potassium (ACK) buffer (Figure 2I) or hy-
potonic solutions (Figure 2m), suggesting the Hf-TBP/COD de-
livered COD to decrease the membrane stability with increased
osmotic fragility.

We next studied cell membrane mechanical tension and
ROS resistance of H-TBP/COD-treated 4T1 cells. Hf-TBP/COD-
treated cells showed an obvious loss of bright field contrast
(Figure 3a; Figure S19, Supporting Information), an apparent
decrease of the F-actin assembly in the center of the cell and
an increase of the F-actin signal at the periphery (Figure 3b;
Figure S20, Supporting Information), and an influx of calcium

© 2023 The Authors. Small published by Wiley-VCH GmbH

85U8017 SUOLULLOD BATea1D 3edldde aup Aq peuienob aJe e YO ‘8N JO Sa|n 10y ARiqiT8uljuO A8|IA U0 (SUONIPUOD-PUR-SLLIBI/ALIOD" A3 1M AeIq Ul UO//SANY) SUORIPUOD pUe SWB | 8L 88S *[£202/80/82] U0 AriqiTaulluo A8|1m ‘Ariqi 0Beowyd JO AisieAlun Ad OvyS0EZ0Z |IWS/Z00T OT/I0P/W00 A8 | 1M AeIq Ut |uo//Sdny WOy papeojumod ‘0 ‘6289ETIT



ADVANCED. Sl

www.advancedsciencenews.com www.small-journal.com

NS ©’
Hf-TBP/COD
b —— HF-TBP c d . :
—— Hf-TBP/COD =S W
—— Simulated MOF-545 3 /
% .
MW :
7]
g
o Hf-TBP
‘l AJL b = ——cop
—— Hf-TBP/COD
3 6 9 12 15 18 4000 3200 2400 1600 800
20 (Degree) Wavenumber (cm™)
e f
o —s—HL.TBP Hf-TBP —e 450
- /’.\" —o—HfTBPICOD| 0 .
> o
s fl E A
9 - = 101 b3
Kol © ©
N o
S 101 ® s ©
= i\ 3 -
/f “-)L ?_.20-
N
0 S, N 0 [ .I ] —1
100 1000 pH 5.0 pH7.4  pH7.4/light
Size (nm)
. 120 .
h I I —o—— | | [—JHf-TBP/COD
—e— H-TBP/COD o 80]
= a —a— Hf-TBP/COD 2.
S su06. o —e— Hf-TBP -
o 2 404 o
L (] 4
o 5 \\
Q 1000 <
o 5
‘\ 14
— 1
o ——— , .
0 3 6 9 12 15 0 0125 025 05 1 04125
Time (min) COD (unit mL") COD (unit mL" )
k - [ ]Hf-TBP/ICOD| | 100{CIPBS [ 1Hf-TBP/COD M 490 {cHETBP  —HE-TBPICOD
= [Jcop
g *kk X =
& 504 5 501 5 50
=] =
= (4 (4
i 0 0 |
0 0.016 0.0310.063 0.125 0.25 0425 025 05 1xACK 0.5 0.25 0.125 0.063xPBS
COD (unit mL-)

Figure 2. a) Synthetic scheme of Hf-TBP and Hf-TBP/COD. b) PXRD patterns of Hf-TBP, Hf-TBP/COD, and the simulated pattern of MOF-545. c) TEM
image of Hf-TBP/COD (inset: photograph of a Hf-TBP/COD dispersion in water). d) FT-IR spectra of Hf-TBP, COD, and Hf-TBP/COD. e) Hydrodynamic
sizes and f) {-potentials of Hf-TBP and Hf-TBP/COD in water. g) Release of COD from Hf-TBP/COD. h) ROS generation under 660 nm light irradiation
by DCFH assay (100 mW cm™2). i) Depletion of cholesterol in 4T1 cells by different concentrations of Hf-TBP/COD. j) H,0, generation with the catalysis
of COD in Hf-TBP/COD. k) Percentages of LDH release from 4T1 cells after incubation with COD or Hf-TBP/COD at different concentrations. |) Rupture
ratios of 4T1 cancer cells pre-incubated with Hf-TBP/COD for 12 h followed by incubation with 0.125x%, 0.25X%, 0.5%, or 1x ACK solution for 30 min. m)
Rupture ratios of 4T1 cancer cells pre-incubated with Hf-TBP/COD for 12 h followed by incubation with 0.063x, 0.125X%, 0.25%, 0.5%, or 1x PBS solution
for 30 min. n =3 for (e-m). *, p < 0.05; **, p < 0.01; and ***, p < 0.001.
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Figure 3. a) Morphology changes and b) F-actin cytoskeleton assemblies of 4T1 cells pre-incubated with Hf-TBP or Hf-TBP/COD (COD: 0.06 unit mL™")
for 12 h followed by incubation with lysis solution for T min. c) Influx of calcium ions in 4T1 cancer cells after different treatments. d) Plasma membrane
mechanical tension of 4T1 cells after different treatments, as probed by Flipper-TR lifetimes. e) 7, and f) z, lifetime of Flipper-TR in 4T1 cells after
different treatments. g) Time-dependent wound healing of 4T1 cells post Hf-TBP or Hf-TBP/COD. h) Cell viability of 4T1 cancer cells pre-incubated
with Hf-TBP/COD for 12 h followed by incubation with hypotonic solutions. i) Cell viability of 4T1 cancer cells pre-incubated with Hf-TBP/COD for
12 h followed by incubation with different concentrations of H,0,. j) Proposed therapeutic mechanisms of Hf-TBP/COD. Cholesterol depletion and
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pyroptosis. n = 3 for (e—i), *, p < 0.05; **, p < 0.01; *** p < 0.001; and **** p < 0.0001.
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ions (Figure 3c) in response when treated with hypotonic solu-
tions. In contrast, Hf-TBP-treated cells did not show any differ-
ence from PBS control. In addition, hypotonic conditions slightly
increased membrane tension of Hf-TBP-treated cells,”! while
Hf-TBP/COD-treated cells increased 7, and 7, values to 0.53 +
0.12 ns and 4.44 + 0.09 ns, respectively, from 0.36 = 0.03 ns
and 4.22 + 0.12 ns, respectively for PBS control (Figure 3d—f;
Figures S21 and S22, Supporting Information). Scratch wound
healing experiments also suggested that Hf-TBP/COD could suc-
cessfully reduce the percentage of wound closures (Figure 3g;
Figure S23, Supporting Information), suggesting the potential
of inhibiting tumor metastasis. We also found 4T1 cells pre-
incubated with Hf-TBP/COD were more vulnerable to hypotonic
solutions (Figure 3h) and externally added H,O, (Figure 3i).

We hypothesized that Hf-TBP/COD-induced cholesterol de-
pletion and increased cell membrane tension might enhance the
PDT effect and pyroptosis of cancer cells (Figure 3j). Pyroptosis is
a newly defined type of programmed cell death!'% characterized
by rapid membrane rupture accompanied by cell swelling with
large bubbles and release of damage-associated molecular pat-
terns (DAMPs) and is usually triggered by inflammatory caspase-
1-mediated gasdermin D (GSDMD) cleavage.[182:29-31]

2.4. Stimulation of Pyroptosis and Induction of Immunogenic
Cell Death

The intracellular PDT effects of Hf-TBP and Hf-TBP/COD were
evaluated under 660 nm light irradiation (denoted Hf-TBP(+)
and Hf-TBP/COD(+)); H-TBP/COD(+) showed a much higher
intracellular ROS level than Hf-TBP(+) alone due to the produced
H,0, catalyzed by COD (Figure 4 ). We next detected the activa-
tion of caspase-1 by various treatments. Hf-TBP/COD(+) showed
enhanced activation of pyroptosis associated with higher caspase-
1 expression to trigger potent inflammatory responses over Hf-
TBP(+) (Figure 4b; Figure S24, Supporting Information), likely
due to synergistic actions of the enhanced PDT effect and COD-
mediated cell membrane rupture via cholesterol depletion. Ac-
tive caspase-1 cleaves GSDMD (Figure 4d; Figure S25, Support-
ing Information) at a link between its N-terminal and C-terminal
domains. Hf-TBP/COD(+)-treated cells showed a higher cleavage
ratio of GSDMD than Hf-TBP(+) group, suggesting that choles-
terol depletion provides a novel avenue to enhance pyroptosis of
cancer cells. (Figure 3j). By forming membrane pores, GSDMD-
N elicits cell death and activates the release of cytosolic IL-18
(Figure 4¢).3%31 The enhanced pyroptosis by Hf-TBP/COD(+)
was supported by its higher percentage of LDH release from 4T1
cells than that of Hf-TBP(+) treatment (Figure 4g).

To further probe if Hf-TBP/COD(+) could stimulate pyrop-
tosis, we determined the morphology change of cancer cells
by CLSM. Different from the cells treated with Hf-TBP/COD,
COD(+), or Hf-TBP(+), 4T1 cells treated with Hf-TBP/COD(+)
displayed a distinctive morphology with a swollen cell shape
and large bubbles blowing from plasma membranes, suggest-
ing efficient stimulation of pyroptosis (Figure 4e; Figure S26,
Supporting Information).3°3!] Time-lapse videos were also
generated using bright-field images to show the morphology
changes. Under laser irradiation, the membranes of cancer cells
pre-incubated with H-TBP/COD exhibited a more pronounced
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pyroptotic morphology and a faster bubbling rate than cells pre-
incubated with Hf-TBP (Videos S1 and S2, Supporting Informa-
tion), which supported cholesterol depletion from the phospho-
lipid bilayers. The time-lapse videos also showed the disappear-
ance of green fluorescence from the cytoplasm and the staining
of cell nuclei with propidium iodide (P, red color), indicating the
synergistic actions of H-TBP-mediated PDT and COD-mediated
cholesterol depletion in enhancing cell membrane disruption
and pyroptosis of cancer cells. Similar to the effect of hypotonic
shock, PDT-initiated pyroptosis caused cell membrane damage
to stimulate the influx of calcium ions (Figure 4f). Further,
Hf-TBP/COD(+)-treated cells showed a lower wound healing
effect than Hf-TBP(+)-treated cells, likely a result of reduced
cell adhesion and migration as result of increased mechanical
tension of cell membranes (Figure 4h,i; Figure S27, Supporting
Information). It also had higher cytotoxicity than Hf-TBP(+),
with half-maximal inhibitory concentrations (ICs,) decreasing
from 35.0 to 10.8 um and from 12.8 to 1.2 um in 4T1 and MC38
cells (Figure 4jk), respectively. No toxicity was observed for
cells treated with up to 25 pm Hf-TBP without light irradiation
(Figure S28, Supporting Information), and slight toxicity in the
Hf-“TBP/COD group (Figure S29, Supporting Information) could
be attributed to cholesterol depletion by the loaded COD in
Hf-TBP/COD (Figures S17 and S30, Supporting Information).

Compared to apoptosis, pyroptosis is more immunogenic
and can release tumor antigens and DAMPs more efficiently
to elicit robust innate immune activation and turn immuno-
logically “cold” TME “hot.”3% Next, we examined immunogenic
cell death (ICD) of 4T1 cells by flow cytometry. The synergy be-
tween cholesterol depletion and PDT successfully induced sur-
face translocation of calreticulin (CRT, Figure 4l; Figure S31,
Supporting Information), which serves as an “eat-me” signal
and stimulates phagocytosis by macrophages and dendritic cells
(DCs).Bl Hf-TBP/COD(+) upregulated phosphatidylserine on
cell membranes by Annexin-V staining and impaired cell mem-
brane function with influx of cell-impermeable PI via pyropto-
sis (Figure 4m; Figure S32, Supporting Information). DCs rep-
resent the sentinels of the immune system and play an impor-
tant role in linking innate and adaptive immune responses.[3?!
We quantified the maturation of bone marrow-derived dendritic
cells (BMDCs) with activation markers CD80/CD86 by flow cy-
tometry (Figure 4n; Figure S33, Supporting Information).[**] Hf-
TBP/COD and COD(+) slightly stimulated DC maturation from
6.03% for PBS to 7.17% and 12.5%, respectively, which sug-
gested the cholesterol depletion alone could trigger the immuno-
genicity of the TME to a certain extent. Compared to the per-
centage of mature DCs (8.35%) in the H-TBP(+) group, sig-
nificantly more DCs (28.75%) were activated after incubation
with Hf-TBP/COD(+)-treated 4T1 cells (Figure 4n). Thus, Hf-
TBP/COD(+) realized effective killing of cancer cells and induced
robust ICD for antigen presenting cell activation.[>*]

2.5. Cholesterol Depletion Downregulates Immune Checkpoints
and Stimulates Adaptive Inmune Responses
Recent studies suggest that high levels of cholesterol exhaust T

cells via upregulating immunosuppressive checkpoints such as
PD-1, 2B4, TIM-3, and LAG-3 (Figure 5a).I'"] We first tested the
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Figure 4. a) In vitro ROS generation after 660 nm light irradiation (90 | cm~2) detected by DCFH-DA. b) Expression levels of caspase-1in 4T1 cells after
660 nm light irradiation (90 ] cm™2, n = 3). ¢) Secretion of IL-14 from 4T1 cells after different treatments (90 ] cm™2) (n = 3). d) Cleavage of GSDMD
in 4T1 cells after 660 nm light irradiation (90 ] cm=2) (n = 3). e) Morphology changes of 4T1 cells induced by pyroptosis after PDT treatment (90
cm™2). f) Calcium ions influx after different treatments. g) Percentages of LDH release from 4T1 cells after different treatments (90 ) cm™2) (n = 3). h,i)
Time-dependent wound healing percentages after different treatments (n = 3). Viabilities of j) 4T1 and k) MC38 cells after H-TBP(+) or Hf-TBP/COD(+)
treatment (n = 3). ) Percentages of CRT-positive 4T1 cells after different treatments (n = 3). m) Percentages of 4T1 cells in the early apoptosis, late
apoptosis, and necrosis states detected by flow cytometry (n = 3). n) Percentages of mature DCs (CD80" CD86%) detected by flow cytometry (n = 3). *,
p < 0.05; **, p < 0.01; *** p < 0.001; and **** and p < 0.0001.
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Figure 5. a) Schematic showing proposed mechanisms of immune checkpoint downregulation by Hf-TBP/COD. Loaded COD could consume the
cholesterol in TME and downregulate the expression of immunosuppressive checkpoints such as PD-1, 2B4, TIM-3, and LAG-3 in T cells. Upon light
irradiation, tumor cells underwent caspase-1-mediated pyroptosis and released DAMPs and tumor-associated antigens, which turned the TME “hot.”
Through this process, DC maturation and antigen presentation were enhanced, and activated T cells infiltrated into tumors and functioned within a
cholesterol-depleted TME, avoiding T-cell exhaustion and tumor resistance. Expression levels of immune checkpoints including b) LAG-3, c) 2B4, and
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biocompatibility of Hf-TBP/COD with immune cells by exam-
ining the toxicity of Hf-TBP/COD on splenocytes. MTS assays
showed no obvious changes in cell viabilities when incubated
with Hf-TBP/COD at an equivalent COD concentration of 1 unit
mL™", suggesting that Hf-TBP/COD is non-toxic to splenocytes,
including T cells (Figures S34 and S35, Supporting Information).
We next measured the hemolytic effect of HI-TBP/COD through
a hemolysis assay. H-TBP/COD caused 1.57% hemolysis of red
blood cells (extracted from BALB/c mice) at an equivalent TBP
concentration of 100 um (Figure S36, Supporting Information).
This result supported the biocompatibility of Hf-TBP/COD with
normal cells.[**! To probe if H-TBP/COD could inhibit T-cell ex-
haustion, we detected expression levels of immune checkpoints
in the TME after treatment of MC38 tumor-bearing C57BL/6
mice with Hf-TBP/COD(+). COD treatment showed obvious
downregulation of 2B4, TIM-3, and PD-1, suggesting effective
downregulation of these immunosuppressive checkpoints via
depleting cholesterol in the TME (Figure 5b—d; Figures S37-S40,
Supporting Information). Interestingly, Hf-TBP/COD(+) treat-
ment further downregulated 2B4, TIM-3, and LAG3 expressions
(Figure 5b-d), likely due to the additional impact of PDT on
tumor metabolism.[*>3¢] Unlike immune checkpoint inhibitors
currently employed in the clinic, which generally inhibit one
checkpoint with one antibody, cholesterol depletion in the TME
(Figure 5e; Figure S41, Supporting Information) downregulates
multiple immune checkpoints simultaneously, which may am-
plify immune responses and enhance the therapeutic effects of
PDT (Figure 5a).

We next examined the effects of Hf-TBP/COD(+)-mediated
PDT, cholesterol depletion, and immunosuppressive checkpoint
downregulation on the stimulation of immune responses by eval-
uating the release of inflammatory cytokines and activation of
immune cells in the subcutaneous MC38 tumor model.l*”! Type-
IT interferon-y (IFN-y) significantly increased in the tumors after
Hf-TBP/COD(+) treatment (Figure 5f; Figure S42a, Supporting
Information), whereas pro-inflammatory cytokines including
interleukin-6 (IL-6, Figure 5g; Figure S42b, Supporting Informa-
tion) and tumor necrosis factor-alpha (TNF-a, Figure 5h; Figure
S42c, Supporting Information) increased in both Hf-TBP(+) and
Hf-TBP/COD(+) groups. While Hf-TBP-mediated PDT induced
the secretion of IL-6 and TNF-« to elicit innate immune re-
sponses, Hf-TBP/COD(+) treatment synergized COD-catalyzed
cholesterol depletion and PDT-induced ICD to secret IFN-y
and triggered adaptive immune responses.*¥! We then pro-
filed the infiltration of DCs and cytotoxic T cells in the TME
by flow cytometry. Hf-TBP/COD(+) treatment increased the
percentage of MHCII*CD11c*DCs in CD11b* cells to 14.32%
from 10.7% for PBS treatment (Figure 5i; Figures S43 and S44,
Supporting Information), suggesting the potential of mediating
downstream immune responses through the proliferation of T
cells.*?! Flow cytometric analysis showed that HE-TBP/COD(+)

www.small-journal.com

treatment increased the infiltration of CD8" T cell percentage
in tumors to 22.95% from 15.95% for PBS control (Figure 5j;
Figure S45, Supporting Information). Immunofluorescence
staining of tumor tissues supported the reinvigoration of T
cells. More CD3* T cells were found in Hf-TBP/COD(+)-treated
tumor tissues (Figure 5k), indicating the generation of a more
T-cell-inflamed TME.

2.6. Antitumor Efficacy in 4T1 and MC38 Tumor Models

The in vivo antitumor efficacy of H-TBP/COD(+) was evaluated
in subcutaneous 4T1-bearing BALB/c mice and MC38-bearing
C57BL/6 mice (Figure 6a). Hf-TBP, COD, or Hf-TBP/COD was
intratumorally injected at equivalent doses of 2.24 unit COD and
0.2 umol of Hf-TBP (based on TBP), followed by irradiation with
a 660 nm LED at 100 mW cm™ for 15 min (Figure 6a). Hf-
TBP/COD treatment slightly slowed tumor growth with tumor
growth inhibition (TGI) indices of 36.6% and 26.7% for 4T1 and
MC38 tumors, respectively (Table S3, Supporting Information).
Hf-TBP(+) moderately inhibited tumor growth with TGI values
of 54.3% and 79.8% for 4T1 and MC38 tumors, respectively. In
stark contrast, H-TBP/COD(+) effectively inhibited the growth
of 4T1 and MC38 tumors with TGI values of 91.7% and 95.0%,
respectively (Figure 6b—g; Figures S46 and S47, Supporting In-
formation). 1 out of 5 mice with 4T1 tumors became tumor-
free (Figure 6f). Sequential injection of COD and Hf-TBP fol-
lowed by light irradiation gave a TGI of 64.8% for 4T1 tumors,
which is significantly lower than the TGI value of 91.7% for Hf-
TBP/COD(+). This result indicates the importance of loading
COD in Hf-TBP to increase retention of COD in the tumors and
facilitate COD uptake by cancer cells (Figure S48, Supporting In-
formation). These results indicate excellent antitumor efficacy of
Hf-TBP/COD(+) treatment due to the synergistic effects between
Hf-TBP-mediated PDT and COD-catalyzed cholesterol depletion
(Table S4, Supporting Information).

Hematoxylin and eosin (H&E) staining of tumor tissues fur-
ther demonstrated obvious damages caused by Hf-TBP/COD(+)
with severely altered tissue morphology and a decreased den-
sity of cell nuclei (Figure 6h).[*] Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining revealed
that H-TBP/COD(+) treatment caused more DNA fragmen-
tation and ICD than Hf-TBP(+) treatment (Figure 6i), which
might result from successful stimulation of caspase-1 mediated
pyroptosis (Figure 6j). Importantly, H&E staining showed no
abnormalities for major organs including heart, liver, spleen,
lungs, and kidneys (Figure S49, Supporting Information). No sig-
nificant body weight loss was observed for all treatment groups
(Figure S50, Supporting Information). These results indicate
that Hf-TBP/COD is a biocompatible nanoplatform for syner-
gistic cholesterol depletion and PDT to elicit potent antitumor
effects.

d) TIM-3 in T cells of MC38 tumors after intratumoral injection of Hf-TBP/COD, COD, Hf-TBP (TBP = 0.2 umol; and COD = 2.24 unit) followed by
light irradiation (660 nm, 90 ) cm~2) on day 14. e) Cholesterol levels in tumor tissues detected with Filipin 11l by flow cytometry (n = 5). Intratumoral
concentrations of f) inflammatory cytokine IFN-y, g) IL-6, and h) TNF-a detected by enzyme-linked immunosorbent assays (ELISA). i) Percentages of
DCs (CD45% CD11b™ MHCIIT CD11ct) in myeloid cells (CD45T CD11b*) (n = 5). *, p < 0.05; **, p < 0.01; ***, p < 0.001; and **** p < 0.0001. j)
Percentages of cytotoxic T cells (CD8") in total T cells (CD45% CD3%). k) CD3* T cells in 4T1 tumor tissues after different treatments; the scale bar:

50 um.
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3. Conclusion

We found that cholesterol depletion increased the mem-
brane mechanical tension, osmotic fragility, rupturing propen-
sity, and decreased the tolerance to oxidative stress of can-
cer cells. Based on these observations, we designed a Hf-
TBP/COD nanoplatform to synergize cholesterol depletion and
Hf-TBP-mediated PDT for enhanced antitumor effects. Hf-
TBP/COD compromised the integrity of cancer cell membranes
via extracting cholesterol from the phospholipid bilayer, gen-
erated ROS via the PDT process and COD-mediated biocatal-
ysis, reduced the tolerance of cancer cells to ROS, and en-
hanced caspase-1-dependent pyroptosis. Hf-TBP/COD also re-
modeled the immuno-suppressive TME by targeting cholesterol
metabolism through effective downregulation of immune check-
points in the T cells, including PD-1, LAG-3, TIM-3, and 2B4 for
improved T-cell activity. As an enzyme-functionalized nanopho-
tosensitizer, Hf-TBP/COD simultaneously enhanced ICD of can-
cer cells and ameliorated the suppressive TME to afford potent
antitumor efficacy in murine triple-negative breast cancer 4T1
and murine colon adenocarcinoma MC38 models. This work
highlights the potential of MOFs as a versatile nanoplatform to
enable novel strategies for effective cancer therapy.
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