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A spreadable self-gelling hemostatic powder
sensitizes CAR-NK cell therapy to prevent
hepatocellular carcinoma recurrence
postresection
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Abstract

Adoptive natural killer cell therapy (ANKCT) harbors great potential for combating postsurgical hepatocellular
carcinoma (HCC) recurrence, but its efficacy is limited by tumor microenvironment (TME)-meditated repression on
NK cell function and insufficient NK cell homing to tumor sites. Therefore, herein we develop a nanocomposite
sprayable self-gelling powder enabling liver-localized codelivery of three FDA-approved drugs including calcitriol
(Cal), gemcitabine (Gem), and tazemetostat (Taz) to address these challenges. This powder can be laparoscopically
spread to liver wound sites, where it rapidly absorbs interfacial liquid to form a bulk adhesive pressure-resistant
hydrogel in situ, implying its application potential in minimally surgery. Moreover, its application to liver resection
bed significantly sensitizes allogenic NK and EpCAM chimeric antigen receptor modified-NK-92 (EpCAM-CAR-NK)
cell infusion to prevent HCC recurrence in orthotopic Heap1-6 tumor-bearing and patient-derived tumor xenograft
(PDX) HCC murine models. Additionally, this powder can allow for an effective hemostatic effect in rat and porcine
models due to its powerful tissue adhesion-seal and erythrocyte-aggregating effects. Altogether, our newly
developed hemostatic self-gelling powder can significantly sensitize ANKCT to combat HCC recurrence in a manner
compatible with surgical treatment of HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the second predomi-
nant root of cancer-associated death globally [1, 2]. The
surgical resection remains the preferred choice for HCC
patients due to its curative potential [3, 4]. Nonetheless,
HCC recurrence occurs in approximately half of cases
within postoperative 2 years, which seriously impairs
long-term survival prognosis of patients. Worse still, no
effective therapies are currently available to prevent HCC
recurrence in clinical practice. Recent evidence suggests
that adoptive natural killer cell therapy (ANKCT) shows
great potential for preventing postsurgical HCC recur-
rence, but its efficacy is limited by tumor microenviron-
ment (TME)-meditated repression on NK cell function
and insufficient NK cell homing to tumor masses [5].
Therefore, more and more researches are launched to
explore ANKCT-based combination therapeutic strate-
gies against HCC recurrence postresection.

Liver cancer stem cells highly expressing epithelial
cell adhesion molecule (EpCAM"8" LCSCs) represent
one of key cellular components of HCC TME and have
been proposed as the cellular seeds of postoperative

HCC recurrence [6]. Of note, EpCAMhigh LCSCs can
resist NK cell-meditated cell lysis, though the relevant
mechanisms are largely elusive [7]. In this article, we
initially reveal that RUNX family transcription factor 2
(Runx2) promotes EpCAM"8" LCSC resistance to NK
cell-meditated cell lysis via transcriptionally upregu-
lating SerpinB9, an inhibitor of granzyme B-induced
apoptosis [8]. In contrast, Runx2 inhibition by calcitriol
(Cal), an FDA-approved drug for osteoporosis, can dra-
matically sensitize EpCAM"8" LCSCs to NK cell killing.
Apart from LCSCs, diverse immunosuppressive cells,
such as tumor-associated macrophages (TAM), regula-
tory T cells (Treg), and myeloid-derived suppressor cells
(MDSC), in TME also exert an inhibitory effect on NK
cell antitumor immunity [9]. Particularly, MDSCs can
not only cause NK cell dysfunction in a direct manner,
but also impair NK cell function through facilitating the
expansion and recruitment of TAMs and Tregs [10]. In
addition, hepatectomy-induced stress can largely expand
MDSCs in patients with HCC [11]. Moreover, adop-
tive NK cell transfer itself may drive MDSC recruitment
into tumor sites [12]. Obviously, these clues support that
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MDSCs hold a dominant position in immunosuppressive
immune cell-mediated NK cell dysfunction in the context
of hepatectomy plus ANKCT. Intriguingly, our data con-
firms that calcitriol and gemcitabine (Gem), a common
DNA damage-inducing chemotherapy drug, can coop-
erate to mitigate MDSC accumulation in HCC through
reducing MDSC recruitment and inducing MDSC apop-
tosis, respectively. C-X-C motif chemokine ligand 10
(CXCL10) has been disclosed to occupy a central role
in NK cell homing to HCC as NK cell chemokine [13].
However, its expression is often repressed epigeneti-
cally by histone H3 lysine 27 methyltransferase Enhancer
of zeste homolog 2 (EZH2) in HCC cells. On contrast,
in this study we demonstrate that EZH2 inhibitor taze-
metostat (Taz), an FDA-approved drug against refractory
lymphoma, can significantly enhance NK cell homing
to HCC via epigenetic upregulation of CXCL10 expres-
sion. Moreover, gemcitabine can sensitize tazemetostat
to increase CXCL10 expression in HCC cells, mainly due
to its activating cyclic GMP-AMP synthase-stimulator
of interferon genes (cGAS-STING) pathway [14]. There-
fore, ANKCT plus a cocktail of Cal, Gem, and Taz may
represent an effective strategy against HCC recurrence
postresection.

The clinical application of multidrug combination is
often hindered by limited intratumoral accumulation of
drugs and off-target toxicities [15]. The tumor-localized
drug delivery has been proposed as promising strate-
gies to increase intratumoral drug accumulation through
avoiding long-distance delivery routes and mitigate drug-
related systemic toxicities resulting from drug absorption
by other organs [16]. In addition, applying hemostatic
agents to prevent bleeding after surgical resection of solid
tumors is a common clinical practice. In these contexts,
we have previously developed the injectable hemostatic
hydrogels as local drug depots for augmenting ANKCT
efficacy after surgical resection of solid tumors includ-
ing HCC [5, 17]. However, our developed hydrogels or
similar hydrogels designed by other research teams are
in a liquid state or liquid-hydrogel transition state prior
to their application to surgical bed or cavity, so they own
a low capacity of absorbing interfacial blood [18]. This
drawback will lead to poor hydrogel-tissue interfaces
and biomechanical instability of hydrogels, resultantly
discounting their therapeutic performance. To solve this
problem, herein we develop a nanocomposite sprayable
self-gelling powder for enabling liver-localized code-
livery of Cal, Gem, and Taz. In detail, we first prepared
freeze-dried polyacrylamide (PAAm) hydrogel, oxidized
chondroitin sulfate (OCS), and zeolitic imidazolate
framework-8 (ZIF-8) nanoscale particles encapsulating
Cal, Gem, and Taz. Then, we mixed and ground freeze-
dried PAAm hydrogel, OCS, and ZIF-8 nanoparticles
to obtain a nanocomposite powder, thereafter referred
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to as CGT@POZ powder (Fig. 1). This powder can be
laparoscopically sprayed to liver wound sites, where it
rapidly absorbs interfacial liquid and then forms a bulk
adhesive pressure-resistant hydrogel in situ, indicating
its application potential in minimally surgery. Moreover,
its application to liver resection bed can effectively sen-
sitize allogenic NK and EpCAM chimeric antigen recep-
tor modified-NK-92 cell (EpCAM-CAR-NK) therapy to
prevent HCC recurrence in orthotopic Heapl-6 tumor-
bearing and patient-derived tumor xenograft (PDX) HCC
murine models. In addition, this powder can generate a
prompt and effective hemostatic effect in rat and por-
cine models, due to its powerful tissue adhesion-seal and
erythrocyte-aggregating effects. Altogether, our work
provides proof-of-concept that a sprayable hemostatic
self-gelling powder for enabling liver-localized codelivery
of Cal, Gem, and Taz to improve ANKCT efficacy in pre-
venting HCC recurrence postresection.

Materials and methods

Human tumor specimens

The tumor tissue samples were obtained from 100 par-
ticipants treated by hepatectomy for HCC at the Third
Affiliated Hospital, Sun Yat-sen University, between Feb-
ruary 2015 and December 2016. The written informed
consents were given by all participants. This work was
carried out under the approval from the Ethics Review
Board of the Third Affiliated Hospital, Sun Yat-sen Uni-
versity (Approval no. 112024-166-01).

Cell culture

Huh-7 cells, Hepal-6 cells and NK-92 cells were procured
from the American Typical Culture Collection (ATCC).
Primary murine NK cells were isolated using a Mojosort
Mouse NK Cell Isolation Kit (Biolegend, Cat#480049).
Tumor cells were grown in Dulbecco’s Modified Eagle’s
Medium which contains 10% fetal bovine serum (FBS)
as well as 0.1% penicillin-streptomycin. NK-92 cells and
original murine NK cells were cultivated with IL-2 (10
ng/ml). The cell cultivation y was performed under the
condition of 37 °C and 5% CO2.

Establishment of EpCAM-CAR-NK

To obtain EpCAM-CAR-NK cells, a second-generation
CAR, which consists of an EpCAM-specific scFv linked
to CD8 hinge and transmembrane domains followed by
the intracellular signaling domains of 4-1BB and CD3(
in sequence, was first constructed. Then, this CAR
was inserted into a lentiviral vector system containing
sequences encoding green fluorescent protein (GFP).
Subsequently, NK-92 cell lines were transduced with
EpCAM-specific CAR to generate EpCAM-CAR-NK-92.
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Fig. 1 Schematic of CGT@POZ powder preparation and its enhancement on adoptive NK cell therapy to prevent HCC recurrence. The freeze-dried
polyacrylamide (PAAm) hydrogel, oxidized chondroitin sulfate (OCS), and zeolitic imidazolate framework-8 (ZIF-8) nanoparticles loaded with Calcitriol
(Cal), Gemcitabine (Gem), and tazemetostat (Taz) were first prepared. Then, they are mixed and ground to obtain a nanocomposite powder, thereafter
referred to as CGT@POZ powder. Once sprayed to liver resection margin, CGT@POZ powder rapidly forms an adhesive pressure-resistant hydrogel in situ,
which can not only generate a rapid hemostasis but also sustain a liver-localized release of Cal, Gem, and Taz. After delivered into micrometastasis or
remnant tumor foci, these drugs can cooperatively sensitize adoptive NK cell therapy to prevent postsurgical hepatocellular carcinoma (HCC) recurrence.
Mechanistically, Cal reverses the resistance of liver cancer stem cells highly expressing epithelial cell adhesion molecule to NK cell-meditated cell lysis. Cal
and Gem cooperatively decrease MDSC accumulation in HCC through reducing MDSC recruitment and killing MDSCs, thus maintaining NK cell function.
Taz and Gem generate a synergistic effect in boosting NK cell homing to HCC by epigenetically and transcriptionally upregulating CXCL10 expression in
HCC cells

Synthesis of PAAm hydrogel

To synthesize PAAm hydrogel, we first mixed AAm in
deionized water solution and ammonium persulfate in
deionized water solution. Then, we heated the mixture
in water bath (70°C, 30 min) to generate PAAm hydrogel,
which was freeze-dried for further use.

Synthesis and characterization of ZIF-8 nanoparticles

To prepare ZIF-8 nanoscale particles, we first dissolved
325 mg of 2-methylimidazole (2-MIM) in methanol (10
mL) and then stirred the mixture at room temperature
for half an hour to obtain a uniform solution, thereafter
termed as solution A. In addition, we added 147 mg of
zinc nitrate hexahydrate into methanol (5 mL) at room
temperature and subsequently subjected the mixture
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to 5 min ultrasonic vibration, ultimately generating the
homogenous solution (solution B). Next, we added solu-
tion A into solution B drop by drop, and stirred the mix-
ture sufficiently (1500 rpm) at 37 °C for 30 min. At the
final step, the solution was lyophilized to form ZIF-8
nanoparticle powder. The dimension of ZIF-8 nanopar-
ticles was determined using a Malvern Nano-ZS 90 laser
instrument (Worcestershire, UK). The transmission elec-
tron microscope (JSM-7500 F, JEOL, Japan) was applied
to examine the morphology of ZIF-8 nanoparticles.
The powder X-ray diffraction (PXRD) analysis was car-
ried out to ascertain the crystalline structure of ZIF-8
nanocomposites.

Drug-loading efficiency of ZIF-8 nanoparticles

To explore the drug-loading capacity of ZIF-8 nanocom-
posites, we first labelled drugs (Cal, Gem or Taz) with flu-
orescein isothiocyanate (Cy5.5). Then, we dissolved Cal,
Gem or Taz in PBS (pH 7.4) in each independent experi-
ment, and subsequently added 1 mg ZIF-8 nanoparticles
in drug solutions. Next, we stirred the mixture intensely
for one day at ambient temperature. After agitation,
we separated the supernatant through centrifugating
the solution at 9000 rpm for 10 min. The sediment was
softly washed two times using 10 ml of deionized water
to remove any remaining drugs. In particular, the deion-
ized water was added to the collected supernatant. The
drug solutions prior to drug loading and those solutions
after drug loading procedure were analyzed via a UV-vis
spectrophotometer (Lambda 35, PerkinElmer) at a wave-
length of 673 nm, which helps to calculate the amount of
drug encapsulated into ZIF-8 nanoparticles. The calcula-
tion of drug loading capacity was implemented based on
the equation: (M0-M1)/M x 100%, where MO means the
entire drug mass, and M1 signifies the drug mass exist-
ing in the supernatant after the loading procedure, and M
stands for the mass of drug-loaded ZIF-8 nanoparticles.

Production of oxidized chondroitin sulfate

The oxidized chondroitin sulfate (OCS) powder was
produced by the reported protocol [19]. Initially, we
dissolved 1.25 g of CS in 20 milliliters of distilled water,
which was constantly stirred at 4 °C. When CS was fully
dissolved, we further added 1.93 g of sodium periodate
into the solution, and put the mixture in darkness for
6 h. Subsequently, the mixture was placed onto a dialysis
membrane with a molecular weight cut-off of 3500 and
dialyzed against 2 L distilled water for one day at room
temperature, in which distilled water was replaced every
6 h. After dialysis, the mixture was transferred into a
50 ml centrifuge tube, frozen at -20 °C for one day, and
subsequently lyophilized for over one week to obtain
OCS powder.

Page 5 of 22

Preparation and characterization of CGT@POZ hydrogel

To prepare CGT@POZ hydrogel, we first mixed and
ground freeze-dried PAAm hydrogel, OCS powder, and
ZIF-8 nanocomposites loading with Cal, Gem, and Taz to
obtain CGT@POZ powder. Then, PBS at 37 °C was added
to CGT@POZ powder to generate CGT@POZ hydro-
gel. The chemical composition of hydrogel was investi-
gated by Fourier transform infrared analysis and element
mapping analysis. Its morphology was observed using
scanning electron microscopy. The distribution of drugs
labelled with Cy5.5 in the hydrogel was analyzed using a
confocal microscope (Zeiss LSM 710).

Evaluation of hemostasis performance

The massive hemorrhage model in porcine was applied
to evaluate the hemostasis performance of CGT@POZ
powder as previously described [20]. In brief, the wounds
with the length of 2 cm and depth of 1 cm in the spleen
and liver of 20-25 kg small-scale pigs (n=6) were first
created, respectively. Then, we deposited the commer-
cial chitosan powder (500 mg) or CGT@POZ powder
(200 mg) onto the bleeding sites. This experiment was
approved by the endorsement of the Animal Care and
Use Committee of Huateng BioScience (C202304-14).

Antitumor effects of CGT@POZ powder in animal models

To explore the efficacy of CGT@POZ powder treatment
in preventing HCC recurrence post-resection, we first
established orthotopic Hepal-6 tumor-bearing models
in a total of 60 Balb/c mice as we previously described
[5]. Briefly, 50 pL of Hepal-6 cells (2x10° cells) were
seeded into the left hepatic lobe on day 0. The tumor
formation in each mouse was confirmed on day 5 by the
in vivo bioluminescence imaging technique. Then, we
removed the tumor of left liver lobe, with a distance of
approximately 1 mm from the tumor edge to the surgi-
cal margin. Subsequently, these mice were randomized
into 10 groups: group 1 for applying chitosan powder to
liver resection margin (G1, Control) on day 10, group 2
for applying POZ powder (G2, POZ), group 3 for apply-
ing C@POZ powder (G3, C@POZ), group 4 for applying
G@POZ powder (G4, G@POZ), group 5 for applying T@
POZ powder (G5, T@POZ), group 6 for applying CG@
POZ powder (G6, CG@POZ), group 7 for applying GT@
POZ powder (G7, GT@POZ), group 8 for applying CT@
POZ powder (G8, CT@POZ), group 9 for intravenous
injection of Cal, Gem, and Taz (G9, CGT-iv), and group
10 for applying CGT@POZ powder (G10, CGT@POZ).
To determine whether CGT@POZ powder treatment
enhances adoptive NK cell therapy (ANKCT) to prevent
HCC recurrence post-resection, a total of 18 Hepal-6
cell-HCC murine models were first subjected to surgi-
cal resection of the primary tumor and then randomly
divided into 3 groups: group 1 for applying chitosan
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powder to liver resection margin (designated as control
group), group 2 for adoptive allogenic NK cell therapy on
day 7 (NK), and group 3 for CGT@POZ powder treat-
ment on day 5 followed by NK cell therapy on day 7
(CGT@POZ-NK). To further investigate whether CGT@
POZ powder treatment improves ANCT efficacy, we first
established a total of 20 immune-humanized NOD scid
gamma (NSG) mice and used them to create orthotopic
patient-derived xenograft (PDX) HCC models as pre-
viously described [21]. These mice were subsequently
allocated into 4 groups in a random manner: group 1 for
no treatments (Control), group 2 for unmodified NK-92
cell therapy (NK), group 3 for EpCAM-CAR-NK-92 cell
therapy (CAR-NK), and group 4 for applying CGT@POZ
powder treatment and EpCAM-CAR-NK-92 cell ther-
apy (CGT@POZ-CAR-NK). After treatment for three
weeks, the micro-computed tomography scanning was
performed to examine the tumor volumes in each group.
These studies received the endorsement of the Ani-
mal Care and Use Committee of Jennio Biotech Co.,Ltd
(IACUC-2023-A039).

Flow cytometry analysis of immune cells

Tumor tissues and spleen tissue were processed in com-
plete 1640 culture medium with the addition of 0.5 mg/
ml of collagenase-IV (Sigma-Aldrich, Cat# C5138),
0.1 mg/ml of DNase-I (Sigma-Aldrich, Cat# DN25) and
0.1 mg/ml of Hyaluronidase Type V (Sigma-Aldrich,
Cat# H6254), and incubated at 37 °C for an hour. By
compressing the enzymatically treated tissues through
a 40 pm mesh using a syringe’s plunger, a homoge-
neous suspension of individual cells was achieved. Then,
tumor-infiltrated immune cells (TIICs) were isolated via
differential speed centrifugation from single-cell sus-
pensions. The suspensions of TIICs were subjected to
flow cytometry analysis as previously published. The
antibodies used in flow cytometry analysis are as fol-
lows: anti-CD45-PE/CY7 (BioLegend, Cat#103114),
anti-TNF-a-EF450 (Ebioscience, Cat#48-7321-82),
anti-NKP46-EF450(Ebioscience, Cat#48-3351-82), anti-
GRI1-APC (BioLegend, Cat#108412), anti-CD11b-FITC
(BioLegend, Cat#101206), anti-NKp46-APC (BioLegend,
Cat#137608), anti-GZMB-EF450 (Ebioscience, Cat#48-
8898-82), anti-CD11c-PB(BioLegend, Cat#117322).

Statistical analysis

GraphPad Prism V.7 and IBM SPSS Statistics V.20 were
used to analyze the data. The statistical tests used for data
analysis included Student’s t test, One-way repeated-
measures ANOVA test, and the log-rank test. The sur-
vival analysis was performed by the Kaplan-Meier
analysis. p <0.05 indicated significance.
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Results and discussion

Calcitriol and gemcitabine cooperatively mitigate HCC
microenvironment-meditated Inhibition on NK cell
function

NK cell antitumor immunity impairment has been con-
firmed as one of pivotal reasons for postoperative HCC
recurrence, indicating that ANKCT may show prom-
ise in preventing this vicious event [22]. However, when
applied as monotherapy, ANKCT can only improve sur-
vival prognosis to a limited extent without effect in low-
ering the incidence of HCC recurrence postresection [5,
23]. Increasing evidence confirms that TME-meditated
inhibition on NK cell function is a crucial cause of lim-
ited ANKCT efficacy in solid tumors [24]. Liver cancer
stem cells highly expressing epithelial cell adhesion mol-
ecule (EpCAM"8" LCSCs), which have been proposed
as the cellular seeds of postoperative HCC recurrence,
represent a key cellular component of HCC TME [6].
Remarkably, EpCAMM"&" LCSCs are naturally resistant
to NK cell-meditated cell lysis [7]. Consistent with previ-
ous evidence, our data also demonstrates that EpCAMMe"
Huh-7 cells display typical stem-like properties (Fig. 2a-
¢) and exhibit rather low sensitivity to NK cell-mediated
cell lysis in comparison with EpCAM!* Huh-7 cells
(Figure S1). Therefore, it is imperative to decipher how
EpCAMMe! LCSCs resist NK cell killing and then develop
ANKCT-based combination therapy for preventing HCC
recurrence postresection.

Runt-related transcription factor 2 (Runx2) is a
renowned regulator of human osteoblast differentia-
tion and chondrocyte maturation [25]. Recent evidence
uncovers that Runx2 is highly expressed in HCC and
acts as an oncogene. In particular, Runx2 plays an essen-
tial role in promoting the stemness of breast cancer [26]
and colorectal cancer [27]. Similarly, our quantitative
real-time PCR (qRT-PCR) analysis verifies that Runx2
has much higher expression level in EpCAM"&" LCSCs
than in EpCAMlow Huh-7 cells (Figure S2). In addi-
tion, immunofluorescence staining analysis identifies an
elevated nuclear accumulation of Runx2 in EpCAMMeh
LCSCs (Fig. 2d). In addition, there is a positive relation-
ship between Runx2 and EpCAM expressions in resected
human HCC tissues (Fig. 2e & Figure S3a). Moreover, our
Kaplan-Meier survival analysis shows that higher Runx2
expression is closely correlated with worse recurrence-
free survival of HCC patients (Figure S3b). Importantly,
an inverse correlation between Runx2-positive cell
number and activated NK cell (CD56"NKP44*) num-
ber in clinical HCC specimens was observed (Fig. 2f-g).
Based on these clues, we further asked whether Runx2
is implicated in EpCAM"8" LCSC resistance to NK cell-
mediated cell lysis. As shown in Fig. 2h & Figure S4a-b,
Runx2 knockdown can dramatically sensitize NK cells to
kill EpCAM"8" LCSCs, indicating that Runx2 promotes
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EpCAMMeN LCSC resistance to NK cell-meditated cell
lysis.

Granzyme B (GZMB) is a critical NK cell effector
molecule inducing tumor cell apoptosis. Coincidently,
our RNA-seq analysis shows that Runx2 knockdown
significantly downregulates SerpinB9, an inhibitor of
GZMB-induced apoptosis [8] (Fig. 3a-b). Hence, we fur-
ther explored whether Runx2 promotes the resistance
of EpCAMMe" LCSCs to NK cell-meditated cell lysis
via transcriptional activation of SerpinB9 expression.
To achieve this, qRT-PCR and western blotting analy-
ses were conducted to examine SerpinB9 expression
levels. The results confirm that Runx2 knockdown can
dramatically reduce SerpinB9 expression in mRNA and
protein levels (Fig. 3c-d). In addition, our dual-luciferase
reporter assay shows that Runx2 knockdown substan-
tially mitigates the luciferase activity driven by the Ser-
pinB9 promoter, indicating the direct binding of Runx2
to the SerpinB9 promoter (Fig. 3e). Moreover, Runx2
knockdown significantly sensitized EpCAM"8" LCSCs to
NK cell-mediated cell lysis, and this effect was dramati-
cally attenuated by SerpinB9 overexpression (Fig. 3f-h).
Inversely, Runx2 overexpression markedly promoted
EpCAMPMeN LCSCs to resist NK cell killing (Figure S5).
Obviously, these findings support that Runx2 can facili-
tate EpCAMMe&" LCSC resistance to NK cell-meditated
cell lysis via transcriptional activation of SerpinB9
expression. Calcitriol (Cal), an FDA-approved drug for
osteoporosis, has been revealed as a Runx2 inhibitor
[28]. Therefore, we further investigated the effect of Cal
on EpCAMMeN LCSC resistance to NK cell-meditated
cell lysis. As shown in Fig. 3i-j, Cal significantly reduces
Runx2 and SerpinB9 expressions in EpCAMM"&" LCSCs,
and Runx2 overexpression can abrogate Cal-meditated
inhibition on SerpinB9 expression. Moreover, Cal-pre-
treated EpCAM"8" LCSCs are significantly sensitive
to NK cell killing (Fig. 3k & Figure S6a-b). Similar to
EpCAMMe" Huh-7 cells, EpCAMMe" Hepal-6 cells also
possess the stem-like properties and are resistant to NK
cell-meditated cell lysis. Expectedly, pretreatment by
Cal also substantially abrogates EpCAM"#" Hepal-6 cell
resistance to NK cell killing (Figure S6c).

In addition to tumor cells, a multiple of immunosup-
pressive cells, such as tumor-associated macrophages
(TAM), regulatory T cells (Treg), and myeloid-derived
suppressor cells (MDSC) in HCC TME, can also strongly
inhibit NK cell function. Particularly, MDSCs can not
only cause NK cell dysfunction in a direct manner, but
also impair NK cell function indirectly through boost-
ing the expansion and recruitment of TAMs and Tregs
[10]. Besides, hepatectomy-induced stress can largely
expand MDSCs in HCC patients via intricate mecha-
nisms. More importantly, adoptive NK cell transfer itself
has been disclosed to promote MDSC recruitment into
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HCC [12]. These clues suggest that MDSCs may hold a
dominant position in immunosuppressive immune cell-
meditated NK cell dysfunction in the context of hepa-
tectomy followed by ANKCT. It has been demonstrated
that gemcitabine (Gem), an FDA-approved chemothera-
peutic agent for advanced HCC, can kill intratumoral
MDSCs in a multiple of solid tumors [29-31]. There-
fore, we explored the effect of Gem on MDSC accumula-
tion in HCC though flow cytometry analysis. The gating
strategy for identifying murine MDSCs is presented in
Figure S7a. As expected, Gem also significantly reduces
MDSC accumulation in orthotopic Hepal-6 tumor-
bearing murine model (Fig. 31 & Figure S8). Of note, our
RNA-seq analysis shows that Runx2 knockdown signifi-
cantly downregulates the expression of MDSC chemo-
kine CXCL2 in EpCAM"8" LCSCs, which is validated
by ELISA analysis (Fig. 3a-b & Figure S9a). Furthermore,
Cal can also substantially decrease CXCL2 expression in
EpCAMMeh LCSCs, whereas Runx2 overexpression sig-
nificantly mitigates this effect (Figure S9b). Meanwhile,
pretreatment by Cal significantly impedes EpCAMMeh
Hepal-6 cells from recruiting MDSCs in vitro, which is
markedly reversed by Runx2 overexpression (Fig. 3m &
Figure S9c). Therefore, we further asked whether Cal and
Gem cooperatively reduce the infiltration of MDSCs in
HCC. As presented in Fig. 3], Gem and Cal can generate
a synergistic inhibition on MDSC accumulation in ortho-
topic Hepal-6 tumor-bearing murine model. Altogether,
Cal and Gem can cooperatively relieve HCC microenvi-
ronment-meditated inhibition on NK cell function, indi-
cating their potential as promising candidate drugs for
ANKCT-based combination therapy against HCC recur-
rence postresection.

Tazemetostat and gemcitabine synergistically enhance NK
cell homing to HCC

Apart from TME-mediated suppression on NK cell func-
tion, insufficiency of NK cell homing to tumor sites also
severely limits ANKCT efficacy in solid tumors. C-X-C
motif chemokine ligand 2 (CXCL10) is a kind of NK cell
chemokines and occupies a central role in promoting
NK cell homing to HCC [13]. However, its expression is
epigenetically repressed by histone H3 lysine 27 methyl-
transferase Enhancer of zeste homolog 2 (EZH2) in HCC
cells, suggesting that targeting EZH2 may represent a
promising strategy to enhance NK cell homing to HCC
[13, 32]. Expectedly, in this study we demonstrate that
EZH2 inhibitor tazemetostat (Taz), an FDA-approved
drug against refractory lymphoma, significantly upregu-
lates CXCL10 expression in Hepal-6 cells (Figure S10).
In addition, Taz-pretreated Hepal-6 cells can dramati-
cally recruit murine NK cells in a CXCL10-dependent
manner (Figure S11). Consistently, Taz treatment sub-
stantially increases NK cell infiltration in recurrent HCC
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(See figure on previous page.)

Fig. 3 Calcitriol reverses the resistance of EpCAMM" LCSCs to NK cell-meditated cell lysis. a-b: The comparison of mRNA profiles in sh-NC-EpCAM™M"
Huh-7 cells and sh-Runx2-EpCAMM" Huh-7 cells through high-throughput sequencing. n=3. ¢: PCR analysis of SerpinB9 expression in sh-NC-EpCAMMI"
Huh-7 cells and sh-Runx2-EpCAMMS" Huh-7 cells. n=3. d: Western blot analysis of SerpinB9 expression in sh-NC-EpCAMMN Huh-7 cells and sh-Runx2-
EpCAMMM Huh-7 cells. e: Luciferase reporter assay indicates the binding of Runx2 to the SerpinB9 promoters. n=3. f: Calcein AM cytotoxicity assay
shows that Runx2 promotes the resistance of EpCAMM" Huh-7 cells to NK cell-meditated cell lysis in a SerpinB9-dependent manner. g: Quantitative
analysis of results in (f). n=3. h: LDH cytotoxicity assay shows that Runx2 maintains the resistance of EpCAM"9" Huh-7 cells to NK cell-meditated lysis in a
SerpinB9-dependent manner. n=3. i: Immunofluorescence staining of Runx2 in Cal-treated EpCAM™" Huh-7 cells and PBS-treated cells. j: Western blot
analysis of SerpinB9 expression in PBS-treated EpCAMMS" Huh-7 cells, Cal-treated cells, Cal-treated cells transfected with empty vector, or Cal-treated cells
transfected with Runx2-overexpression vector. n=3. k: Calcein AM cytotoxicity assay shows that Calcitriol pretreatment reverses EpCAMM" Huh-7 cell
resistance to NK cell-meditated lysis. I: Flow cytometry analysis of intratumoral MDSCs in orthotopic Hepa1-6-HCC murine models in control, Gem treat-
ment, or Gem-Cal treatment groups. n=3. m: Representative images of MDSCs attracted by PBS-treated EpCAMM" Hepal-6 cells, Cal-treated cells, Cal-
treated cells transfected with empty vector, and Cal-treated cells transfected with Runx2-overexpression vector. n: Flow cytometry analysis of intratumoral
NK cells in orthotopic Hepa1-6-HCC murine models in control, Taz treatment, Gem, or Taz-Gem treatment groups. Data shown as means+SD. P values
of ¢ were calculated using a two-sided unpaired Student’s t test. P values of e, g and h were calculated using a One-way repeated measures ANOVA test

(Fig. 3n & Figure S12). The cGAS-STING pathway acti-
vation initiated by cytoplasmic double-stranded DNA
(dsDNA) has emerged as a next-generation immuno-
therapy target. Intriguingly, evidence reveals that cGAS-
STING pathway activation can transcriptionally promote
CXCL10 expression in tumor cells [33]. In brief, cytosolic
dsDNA during DNA damage is first recognized by cGAS
protein, which sequentially activates STING/TANK-
binding kinase 1 (TBK1)/IFN regulatory factor 3 (IRF3)
protein in tumor cells [34]. Then, activated IRF3 binds to
the CXCL10 promoter to activate CXCL10 expression as
a transcription factor. Notably, it has been revealed that
Gem, a DNA damage-inducing chemotherapeutic drug,
can activate cGAS-STING pathway in cancer cells [14].
In line with this fact, our y-H2AX immunofluorescence
and PicoGreen assays show that Gem can significantly
induce DNA damage and cytosolic dsSDNA formation in
Hepal-6 cells (Figure S13). Meanwhile, Gem treatment
markedly increases phosphorylation of STING, TBKI,
and IRF3, indicating its ability to activate cGAS-STING
pathway (Figure S14). Moreover, Taz and Gem can syn-
ergistically promote Hepal-6 cells to express CXCL10
(Figure S10). In consideration of these clues, we fur-
ther explored whether Taz and Gem can cooperate to
enhance NK cell homing to HCC. The gating strategy for
identifying murine NK cells is described in Figure S7b.
As presented in Figure S11, Hepal-6 cells treated by Taz
and Gem exhibit a more robust capacity of recruiting NK
cells than Taz or Gem-treated cells. Consistent with the
in vitro results, Taz and Gem can cooperatively elevate
NK cell infiltration in recurrent orthotopic Hepal-6-es-
tablishing HCC (Fig. 3n). Therefore, combination of Taz
and Gem has great potential of enhancing NK cell hom-
ing to HCC.

Preparation and characterization of CGT@POZ powder and
its derived hydrogel

As described above, ANKCT combined with a cocktail
of Cal, Gem, and Taz may be a brightening strategy to
prevent HCC recurrence postresection. Although multi-
drug combination therapy may improve therapeutic

efficacy, it is challenged with limited intratumoral accu-
mulation of drugs and off-target toxicities. To address
these challenges, herein we develop a novel nanocompos-
ite self-gelling powder for liver-localized sustained deliv-
ery of Cal, Gem, and Taz. In detail, zeolitic imidazolate
framework-8 (ZIF-8) nanoparticles are first prepared
with reference to the previously reported protocol [35].
The transmission electron microscopy identifies a uni-
form cubic shape with truncated angle and smooth sur-
face of ZIF-8 nanoparticles (Fig. 4a). The Malvern Nano
Zetasizer analysis reveals that these nanoparticles have
a diameter of 150~250 nm (Figure S15). The powder
X-ray diffraction (PXRD) analysis indicates that ZIF-8
nanoparticles possess typical crystalline structure (Fig-
ure S16). Then, we loaded Cal, Gem, and Taz to ZIF-8
nanoparticles via the impregnation method [36]. The
loading efficiencies for Cal, Gem, and Ent are as high as
20.6%, 27.76%, and 23.57%, respectively (Fig. 4b). Next,
we prepared OCS via CS oxidization driven by sodium
periodate as previously described [19]. Fourier transform
infrared (FTIR) analysis of OCS reveals a new infrared
band at 1716 cm™! in the spectrum of CS after oxidation
treatment (Fig. 4c), which may result from the stretching
vibration of aldehyde groups and validates the successful
oxidization of CS. The PAAm hydrogel was synthesized
by mixing AAm and ammonium persulfate in deionized
water solutions and heating the mixture in water bath
(70°C, 30 min). Last, we mixed and ground freeze-dried
PAAm hydrogel, OCS, and ZIF-8 nanoparticles loaded
with Cal, Gem, and Taz to obtain a nanocomposite pow-
der, thereafter termed as CGT@POZ powder. Movie S1
shows that this powder can shortly form hydrogel in situ
once contacting water at 37 °C. After dropping antico-
agulated blood into CGT@POZ powder deposited in the
pentagram mold, a five-pointed bulk hydrogel was also
generated (Fig. 4f). Then, FTIR spectra of PAAm, OCS,
ZIF-8 nanoparticles, and CGT@POZ hydrogel were
compared. The disappearance of characteristic peaks at
1652 cm™! and 1730 cm™! in FTIR spectrum of CGT@
POZ hydrogel, which are related to the free amino group
in PAAm and the aldehyde group in OCS, respectively,
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Fig. 4 The preparation and characterization of CGT@POZ powder-derived hydrogel. a: The transmission electron microscopy image of ZIF-8 nanopar-
ticles. b: The drug-loading efficiency of ZIF-8 nanoparticles. The loading efficiencies of calcitriol, gemcitabine, and tazemetostat are as high as 20.6%,
27.76%, and 23.57%, respectively. d: Fourier transform infrared (FTIR) analysis of OCS. c: FTIR analysis of CGT@POZ hydrogel. e: The scanning electron
microscopy image of CGT@POZ hydrogel. f: Dropping anticoagulated blood into CGT@POZ powder deposited in the pentagram mold generates a
five-pointed bulk hydrogel. g: The element mapping analysis of CGT@POZ hydrogel. h: Confocal scanning analysis of calcitriol and gemcitabine in CGT@
POZ hydrogel. i: The strain amplitude sweep test of CGT@POZ hydrogel at an unchanged angular velocity (1 rad s™') and a temperature of 37 °C. j: The
continuous cyclic strain test of CGT@POZ hydrogel. k: Macroscopic self-healing test of CGT@POZ hydrogel. I: Lap shear tests of CGT@POZ hydrogel and
fibrin glue. m: Macroscopic tissue adhesion test of CGT@POZ hydrogel. Data of k shown as means+SD

is observed (Fig. 4d). This result indicates that the free = powder. By scanning electron microscopy, we observed
amino group in PAAm and the aldehyde group in OCS that CGT@POZ hydrogel exhibits a morphology of
react into the Schiff’s base bond, which can drive the homogeneously porous structure (Fig. 4e). The element
self-gelling of CGT@POZ powder. Besides, the reaction  mapping analysis shows that C, N, S, O, and Zn elements
between the amino groups in PAAm and the hydroxyl exist in the hydrogel and line around the micropores
groups in OCS is able to yield the hydrogen bond, which  (Fig. 4g), validating the composition and porous structure
also contributes to the self-gelation of CGT@POZ of CGT@POZ hydrogel. Moreover, Cal, Gem, and Taz in
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ZIF-8 nanoparticles are distributed evenly in the hydro-
gel (Fig. 4h & Figure S17).

The covalent Schiff’s base and hydrogen bonds can
endow the hydrogels with powerful self-mending ability,
by which the hydrogels can maintain structural integrity
to preserve their complex functions in vivo when con-
fronted with external mechanical stresses [5]. To explore
the self-healing potential of CGT@POZ hydrogel, the
strain amplitude sweep test was first implemented at a
fixed angular frequency (10 rad-s™!) at 37 °C. As shown
in Fig. 4i, the G’ and G” values of CGT@POZ hydrogel
keeps nearly unchanged until the strain attains=100%,
indicating the gel is capable of sustaining relatively large
elastic deformation. Nevertheless, when the strain is fur-
ther elevated, the G' and G” moduli gradually decline
and increase, respectively, being equal at =750% strain,
suggesting that the hydrogel may break into a solu-
tion state when the strain exceeds this value. Next, we
assessed the recoverability of CGT@POZ hydrogel by
continuous cyclic strain test (5% strain — 800% strain —
5% strain) at a steady angular frequency (10 rad-s™ ). Fig-
ure 4j shows that CGT@POZ hydrogel is transformed
into a solution state (G’ < G”) at an 800% strain over the
critical strain. As soon as the strain declines to 5%, the
G’ and G” values shortly recover to their original values
almost without any loss, which indicates that the solu-
tion state turns into the hydrogel state again. Thereaf-
ter, the macroscopic self-healing test was carried out to
further evaluate the self-healing performance of CGT@
POZ hydrogel. Figure 4k shows that the hydrogel cut into
four pieces self-heals into a single entity under 37 °C for
5 min without any stimulus. Totally, these data verify
that CGT@POZ hydrogel exhibits excellent self-healing
performance.

The wet tissue adhesion is also a requisite property for
biomaterials applied to surgical wound sites. The alde-
hyde groups in the gels are able to react with the amino
groups on wet tissues to generate the Schift’s base bond,
resultantly creating a secure interfacial linkage to pro-
mote the firm adherence of the hydrogel to wet tissues.
To evaluate the wet tissue adhesion capacity of CGT@
POZ hydrogel, the lap shear test was first performed.
Figure 41 & Figure S18a shows that the hydrogel has a
much stronger adhesive strength than fibrin glue. Then,
the burst pressure test was performed to further assess
the adhesion potency of CGT@POZ hydrogel. In brief,
CGT@POZ powder was first deposited onto the surface
of fresh porcine skin tissues via a 2 mm diameter cavity
in a chamber, where it formed hydrogel in situ (Figure
S$18b), and subsequently PBS was pumped into the cham-
ber, until the hydrogel failed to withstand the bursting
pressure. Similar to the result of the lap shear test, CGT@
POZ hydrogel has a much higher burst pressure that
fibrin glue (Figure S18c), indicating its great underlying
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ability to hamper the leakage of blood vessels. In addi-
tion, we dropped water to CGT@POZ powder depos-
ited onto the surface of fresh porcine liver to generate
the hydrogel in situ, and then the hydrogel was twisted,
bended and flushed the hydrogel using water to evalu-
ate its tissue adhesion ability. As shown in Fig. 4m, the
hydrogel is firmly adhered to the porcine liver regardless
of repeated twisting, bending, and flushing. These results
indicate that CGT@POZ hydrogel owns powerful wet
tissue adhesion capacity.

Biocompatibility, biodegradability, and drug release of
CGT@POZ hydrogel
To assess the biocompatibility of CGT@POZ hydrogel
in vitro, the hemolysis experiment was first conducted.
As presented in Figure S19, the solution turned red in
the Triton group, but it was nearly clear in the hydrogel
and PBS groups. The hemolysis ratios in the hydrogel
group and PBS group were significantly lower than 5%,
which has been proposed as the threshold of acceptable
hemocompatibility in vitro. Then, we cultured THLE-2
cells in 24-well plate coated with or without CGT@POZ
hydrogel, which were subsequently subjected to live/dead
staining assay. Figure 5a-b shows that CGT@POZ hydro-
gel only caused subtle toxicity to THLE-2 cells with over
85% of cells viable after 24 h and 48 h incubation. These
results indicate that the gel has favorable biocompat-
ibility in vitro. To assess the biocompatibility in vivo, we
performed liver resection on a total of 10 mice and then
categorized those mice into 2 groups randomly: group 1
for applying CGT@POZ powder to liver resection mar-
gin and group 2 for no treatments. At the indicated time
points after treatment, blood samples were gathered from
mice for biochemical examination and hemogram analy-
sis. The results showed that this powder did not markedly
affect alanine aminotransferase (ALT), aspartate amino-
transferase (AST), alkaline phosphatase (ALP), and blood
urea nitrogen (BUN) at the indicated time points, indi-
cating no obvious harm to renal and hepatic functions
(Fig. 5¢). Either, CGT@POZ powder had no significant
influence on red blood cell (RBC) count, white blood cell
(WBC) count, plateletcrit (PCT), and red cell distribu-
tion width (RDW) (Fig. 5d). In addition, we also collected
liver, kidney, heart, spleen, and lung tissue samples from
mice and subjected them to histopathological analysis.
As displayed in Fig. 5, CGT@POZ powder caused no
significant tissue damage to any organ. Moreover, we did
not observe obvious increase of cytokine storm-asso-
ciated cytokines including IL-6, IL-17 A, and IL-5 after
CGT@POZ powder treatment (Figure S20) [37]. In gen-
eral, these data clarify that CGT@POZ powder own sat-
isfactory biocompatibility.

To evaluate the biodegradability of CGT@POZ hydro-
gel in vitro, we first immersed it in PBS (pH=7.4) at
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Fig. 5 The biocompatibility of CGT@POZ powder. a-b: Live/dead staining of THLE-2 cells in coculture with CGT@POZ powder-formed hydrogel versus
untreated cells. ¢: Serum concentrations of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), and blood urea
nitrogen (BUN) in rats of control and CGT@POZ powder treatment groups. d: The levels of red blood cell (RBC) count, white blood cell (WBC) count,
plateletcrit (PCT), and red cell distribution width (RDW) in mice of control and CGT@POZ powder treatment groups. e: HE staining of tissue sections of
liver, kidney, heart, spleen, and lung collected from control mice and CGT@POZ powder-treated mice. f: The biodegradation behavior of CGT@POZ pow-
der-formed hydrogel in vitro. n=3. g: The general observation of CGT@POZ powder-derived hydrogel after being subcutaneously inserted into dorsal
region of mice. h-j: Accumulative release curves of Cy5.5-labeled Cal, Gem and Taz from CGT@POZ powder-derived hydrogel in vitro. k-m: Fluorescence
VIS imaging of Cy5.5-labelled Cal, Gem, or Taz in CGT@POZ powder-derived hydrogel subcutaneously implanted into the back of mice. n=3 mice/group.

Data shown as means+SD

37 °C and weighed its residual bulk at the selected time
points. It was found that that there was a gradual decline
in the weights of CGT@POZ hydrogel (Fig. 5f). Then, we
implanted CGT@POZ hydrogel into mice subcutane-
ously and made the general observation on the remained
hydrogel on day 1, day 7, day 14, and day 21. Figure 5g
showed that the hydrogel bulk gradually shrank with
a subtle residual on day 21. These results confirm that
CGT@POZ hydrogel has a proper biodegradability. To
investigate the drug release behavior of CGT@POZ
hydrogel, we first labeled Cal, Gem, or Taz with Cy5.5
and then loaded them to ZIF-8 nanoparticles, which were
mixed and ground with freeze-dried PAAm hydrogel and
OCS to produce CGT@POZ powder. Next, we prepared
CGT@POZ hydrogel by adding PBS into this powder and
immersed them in pH 7.4 PBS. Subsequently, the super-
natants at the predetermined intervals were collected
for measuring the released drug concentration using
the UV-Vis-NIR absorbance spectrum. As illustrated in
Fig. 5h-j, the hydrogel allows a sustained drug release

in vitro. After immersion for 24 days, the cumulative
release rates of the hydrogel for Cal, Gem, or Taz were
92. 5%, 86%, and 92.7%, respectively. To evaluate the drug
release in vivo, we implanted the hydrogel loading Cy5.5-
labeled drugs into mice subcutaneously and monitored
the residual drugs dynamically using the biolumines-
cence imaging system. Figure 5k-m shows that the fluo-
rescence signals of Cy5.5 gradually fades and are nearly
undetectable on 21 day. To further assess the controlled
release of Cal, Gem, and Taz specifically within liver, we
first applied Cy5.5-labelled CGT@POZ powder to liver
resection margin of HCC-bearing mice. Next, the liver
tissues were harvested from mice on 1 day, 7 day, 14 day
and 21 day after treatment for preparing the frozen slices.
Then, the signal from Cy5.5-labelled drugs in those fro-
zen slices were analyzed using confocal laser scanning
microscope (Leica). As presented in Figure S21, CGT@
POZ powder allowed for a gradual release of Cal, Gem,
and Taz specifically within liver, but not in other organs
including heart, spleen, lung, and kidney. In general,
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these results indicate that CGT@POZ hydrogel can yield
a sustained liver-localized drug release after its applica-
tion to liver resection bed.

Hemostasis effect of CGT@POZ powder

The massive hemorrhage can cause a series of severe
complications, which delays the postoperative recovery
and impairs the life quality of patients. Moreover, blood
loss may increase the risk of postoperative cancer recur-
rence and metastasis through fostering cancer cells to
disseminate into the circulatory system [38]. Liver is an
organ with rich blood supply, so liver surgery is usually
accompanied with a high risk of massive hemorrhage.
In clinical practice, parts of HCC patients suffer liver
cirrhosis with impaired coagulation function, which
further elevates the inclination of surgical bleeding. To
date, enormous efforts have been paid to arrest and pre-
vent excessive blood loss during liver surgery, but it still
remains a critical concern in individual patients, par-
ticularly those undergoing major hepatectomy. Growing
studies have shown that the hydrogels can be engineered
to possess hemostasis performance, in addition to drug
delivery. As demonstrated above, CGT@POZ hydrogel
has strong wet tissue adhesion ability, which may help
to effective hemostasis through forming physical barri-
ers to seal bleeding sites. The aggregation of red blood
cells at bleeding sites also represents an essential event
supporting hemostasis. Interestingly, CGT@POZ pow-
der immersed in whole blood can significantly aggregate
red blood cells versus fibrin glue (Figure S22). Therefore,
we further cut the tail or the femoral artery, and punc-
tured the heart of rats to establish acute bleeding models,
and evaluated the hemostatic effect of CGT@POZ pow-
der in these models. As expected, we observed that the
application of CGT@POZ powder to wound sites could
cease bleeding around 5 s without rebleeding after 3 min
(Fig. 6a-c & Movie S2-4). Then, we further evaluated the
capability of CGT@POZ powder to resist massive hem-
orrhage by creating the wounds with 2 cm of length and
1 cm of depth in the spleen and liver of porcine, respec-
tively (Fig. 6d). As presented in Fig. 6e-f & Movie S5-8,
depositing 200 mg of CGT@POZ powder to the bleeding
sites of spleen and liver generates a complete hemostasis
3 min after treatment, whereas the deposition of 500 mg
of commercial chitosan powder fails to stop bleeding,
suggesting that CGT@POZ powder may also be used to
arrest hemorrhage in liver surgery. Currently, minimally
invasive surgery is preferentially selected to implement
hepatectomy for HCC, unless absolute contraindica-
tions exist. Accordingly, we further assessed the utility
of CGT@POZ powder in minimally invasive surgery
using a rabbit model. Figure S23 shows that CGT@POZ
powder can be smoothly spread to the injured sites of
liver via laparoscopic approach. Altogether, CGT@POZ
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powder can be used to stop bleeding during liver surgery
in the context of open operation and minimally invasive
surgery.

Liver-localized CGT@POZ powder treatment reinvigorates
NK cell antitumor immunity to prevent HCC recurrence

To explore whether CGT@POZ powder treatment can
effectively prevent HCC recurrence, we first prepared
POZ powder without drugs (POZ), POZ powder loaded
with Cal (C@POZ), POZ powder loaded with Gem (G@
POZ), POZ powder loaded with Taz (T@POZ), POZ
powder loaded with Cal and Gem (CG@POZ), POZ pow-
der loaded with Gem, and Taz (GT@POZ), POZ powder
loaded with Cal and Taz (CT@POZ), and POZ powder
loaded with Cal, Gem, and Taz (CGT@POZ). Thereafter,
we established orthotopic Hepal-6 tumor-bearing mod-
els in a total of 60 Balb/c mice, performed liver resection
on these mice, and then randomized them into 10 groups
(Fig. 7a): group 1 for applying chitosan powder to liver
resection margin (G1, Control), group 2 for applying POZ
powder (G2, POZ), group 3 for applying C@POZ powder
(G3, C@POZ), group 4 for applying G@POZ powder (G4,
G@POZ), group 5 for applying T@POZ powder (G5, T@
POZ), group 6 for applying CG@POZ powder (G6, CG@
POZ), group 7 for applying GT@POZ powder (G7, GT@
POZ), group 8 for applying CT@POZ powder (G8, CT@
POZ), group 9 for intravenous injection of Cal, Gem,
and Taz (G9, CGT-iv), and group 10 for applying CGT@
POZ powder (G10, CGT@POZ). The tumor recurrence
in each group was dynamically monitored through using
a fluorescence imaging system. As displayed in Fig. 7b-d,
POZ, C@POZ, and CGT-iv treatments had no significant
effects on the incidence of tumor recurrence compared
to control group, while other treatments could not only
reduce tumor recurrence incidence, but also delay the
growth of recurrent tumor. Particularly, CG@POZ pow-
der treatment performed best in this regard among all
the treatments. It should be emphasized that CGT-iv
treatment exerted no significant on HCC recurrence,
which may result from the low dosage and poor bioavail-
ability of Cal, Gem, and Taz. The remarkable advantage
of CGT@POZ treatment over CGT-iv treatment in pre-
venting HCC recurrence strongly supports that our
newly developed drug delivery platform possesses great
potential of clinical translation. Apart from effective con-
trol on HCC recurrence, the survival prognosis of mice
was also largely improved by CGT@POZ treatment
(Fig. 7e). The body weight of mice in all groups dropped
at day 10 significantly, which may be mainly attributed to
the removal of tumor mass, blood loss, and the evapora-
tion of peritoneal fluid (Fig. 7f). The continuous decline
of body weight in control and POZ groups was observed,
which may result from surgical stress and tumor-related
cachexia. Remarkably, no significant drop of body weight
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Fig. 6 Hemostasis performance of CGT@POZ powder in rat and porcine models. a-c: The schematics and images of inducing acute bleeding and ceas-
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massive bleeding and stopping bleeding through applying different hemostatic materials in porcine spleen and liver. e-f: Images of live porcine spleen
(e) and liver (f) before and after applying distinct hemostatic materials. n=3

was observed in POZ group compared to control group, effectively prevent HCC recurrence postresection with-
further supporting that our designed powder has good out systemic toxicity.

biocompatibility. Therefore, these findings demonstrated To determine whether NK cell antitumor immunity is
that liver-localized treatment by CGT@POZ powder can  implicated in CGT@POZ powder-mediated inhibition
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Fig. 7 Surgical margin-localized application of CGT@POZ powder prevents HCC recurrence postresection. a: Schematic diagram of CGT@POZ powder
treatment for preventing postoperative tumor recurrence in Hepa1-6 cell-HCC murine models. b. Imaging of recurrent HCC using the bioluminescence
technique. c. The rates of HCC recurrence in mice treated with distinct modalities. d: Survival prognosis of mice in different treatment groups. e: Average
tumor regrowth kinetics in mice in different treatment groups. f: Dynamic weights of mice in different groups. n=6. Data shown as means+SD. P values

of d and f were calculated using a One-way repeated measures ANOVA test. P values of e was performed by the Kaplan-Meier analysis
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on HCC recurrence, we first created orthotopic Hepal-6
tumor-bearing models in 60 Balb/c mice and performed
partial liver resection on these mice to remove primary
tumors. These mice were then randomized into 10
groups as described above. 7 days after treatment, the
recurrent tumors from mice in each group were collected
for the flow cytometry analysis of percentages of MDSCs,
NK cells, GZMB* NK cells and TNF-y* NK cells (Fig. 8a).
MDSCs are essential immunosuppressive cells in the
TME of HCC, which can not only directly inhibit NK
cell cytotoxicity, but also induce NK cell dysfunction by
boosting the expansion and recruitment of other immu-
nosuppressive cells [8]. In addition, evidence reveals that
hepatectomy-induced stress is able to expand MDSCs
largely in HCC patients [9]. Moreover, NK cell infusion
itself can drive MDSC recruitment into HCC [10]. Thus,
these evidences indicate that MDSCs may occupy a dom-
inant position in immunosuppressive immune cell-medi-
tated NK cell dysfunction in the context of hepatectomy.
As we demonstrated above, Cal and Gem synergistically
reduced the infiltration of MDSCs in orthotopic murine
HCC (Fig. 31). Expectedly, it was observed that C@POZ
and G@POZ powder treatment could decrease the per-
centage of MDSCs in recurrent HCC compared to con-
trol treatment and POZ treatment (Fig. 8b). Moreover,
CG@POZ powder and CGT@POZ powder performed
much better in this regard than C@POZ and G@POZ
powder (Fig. 8b-c). Although unselective EZH2 inhibition
can exert significant antitumor immunity in a multiple
of cancers including HCC, it directs myeloid differen-
tiation from primitive hematopoietic progenitor cells to
increase the percentage of tumor-infiltrating MDSCs,
resultantly limiting therapeutic efficacy, implying the
rationale of combining EZH2 inhibitor and strategies
targeting MDSCs for treating cancers [39]. Consistently,
our data showed that there was a higher percentage of
MDSCs in recurrent HCC of T@POZ group than con-
trol group. Of note, the percentages of tumor-infiltrating
MDSCs in CG@POZ and CGT@POZ powder groups
have no significant differences, indicating that Cal and
Gem can effectively offset Taz-induced myeloid differen-
tiation from primitive hematopoietic progenitor cells. In
addition to TME-mediated suppression on NK cell func-
tion, insufficiency of NK cell homing to tumor sites also
severely limits ANKCT efficacy in cancer [40—42]. Nota-
bly, our data mentioned above proves that Taz and Gem
can synergistically promote HCC cells to express and
release NK cell chemokine CXCL10, thereby boosting
NK cell homing to HCC (Figure S8 & Fig. 3n). Consis-
tently, T@POZ and G@POZ powder treatment signifi-
cantly increased NK cell percentage in recurrent HCC
versus control treatment and POZ treatment (Fig. 8d-e).
Moreover, GT@POZ powder treatment was much supe-
rior to T@POZ and G@POZ powder treatment in driving
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NK cell homing to HCC. Interestingly, CGT@POZ pow-
der treatment also had a stronger ability to increase NK
cell percentage in HCC than GT@POZ powder treat-
ment. Evidence reveals that Cal can induce DNA damage
in tumor cells, and perhaps could activate cGAS-STING
pathway to upregulate NK cell chemokine CXCL10 [43,
44], which may partly explain the advantage of CGT@
POZ powder treatment in increasing NK cell percent-
age in HCC over GT@POZ powder treatment. Moreover,
we found that the percentage of GZMB* and TNF-y* NK
cells in CGT@POZ group was highest among all groups
(Fig. 8f-i). Altogether, these results suggest that CGT@
POZ powder treatment can enhance NK cell antitumor
immunity through relieving TME-mediated inhibition on
NK cell function and boosting NK cell homing to HCC,
which at least partly accounts for its effect in preventing
HCC recurrence postresection.

Liver-localized CGT@POZ powder treatment improves
adoptive NK cell therapy efficacy in HCC

To explore whether CGT@POZ powder treatment sen-
sitizes ANKCT to thwart postsurgical HCC recurrence,
we first used Hepal-6 cells to establish orthotopic HCC
recurrence models in 30 Balb/c mice as described above
(Fig. 9a). Then, these mice were randomly divided into 3
groups: group 1 for no additional treatments (Control),
group 2 for allogenic NK cell infusion (NK), and group 3
for applying CGT@POZ powder to surgical margin fol-
lowed by allogenic NK cell infusion (CGT@POZ-NK).
The tumor recurrence in was dynamically tracked using
a fluorescence imaging system. Figure 9b-d shows that
NK cell infusion delayed recurrent HCC growth and
extended survival time to an extent, but failed to lower
the incidence of HCC recurrence postresection. Of note,
NK cell infusion combined with CGT@POZ powder
not only inhibited recurrent HCC growth, but also sig-
nificantly reduced postoperative tumor incidence. These
results demonstrate that liver-localized CGT@POZ pow-
der treatment can sensitize ANKCT to combat postsurgi-
cal HCC recurrence.

The modification of NK cells with chimeric antigen
receptors (CAR) also represents a bright strategy to
improve ANCT efficacy. To date, CAR-modified NK
(CAR-NK) cells have been observed to yield encour-
aging benefits in many preclinical and clinical studies
of solid tumors [45]. NK-92 cell line, established from
a 50-year-old male patient struggled with progressive
non-Hodgkin’s lymphoma, has been widely used as a
cancer therapeutic cell. NK-92 cells have been modified
to express CARs against multiple tumor targets, such as
EGEFR, Her2, and EpCAM. These CAR-NK-92 cells dis-
play more selective and robust ability to kill tumor cells
than unmodified NK-92 cells. Similar to infused unmodi-
fied NK cells, CAR-NK cell antitumor function is also
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Fig. 8 Surgical margin-localized treatment of CGT@POZ powder improves NK cell antitumor immunity in recurrent HCC foci. a: Schematic diagram of
flow cytometric analysis of immune cells infiltrated in recurrent HCC foci. After seven days of surgery, the recurrent tumors were gathered and subjected
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challenged with immunosuppressive microenvironment
of solid tumors, which appeals for CAR-NK cell-based
combination therapy. Therefore, we further determined
whether CGT@POZ powder treatment improves
EpCAM-CAR-NK-92 cell therapy efficacy in HCC. To
achieve this, we first constructed a second-generation
CAR, which consists of an EpCAM-specific scFv linked
to CD8 hinge and transmembrane domains, followed by
the intracellular signaling domains of 4-1BB and CD3( in
sequence (Fig. 9e). This construct was then inserted into
a lentiviral vector system containing sequences encoding
green fluorescent protein (GFP). Then, NK-92 cell lines
were transduced with EpCAM-specific CAR and empty
lentiviral vector to generate EpCAM-CAR-NK-92 and
Ctrl-NK-92 cells, respectively. As presented in Fig. 9f-g,
the percentages of GFP-positive cells in both CAR- and
empty vector-transduced NK-92 cells were around 80%,
and EpCAM-CAR was expressed in CAR-transduced
NK-92 cells, but not in Ctrl-NK-92 cells. Next, we per-
formed Calcein AM cytotoxicity and LDH release assays
to compare EpCAM-CAR-NK-92 and Ctrl-NK-92 cell-
mediated cytotoxicity to EpCAMMe" Huh-7 cells. Figure
S24 shows that EpCAM-CAR-NK-92 cells exhibit more
robust killing to EpCAM"&" Huh-7 cells at E: T ratios of
5:1 and 10: 1 than Ctrl-NK-92 cells. Then, we established
orthotopic patient-derived xenograft (PDX) HCC model
in a total of 20 immune-humanized NOD scid gamma
(NSG) mice (Figure S25). These mice were randomized
into 4 groups: group 1 for no treatments (Control), group
2 for unmodified NK-92 cell therapy (NK), group 3 for
EpCAM-CAR-NK-92 cell therapy (CAR-NK), and group
4 for applying CGT@POZ powder to tumor surface area
and EpCAM-CAR-NK-92 cell therapy (CGT@POZ-
CAR-NK). 3 weeks after treatment, the tumor volumes
in all groups were examined through micro-computed
tomography scanning. As displayed in Fig. 9h & Figure
S26, the tumor volumes in NK, CAR-NK, and CGT@
POZ-CAR-NK groups were smaller than those in con-
trol group and decreased progressively. Altogether, these
results demonstrate that liver-localized CGT@POZ pow-
der treatment can also improve EpCAM-CAR-NK cell
therapy efficacy in HCC.

Conclusion

In summary, a hemostatic nanocomposite self-gelling
powder is synthesized by mixing and grinding freeze-
dried PAAm hydrogel, OCS, and ZIF-8 nanoparticles
loaded with Cal, Gem, and Taz, which can allow for a
sustained liver-localized drug delivery to mitigate TME-
mediated immunosuppression and drive NK cell homing
to tumor sites, consequently enhancing ANKCT against
HCC recurrence post-resection. Several limitations exist
in our study, which should be seriously considered. First,
ZIF-8 nanoparticles are a sub-family of metal-organic
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frameworks characterized with a three-dimensional
framework in which Zn?* coordinates with 2-methyl-
imidazole, and they have great potential as a platform
delivering proteins, nucleic acids, and small-molecule
drugs [46]. Therefore, our newly developed powder may
also serve as a good deliver platform of other anti-HCC
drugs, such as Doxorubicin [47], Norcantharidin [48],
Bevacizumab, and Oxaliplatin [49]. This issue should be
further explored in future study, which may help to the
clinical generalizability of our powder in the context of
individualized anti-cancer treatment. Second, we have
clarified the rationale of combining Cal, Gem, and Taz
to enhance ANKCT against HCC recurrence, but we
did not determine what is the optimum concentration
of each drug in terms of therapeutic effect, which may
also limit the clinical translation of our findings. Last but
not least, our work does not provide strategies of scal-
ing CGT@POZ production. There are several challenges
in scaling CGT@POZ production. First, variations in
polymer synthesis, reagent quality, and reaction condi-
tions may affect the properties of CGT@POZ, such as
molecular weight, functionality, and therapeutic efficacy.
Therefore, it is of much essence to establish robust qual-
ity control system to ensure reproducibility, stability, and
purity of scaling production. Second, transitioning from
laboratory-scale to industrial-scale production requires
optimization of synthetic pathways, purification meth-
ods, and solvent usage, which often refers to significant
re-engineering for ensuring cost efficiency and scal-
ability without compromising quality. Third, variability
in raw material sources can introduce batch-to-batch
inconsistencies of mass production, so a consistent and
high-quality supply of raw materials should be ensued. In
addition, the raw materials, labor, facility upgrades, and
compliance costs can make large-scale CGT@POZ pow-
der production economically challenging.
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