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Abstract: Despite the promise of immune checkpoint blockade (ICB) for cancer treatment,
challenges associated with this therapy still exist, including low response rates and severe side effects
in patients. Here, we report a hydrogel-mediated combination therapy for enhanced ICB therapy.
Specifically, cold atmospheric plasma (CAP), an ionized gas consisting of therapeutically effective
reactive oxygen species (ROS) and reactive nitrogen species (RNS), can effectively induce cancer
immunogenic cell death, releasing tumor-associated antigens in situ and initiating anti-tumor immune
responses, which, therefore, can synergistically augment the efficacy of immune checkpoint inhibitors.
To minimize the systemic toxicity of immune checkpoint inhibitors and improve the tissue penetration
of CAP, an injectable Pluronic hydrogel was employed as a delivery method. Our results show that
major long-lived ROS and RNS in CAP can be effectively persevered in Pluronic hydrogel and remain
efficacious in inducing cancer immunogenic cell death after intratumoral injection. Our findings
suggest that local hydrogel-mediated combination of CAP and ICB treatment can evoke both strong
innate and adaptive, local and systemic anti-tumor immune responses, thereby inhibiting both tumor

growth and potential metastatic spread.
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INTRODUCTION

Immune checkpoint blockade (ICB) therapy is a promising cancer immunotherapy that has greatly
transformed the landscape of human cancer therapeutics [1]. ICB uses immune checkpoint inhibitors
to block negative immune regulators so that anti-tumor immune systems are reactivated for enhanced
cancer treatment [2-5]. Although ICB has been approved for specific-featured cancers, the limitations
associated with ICB treatment still exist [6-9]. The low objective response rate in cancer patients is a
critical issue, since only a small number respond to ICB treatment [10]. Systemic toxicities can also
occur with intravenous administration, causing an unbiased immune attack on normal organs and
tissues [11-13]. Combination therapy and targeted/local delivery have been suggested to overcome
these limitations [14]. Combination of ICB with chemotherapy or radiotherapy has been explored in
the clinic or clinical studies [15, 16]. However, these combined therapies currently show variable
efficacy and often impose increased toxicities, since they either require administration of additional
toxic substances (e.g., chemotherapeutics or radioactive drugs) or can damage surrounding healthy
tissues (e.g., radiothearpy) [17-21]. Phototherapies, such as photodynamic and photothermal
therapies, have also been investigated to be combined with ICB [22, 23]. However, these therapies
also require photosensitizers or photothermal drugs, in addition to the limitations of light tissue
penetration and/or hypoxic tumor microenvironment [24, 25]. Hence, there is an urgent need to
develop effective and safe combined therapies and delivery approaches for ICB, with a goal to

improve the impact of current and future immunotherapies.

Cold atmospheric plasma (CAP) is an emerging technology that simply utilizes ionized gas containing
a mixture of therapeutically effective reactive oxygen species (ROS), reactive nitrogen species (RNS),
and other radicals for disease treatment [26-28]. No other substances except ionized gases are
employed in CAP therapy. Among all components in CAP, ROS and RNS are believed to play an
important role in inducing selective cancer cell death [29-33]. More importantly, our recent studies
suggested that CAP can effectively cause cancer immunogenic cell death (ICD) and activate T-cell
mediated anti-tumor immunity [28, 34, 35]. Thus, we hypothesize that CAP could be a safe and
effective alternative to be combined with ICB therapy for enhancing treatment efficacy. However,
poor skin/tissue penetration of CAP (< Imm) limits the applications of CAP therapy to superficial
diseases, such as melanoma [36, 37]. Hence, an effective system to deliver CAP to tumor in deep

tissues is required.

Injectable hydrogel-mediated local drug delivery has been widely employed to facilitate the delivery
and retention of a variety of drugs in targeted tumor tissues, thus minimizing systemic side toxicities

[38-42]. We hypothesized that injectable hydrogels can be exploited to deliver both CAP and ICB



drugs. Many long-lived ROS and RNS in CAP (including hydrogen peroxide, nitrite, and nitrate) can
be preserved in injectable hydrogels, offering an indirect CAP treatment approach [26, 43]. In the
meantime, ICB drugs delivered by injectable hydrogels can be effectively retained and sustainably

released in tumor tissues, therefore reducing the side effects of ICB.

In this article, we report an injectable therapeutic hydrogel for the delivery of both ICB drugs and
CAP for enhanced cancer immunotherapy (Fig. 1). Pluronic F127 hydrogels, formed by polyethylene
oxide (PEO)-polyphenylene oxide (PPO)-PEO triblock copolymer, was employed to preserve
ROS/RNS in CAP due to their excellent biocompatibility, thermal-sensitivity, and injectability [44].
Anti-programmed death 1 antibody (aPD-1) was chosen as a model ICB drug. Injectable Pluronic
F127 preserved with CAP and loaded with aPD-1 (denoted as aPD-1@CAP-gels) can be directly
injected into tumor tissue through syringes and gelled at body temperature. ROS/RNS released from
aPD-1@CAP-gels efficiently induce cancer ICD and release tumor-associated antigen (TAA)
components in situ. Upon phagocytosis of TAAs, antigen-presenting cells, such as dendritic cells
(DC), processed and presented TAAs to T cell receptors for T cell priming. In the meantime, aPD-
1@CAP-gels treatment also promoted the polarization of M2-like tumor-associated macrophages to
the M1-like phenotype, further enhancing antigen presentation to T cells. T cell-mediated immune
responses were then activated to attack tumor cells. aPD-1 released from aPD-1@CAP-gels further
enhanced T cell efficacy by blocking the programmed cell death protein 1 (PD-1)/ programmed cell
death 1 ligand 1 (PD-L1) pathway, a negative immune regulator between T cells and tumor cells.
These immunological changes induced by aPD-1@CAP-gels also facilitate the reprogramming of
other immune cell profiling in the tumor microenvironment (TME), including downregulation of

immunosuppressive cells, such as regulatory T cells and myeloid-derived suppressor cells.

MATERIALS AND METHODS

Materials, cells and animals

Pluronic F127 was purchased from Sigma-Aldrich. aPD-1 was obtained from BioLegend (Cat no.
135235). The murine 4T1 cells and NIH/3T3 were obtained from Peter Siegel’s Lab at McGill
University. The murine B16F10 cells were obtained from Ian Watson’s Lab at McGill University. 4T1
cells were cultured in Dulbecco's modified Eagle medium (DMEM) (Gibco) with 10% fetal bovine
serum (FBS) (Gibco), 1% penicillin/streptomycin (Gibco), 2% sodium bicarbonate (Gibco), 1% 1M
N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) (Gibco), 1% sodium pyruvate
(Gibco). B16F10 cells and NIH/3T3 cells were cultured in DMEM with 10% FBS and 1%
penicillin/streptomycin (Gibco). BALB/c mice (6-7 weeks) and C57BL/6 mice (6-7 weeks) were

purchased from Charles River Laboratories. All animal-related experiments were carried out



following the animal protocol approved by McGill University.

Preparation and characterization of Pluronic hydrogels

Pluronic F127 was dissolved in DI water to prepare hydrogels with a concentration of 20 wt%. The
structure of lyophilized Pluronic hydrogels was observed using SEM (SU-3500, Hitachi, Japan). The
appearance of 20 wt% Pluronic hydrogels (loaded with Rhodamine B, a red dye for visualization) at

room temperature and 37°C were examined.

CAP device configuration and OES

The CAP device was designed and assembled in Chen’s lab. It consists of a two-electrode assembly
with a powered needle electrode and a grounded outer ring electrode, which were connected to a high
voltage transformer. Helium was used as the feeding gas. The operating conditions are described in
the main text. A fiber-coupled optical spectrometer (USB2000+, Ocean Optics) was used to detect
ROS and RNS generated in CAP. The optical probe was positioned 10 mm away from the center of
the CAP jet, and data were collected with an integration time of 10000 ms.

Preservation and stability of CAP in Pluronic hydrogels

To treat DI water with CAP, 1 mL DI water in 24-well plates was placed 1 cm below the CAP device
to ensure full contact of CAP jet with the fluid. The CAP-treated water was used to dissolve Pluronic
F127 (20 wt%) to obtain CAP-preserved Pluronic hydrogels (termed as CAP-gel). The CAP-treated
DI water and CAP-gels with different CAP-pretreatment times (1-10 min) were stored at 4°C. The
levels of ROS and RNS in CAP-treated water and CAP-gels were detected using the hydrogen

peroxide assay kit (Abcam) and nitrite assay kit (Invitrogen), respectively.

In vitro release of payloads from hydrogels

The CAP-treated water containing albumin, as the substitute of aPD-1, was utilized to prepare
albumin-loaded CAP-gels (termed as albumin@CAP-gel). 0.5 mL of albumin@CAP-gels were
incubated with 1 mL PBS (pH 7.4, the releasing medium) at 37°C and 100 rpm shaking. 100 pL of
releasing media was collected for detection and substituted with the same amount of new releasing
media. The released ROS and RNS were detected using the hydrogen peroxide assay kit and nitrite
assay kit, respectively. The released albumin was detected by the bicinchoninic acid (BCA) protein

assay (Thermo Scientific).

Intracellular ROS and RNS levels
Tumor cells (including 4T1 cells and B16F 10 cells) and NIH/3T3 cells were seeded in 24-well plates



and cultured for 24 h. Then, the cells were incubated with CAP-treated culture media of different
treating time (1-4 min) for 1 h, and stained with 2'7'-dichlorodihydrofluorescein diacetate
(H.DCFDA) (a fluorescent probe for testing intracellular ROS) or 4-amino-5-methylamino-2',7'-
difluorofluorescein diacetate (DAF-FMDA, a fluorescent probe for testing intracellular RNS) for
another 1 h. Finally, the cells were analyzed using flow cytometry (LSRFortessa, BD).

In vitro cytotoxicity

DCs were isolated from the bone marrow of mice and were differentiated by culturing in Roswell
Park Memorial Institute (RPMI) 1640 media with 10% FBS, 1% penicillin/streptomycin, 20 ng/mL
granulocyte-macrophage colony-stimulating factor (GM-CSF), 10 ng/mL IL-4, 50 uM 2-
mercaptoethanol, and 2 mM L-glutamine for 7 days [67]. Macrophages were isolated from the bone
marrow of mice and were differentiated in RPMI 1640 media with 10% FBS, 1%
penicillin/streptomycin, 40 ng/mL macrophage colony-stimulating factor (M-CSF), 20 ng/mL IL-4,
50 uM 2-mercaptoethanol, and 2 mM L-glutamine for 7 days [68]. Tumor cells, NIH/3T3 cells, bone-
marrow-derived DCs, and bone-marrow-derived macrophages were seeded in 96-well plates for 24 h
before being treated with CAP-treated culture media of varying treating times (1-4 min) for 24 h. The
viabilities of tumor cells and NIH/3T3 cells were tested by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (Invitrogen), and the viabilities of DCs and macrophages

were detected using lactate dehydrogenase (LDH) cytotoxicity assay (Invitrogen).

Immunogenic cell death

Tumor cells were seeded in 24-well plates for 24 h and then incubated with CAP-treated culture media
of varying treating times (1-4 min) for 4 h. The treated cells were stained with calreticulin primary
antibody (Invitrogen, Cat no. PA3-900) and the corresponding fluorescent secondary antibody
(Invitrogen, Alexa Fluor 555-labeled, Cat no. A21428). The expression of CRT was measured using
flow cytometry. The ATP concentrations in the lysed tumor cells and released in the culture media
were measured by the ATP determination kit (Invitrogen). Tumor cells seeded on the glass slides were
stained with HMGBI1 primary antibody (Invitrogen, Cat no. PA5-27378) and the corresponding
secondary antibody (Invitrogen, fluorescein-labeled, Cat no. F2765). The fluorescent images were
captured using LSCM (Observer. Z1, Zeiss). The fluorescent intensities of HMGB1 were quantified

using Imagel software.

In vitro DC maturation
Tumor cells were seeded in the transwells (upper chamber), and incubated with CAP-treated culture

media of varying treating times (1-4 min) for 24 h. DCs were seeded in the 24-well plates (lower



chamber) and cocultured with the treated cells in the transwells for another 24 h. DCs were then
collected and stained with CD80 (BioLegend, Pacific Blue-labeled, Cat no. 104724) and CD86
antibodies (BioLegend, phycoerythrin (PE)-labeled, Cat no. 105008), and analyzed by flow cytometry.

In vitro macrophages polarization

Tumor cells were seeded in the transwells (upper chamber) and incubated with CAP-treated culture
media of different treating time (1-4 min) for 24 h. Macrophages were seeded in the 24-well plates
(lower chamber) and cultured with the treated cells in the transwells for another 24 h. The
macrophages were collected and stained with CD80 (Invitrogen, PE-labeled, Cat no.12-0801-85) and
CD206 antibodies (BioLegend, Brilliant Violet 421-labeled, Cat no.141717), and analyzed by flow
cytometry.

In vivo biodistribution

To establish a breast cancer model, 4T1 cells were inoculated under the second left nipple of female
BALB/c mice (1x10° cells/mouse). When the tumor volumes reached 50-100 mm?, 100 pL of
allophycocyanin (APC)-Cy7-labeled aPD-1 (BioLegend, Cat no. 135223) solution or in Pluronic
F127 hydrogels were intratumorally injected. The in vivo imaging system (IVIS) spectrum
(PerkinElmer) was used to capture the fluorescent images. Images of mice was taken at 4, 8, 12, 24,
36, and 48 h after the injection. Tumors, livers, spleens, kidneys, lungs, and hearts were extracted 48

h after injection, and imaged using IVIS.

Anti-tumor effect in orthotopic models

The 4T1 TNBC mouse model was established as described above. To establish the melanoma models,
B16F10 cells (1x10° cells/mouse) were inoculated into the right flanks of C57BL/6 mice. When the
tumor volumes reached 50-100 mm?, mice were randomly divided into 5 groups. 100 pL of saline,
Pluronic F127 hydrogels (termed as blank gel), CAP-gel, aPD-1@gel, or aPD-1@CAP-gel, was
intratumorally injected. The dose of aPD-1 was 6 mg/kg, and six injections per mouse were given
every three days. Tumor volumes, survival rates, and body weights of the mice were recorded. The
mice were euthanized when the tumor size exceeded ~1.5 cm® or when they reached to the clinical
endpoints. After euthanasia, the livers, spleens, kidneys, lungs, and hearts were collected for paraftin

sections and H&E staining.

Anti-tumor effect in distant models
To establish the distant 4T1 TNBC mouse models, 4T1 cells were inoculated under both the second
left and right nipples of female BALB/c mice (1x10° cells/site) [69]. When the tumor volumes



reached 50-100 mm?, mice were randomly divided into 2 groups. 100 pL of saline or aPD-1@CAP-
gel was injected into the left-side tumors (designated as the “primary tumors”). The right-side tumors
remained untreated (designated as the “distant tumors”). The dose of aPD-1 was 6 mg/kg, and six
injections per mouse were given every three days. The tumor volumes and body weights of mice were
recorded. All the mice were euthanized when the combined size of both tumors exceeded ~1.5 cm?.

The tumors were then extracted and weighed.

Immunological analyses

Orthotopic or distant 4T1 mouse models were established, and mice were treated as described above.
Five days after the first injection, tumors were collected, cut into small pieces, digested by collagenase
IV (2 mg/mL) containing deoxyribonuclease (DNase) I (0.2 mg/mL) at 37°C for 30 min, and ground
on the cell strainers to collect cells from the tumors. In the case of distant tumor models, the cells in
the blood were also isolated after lysis of red blood cells. The cells from blood and tumors were
incubated with antibodies for various cell analysies using flow cytometry. The applied antibodies

were listed below.

ICD: calreticulin primary antibody (Invitrogen, Cat no. PA3-900) and the corresponding fluorescent
secondary antibody (Invitrogen, Alexa Fluor 555-labeled, Cat no. A21428); All immune cells: CD45
(BioLegend, fluorescein isothiocyanate (FITC)-labeled, Cat no. 103108); DC maturation: CD11c
(BioLegend, APC-labeled, Cat no. 117310), CD80 (BioLegend, Pacific Blue-labeled, Cat no.
104724), CD86 (BioLegend, PE-labeled, Cat no. 105008); T cells activation and infiltration: CD3
(BioLegend, Pacific Blue-labeled, Cat no.100214), CD4 (BioLegend, APC-labeled, Cat n0.100412),
CDS8 (BioLegend, PE-labeled, Cat no. 140408); M2 macrophages: F4/80 (BioLegend, APC-labeled,
Cat no. 123116), CD11b (BioLegend, PE-labeled, Cat no. 101208), CD206 (BioLegend, Brilliant
Violet 421-labeled, Cat no. 141717); M1 macrophages: F4/80 (BioLegend, APC-labeled, Cat no.
123116), CD11b (BioLegend, PE-labeled, Cat no. 101208), CD80 (BioLegend, Pacific Blue-labeled,
Cat no. 104724); Treg: CD3 (BioLegend, Pacific Blue-labeled, Cat no. 100214), CD4 (BioLegend,
APC-labeled, Cat no.100412), Foxp3 (BioLegend, PE-labeled, Cat no.126404); MDSC: CDI11b
(BioLegend, PE-labeled, Cat no. 101208), Gr-1 (BioLegend, APC-labeled, Cat no. 108412).

The levels of cytokines were also analyzed. 0.3 g of tumor tissues were cut into small pieces and
homogenized. The tissue homogenate was lysed and centrifugated at 12000 g for 10 minto obtain the
supernatant. Similarly, serum from the blood in mice for distant tumor models were also collected.
The supernatant and serum were used to detect the levels of IFN-y, TNF-a, IL-6, IL-10, and IL-12
using ELISA kits: IFN-y (BioLegend, Cat no. 430801), TNF-a (BioLegend, Cat no. 430901), IL-6



(BioLegend, Cat no. 431301), IL-10 (BioLegend, Cat no. 431411), and IL-12 (BioLegend, Cat no.
433604).

Statistical analysis

All results were presented as mean values + standard error of the mean . Tukey post-hoc tests and
one-way ANOVA were used for multiple comparisons. Student’s t-test was used for two-group
comparisons. Survival rate was determined using the logrank test. All statistical analyses were carried

out with Prism software package. The threshold for statistical significance was P<0.05.

RESULTS

Preparation and Characterizations of aPD-1@CAP-gels

Fig. 2A shows the CAP jet device for CAP generation. Generally, the CAP jet device contains two
electrodes, including a needle electrode and a grounded outer ring electrode. The high voltage (~ 6
kV) between two electrodes ionizes the feeding gas (helium used in this study; 8.5 L/min of gas flow
rate) to generate the CAP jet [45]. Optical emission spectroscopy (OES) indicated the generation of
ROS and RNS in CAP jet (Fig. 2B).

Injectable Pluronic F127 hydrogels were used for the preservation and delivery of ROS and RNS.
Pluronic gels are a reversible thermosensitive hydrogel with tunable gelling temperatures depending
on polymer concentrations. Pluronic F127 polymer solution (20% wt. polymer used in this study) was
liquid below ~22 °C and can quickly solidify into a gel at body temperature (~37 °C) (Fig. 2C),
offering good injectability and ease of use. To prepare CAP-preserved Pluronic F127 gels (denoted
as CAP-gels), deionized (DI) water was firstly treated with CAP jet for various durations, and CAP-
treated water was then used to prepare Pluronic gels, forming CAP-gels. ROS and RNS were clearly
detected in the CAP-treated DI water and CAP-gels, and longer CAP-treating time corresponded to
higher ROS and RNS concentrations (Figs. 2D and S1), demonstrating that Pluronic hydrogels were
able to effectively preserve CAP. Furthermore, ROS and RNS in CAP-treated DI water and CAP-gels
remained stable for at least 16 days at 4 °C (Fig. S1), indicating good stability of ROS and RNS in
CAP-treated water and CAP-gels for potential off-shelf uses. The morphology of CAP-gels was
examined by scanning electron microscopy (SEM; Figs. 2E and S2). CAP treatment did not alter the
macro-structure of Pluronic F127 gels. aPD-1 antibodies were then simply added to the CAP-gels to
obtain aPD-1@CAP-gels. The encapsulated ROS, RNS, and antibodies were gradually released from
gels (Figs. 2F-H), indicating that Pluronic hydrogels can serve as a local drug reservoir to sustainedly

release the payloads, as reported in publications [46-48].



Cell killing effect and immune response induced by CAP-gels in vitro

4T1 TNBC cells were treated with CAP-gels with different CAP-pretreatment times (1-4 min). CAP-
gel treatment can increase the levels of ROS and RNS in 4T1 cells, and longer CAP-pretreatment
time led to higher ROS/RNS in cells (Figs. 3A and 3B). A similar observation was found in B16F10
melanoma cells (Figs. S3A and S3B). The excessive accumulation of ROS and RNS can cause tumor
cell deaths [49-51]. Consequently, CAP-gel treatment clearly induced 4T1 and B16F10 tumor cell
deaths, and longer CAP-pretreatment caused significantly lower cell viability (Figs. 3C and S3C).
However, CAP treatment with the same treatment settings also elevated intracellular ROS and RNS
levels in normal cells (e.g., NIH/3T3 fibroblast cells, Fig. S4), but induced no obvious toxicity toward
these normal cells, including NIH/3T3 fibroblast cells (Fig. S5A), bone-marrow-derived dendritic
cells (Fig. 3D), and bone-marrow-derived macrophages (Fig. S5B), demonstrating the selective
killing effect of CAP on tumor cells. A possible explanation is that the oxidative stress level in tumor
cells is higher in normal cells due to their abnormal metabolic activities, and therefore it is easier to
reach the lethal threshold in tumor cells, exhibiting the weaker resistibility of tumor cells to
exogenous oxidative elevation by CAP [52-54]. The selective killing effect on tumor cells of CAP
suggested the safety of CAP treatment in cancer therapy.

More importantly, CAP-gel treatment can induce cancer ICD, a type of cell death that can trigger
anti-tumor immune responses. The increase of several ICD markers were observed in 4T1 cells after
CAP-gel treatment, calreticulin exposure on the cell surface (Fig. 3E), the release of ATP (Fig. 3F),
and the secretion of extranuclear high mobility group box 1 (HMGB1) (Figs. 3G, 3H and S6). Similar
observations were detected in B16F10 cells after CAP treatment (Figs. S3D-G). ICD features eliciting
the immune responses by the releasing of TAAs [55-57] and activating DCs. DCs can process TAAs
during their migration to lymph nodes for antigen presentation to T cells, during which DCs mature.
To verify this, bone-marrow-derived DCs were co-cultured with CAP-gel-treated 4T1 and B16F10
tumor cells. CAP-gel treatment on tumor cells clearly increased the percentages of matured DCs
(CD80"CD86"; Figs. 31, 3J, STA and S7B). More excitingly, it was found that CAP-gel treatment
can also polarize tumor-associated macrophages (TAMs) from the M2 phenotype to the Ml
phenotype. M2-like TAMs are immunosuppressive but dominant in tumor microenvironment [58-60],
while the M 1-like TAMs express major histocompatibility complex class I and class II molecules that
play critical roles in antigen presentation [61-63]. After the coculturing of bone-marrow-derived
macrophages with CAP-treated tumor cells (4T1 cells or B16F10 cells), the percentage of MI
macrophages increased significantly while the percentage of M2 macrophages decreased (Figs. 3K-
N, S7C-F). The ratio of M2 to M1 macrophages also significantly decreased (Figs. 30 and S7G).

These results indicated the macrophage polarization induced by CAP treatment on tumor cells, further



augmenting anti-tumor immune responses.

aPD-1@CAP-gels for inhibition of tumor growth

Biodistribution of aPD-1@CAP-gels was first evaluated. APC/Cyanine 7-tagged aPD-1 loaded CAP-
gels were intratumorally injected into mice bearing orthotropic 4T1 TNBC tumors. As shown in Fig.
4A, the gels were able to retain aPD-1 antibodies for more than 2 days, while free aPD-1 (aPD-1 in
saline) rapidly diffused out from the tumor. This was further confirmed by ex vivo images (Fig. 4B),

demonstrating that hydrogels can effectively localize the payloads within tumor tissue.

The antitumor efficacy of aPD-1@CAP-gels was then assessed. In the same orthotopic 4T1 TNBC
mouse model, mice were treated intratumorally with saline (as a control), blank gels (gel without
CAP-pretreatment or aPD-1), CAP-gels, aPD-1@gels, or aPD-1@CAP-gels (Fig. 4C). Our
preliminary data suggested that direct CAP jet treatment on the skin above the 4T1 tumor did not
have an obvious anti-tumor effect (Fig. S8) due to the poor skin/tissue penetration of CAP, thus we
did not include direct CAP treatment the following studies. Mice treated with CAP-gels or aPD-1-
gels exhibited some tumor inhibition as compared to control mice. Mice receiving aPD-1@CAP-gels
exhibited the best control of tumor growth, which translated into prolonged survival (Figs. 4D-F).
No loss of body weight was observed throughout the study (Fig. S9), and hematoxylin and eosin
(H&E)-stained sections of hearts, kidneys, livers, lungs, and spleens extracted from the treated mice
indicated no obvious toxicity towards major organs (Fig. 4G). Similar anti-tumor effects were also
observed in a melanoma mouse model, further supporting the advantages of aPD-1@CAP-gel

treatment over mono-treatment (Figs. 4H, 41 and S10).

Tumor tissues were collected for immunological analysis using flow cytometry. The calreticulin (CRT)
exposure on tumor cells was increased in both CAP-gels group and aPD-1@CAP-gels group (Fig.
5A), indicating that CAP-gel treatment can induce the ICD of tumor cells in vivo and promote DC
maturation and immune activation. The overall population of matured DCs (CD80"CD86" in CD11c¢";
Figs. 5B and 5G) and immune cells (CD45"; Figs. 5C and S11A) was significantly increased after
aPD-1@CAP-gels treatment. The aPD-1@CAP-gels group also had the lowest percentage of M2
TAMs (F4/80"CD206"; Figs. 51 and S11B) and the highest percentage of M1 TAMs (F4/80°CD80";
Figs. 5J and S11C), indicating a polarization of TAMs from an immune-suppressive M2 phenotype
to an immune-supportive M1 phenotype. Furthermore, tumor-infiltrating lymphocytes (TIL; CD3™;
Fig. SD) were increased in the aPD-1@CAP-treated group. The number of cytotoxic T lymphocytes
(CD3"CD8"; Figs. 5F and 5H) and helper T lymphocytes (CD3"CD4"; Figs. SE and 5H) in the aPD-
1@CAP-gels group were both significantly higher than other groups. aPD-1@CAP-gel treatment also
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led to a decreased percentage of regulatory T cells (Treg; CD3"CD4 Foxp3™; Figs. 5K-M and S11D),

which are immuno-suppressive T cells in TME. Additionally, the number of immunosuppressive

MDSCs (CD11b"Gr-1"; Figs. 5N and S11E) was surprisingly lower in the aPD-1@CAP-gels group.

MDSC:s are a heterogeneous group of immature myeloid cells that hinder cytotoxic and helper T cells

as well as promote invasion, angiogenesis, and metastasis of tumors [64]. The intratumoral levels of
cytokines, including interferon gamma (IFN-y), tumor necrosis factor alpha (TNF-a), interleukin

(IL)-6, IL-12, and IL-10 were detected by enzyme-linked immunosorbent assay (ELISA). The highest

contents of pro-inflammatory cytokines, including IFN-y (Fig. 50), TNF-a (Fig. SP), IL-6 (Fig. 5Q),

and IL-12 (Fig. SR) were detected in the aPD-1@CAP-gels group, while the lowest level of IL-10,

an anti-inflammatory cytokine (Fig. 5S), was also detected in this group. These results revealed that

aPD-1@CAP-gel treatment can effectively activate innate and adaptive antitumor immunity by

increasing the levels of anti-tumor immune-supportive cells (e.g., mature DCs, T lymphocytes, and

M1 TAMs) and decreasing the levels of immunosuppressive cells (e.g., M2 TAMs, Tregs, and MDSCs)
in the TME.

aPD-1@CAP-gels for treating distant tumors

With confirmation that aPD-1@CAP-gel can activate local innate and adaptive anti-tumor immunity,
we investigate whether local gel treatment could also elicit systemic anti-tumor immune responses to
combat distant or metastatic tumors. As a simple experimental distant tumor model, mice were
inoculated with two separate 4T1 tumors [65, 66]. The left-side 4T1 tumors received local aPD-
1@CAP-gels treatment, while the right-side tumors remained untreated (Fig. 6A). Inspiringly, the
growth of both tumors was inhibited in the mice treated with aPD-1@CAP-gels (Figs. 6B, 6C and
S12). These results verified that local aPD-1@CAP-gel can effectively elicit systemic anti-tumor
immune responses. To futher validate this, immunological analysis of treated primary tumors,
untreated distant tumors, and blood samples was performed. The CRT exposure on tumor cells was
higher in aPD-1@CAP-gel-treated primary tumors, while that in distant tumors remained unchanged
(Fig. S13A. The percentages of all immune cells in primary and distant tumors in the aPD-1@CAP-
gel group were significantly increased (Fig. 6D and S13E). In both primary and distant tumors, the
percentages of anti-tumor immuno-supportive cells, including matured DCs (Figs. S13B and S13F),
TIL (Fig. 6E), CD4" T cells (Figs. 6F and S13G), CD8" T cells (Figs. 6G and S13H), and M1 TAMs
(Figs. 61 and S13J), were elevated in the aPD-1@CAP-gel-treated group, while the number of
immune-suppressive cells, including M2 TAMs (Figs. 6H and S131), Tregs (Figs. 6J, S13C, S13D,
and S13K), and MDSCs (Figs. 6K and S13L), was significantly declined. While the exact mechanism
of the activation of systemic anti-tumor immunity by aPD-1@CAP-gel treatment remains to be

discovered, the possible hypothesis is that activation of local anti-tumor immunity by aPD-1@CAP-
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gel could induce cross-presentation of TAAs, facilitating activation of immune cells and their
systemic circulation and infiltration. This hypothesis is partially supported by the observation of
higher percentages of TIL (Fig. 6Q), including CD4" T cells (Figs. 6R and S14A) and CD8" T cells
(Figs. 6S and S14A), in the blood of the aPD-1@CAP-gels group. Additionally, the higher levels of
secreted cytokines in tumors and serum, including IFN-y (Figs. 6. and S14B), TNF-a (Figs. 6M and
S14C), IL-6 (Figs. 6N and S14D) and IL-12 (Figs. 60 and S14E), and the decreased secreted IL-10
(Figs. 6P and S14F), were observed.

DISCUSSION

In this article, an injectable aPD-1@CAP-gels were developed for the delivery of CAP and immune
checkpoint inhibitors to improve cancer immunotherapy. The gels preserve ROS and RNS, major
components in CAP, which can induce ICD of tumor cells and enhance tumor antigen presentation
and T cell-mediated anti-tumor immune activation. Meanwhile, the released immune checkpoint
inhibitors further augment the anti-tumor immune responses, supporting a synergistic action of CAP
and ICB. This simple local treatment strategy can also successfully activate systemic innate and
adaptive anti-tumor immunity to combat distant and metastatic diseases, rendering its immense
clinical impact as many distant/metastatic tumors can be undetectable, inoperable, or inaccessible due

to their number, size, and location.

All these results suggest the potential clinical translation of this approach, but there are still some
limitations and directions for future research that should be considered. First, our current studies have
demonstrated that the aPD-1@CAP-gels treatment can improve anti-tumor effect and immune
activation in TNBC and melanoma models, and this approach is designed to be highly amenable for
treating other solid tumors since intratumoral administration is a feasible option in most organs.
However, the applications of this injectable hydrogel system to other types of solid tumors in deeper
tissues and organs (e.g., liver, colon, and lung) needs futher investigations. Second, the efficacy of
this approach should be futher assessed in more advanced preclinical animal models, such as patient-
derived xenograft (PDX) humanized mouse models that recapitulates human immune systems or
larger animal models. Optmization of treatment parameters, including CAP-pretreatment duration,
dosage, and frequency should be carefully evaluated. Third, the impact of chemical compositions of
hydrogels on the preservation of CAP and therapeutic outcomes is also worth futher investigations,
since the physico-chemical properties of hydrogels can influence the stability and activity of ROS
and RNS.

In summary, we have developed a simple and effective immunotherapeutic hydrogel for enhancing

12



ICB therapy. This work may provide a new solution to address the unmet needs and clinical
challenges associated with ICB, and has the potential to improve the impact of current and future

immunotherapies, which warrants further clinical validation.
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Figure 1. Injectable aPD-1@CAP-gels for enhanced immune checkpoint blockade. (A)
Preapration of injectable aPD-1@CAP-gel. (B) Illustration of injectable aPD-1@CAP-gel-mediated
cancer immunotherapy. (1) The prepared aPD-1/Pluronic solution was intratumorally injected and
gelled in the tumor tissue; (2) ROS/RNS and aPD-1 were released from the aPD-1@CAP-gels; (3)
ROS/RNS induced ICD, releasing TAAs, which were phagocytosed by DCs and maturated DCs; (4)
CAP-gel treatment also promoted polarization of M2 phenotype macrophages to M1 phenotype
macrophages; (5) TAAs were presented by DCs and M1 phenotype macrophages to T lymphocytes
for T cell priming and activation; (6) T lymphocytes infiltrated the tumor tissue; (7) aPD-1 inhibited
the PD1 and PDL1 recognition between T lymphocytes and tumor cells, further enhancing T cells’
activities; (8) Immunosuppressive cells, including Tregs and MDSCs were down-regulated; (9)
Activated T cells boosted systemic anti-tumor responses and attacked the distant tumor cells. AC:
alternating current; CAP: cold atmospheric plasma; PD-1: programmed death 1 antibody; PD-L1:
programmed cell death 1 ligand 1; ROS: reactive oxygen species; RNS: reactive nitrogen species;
TAAs: tumor-associated antigens; MDSC: myeloid-derived suppressor cells; IFN-y: interferon

gamma; TNF-a: tumor necrosis factor alpha; IL: interleukin.
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Figure 3. Effects of CAP-gels on cancer cells and induced immune responses in vitro. Intracellular
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Figure 4. In vivo antitumoral effect of aPD-1@CAP-gel treatment on orthotopic tumor models.
(A) Biodistribution of aPD-1 in TNBC-bearing mice after receiving aPD-1 solution or aPD-1@CAP-
gels. (B) Fluorescence of aPD-1 in the extracted TNBC tumor and organs 48 h after injections. tu.,
tumor; li., liver; sp., spleen; ki., kidney; he., heart; lu., lung. (C) Experiment schedule for anti-tumor
studies. (D) Individual and (E) average tumor growth kinetics in different groups in the TNBC mouse
model (n=10); In (E): growth curves were stopped when the first mouse reached to the endpoints. (F)
Survival of TNBC-bearing mice. (G) H&E-stained sections of hearts, kidneys, livers, lungs, and
spleens from TNBC-bearing mice after treatment. Scale bar, 500 pum. (H) Average tumor growth
kinetics in different groups in the B16F10 melanoma mouse model. Growth curves were stopped
when the first mouse reached to the endpoints (n=7-9). (I) Survival of melanoma-bearing mice.
*p<0.05, ***p<(0.005. Data are presented as mean =+ standard error of the mean. Statistical
significance was calculated via one-way ANOVA with a Tukey post hoc test for multiple comparisons.

Survival rate was determined using the logrank test.

23



250

Calreticulin intensity (a.u.) >
@
°

20

% CD45" in tumor tissues

CD 86

% F4/80*CD11b*CD206"
in tumor tissues
)

Control

% CD80*CD86" in CD11c" cells

Blank gel

Lo

CAP-gel

% F4/80"CD11b"CD80
in tumor tissues
o =5
ap
*

% CD3"CD4"*Foxp3*
in tumor tissues

Figure 5. Immunological analyses in orthotopic TNBC mice after aPD-1@CAP-gel treatment.
(A) Intensity of CRT exposure on cells. Percentages of (B) matured DC (CD80'CD86" in CD11c"),
(C) all immune cells (CD45%), (D) TIL (CD3"), (E) CD4" T cells (CD3"CD4"), (F) CD8" T cells
(CD3*"CD8") in tumors. The gating of (G) matured DCs (CD80"CD86" in CD11c¢") and (H) CD4"
(CD4" in CD3") and CD8" (CD8" in CD3") T cells. Percentages of (I) M2 macrophages
(F4/80"CD206"), (J) M1 macrophages (F4/80°CD80"), (K) Treg cells (CD3°CD4 'Foxp3") in tumors.
Ratios of (L) CD4" T cells to Treg cells and (M) CD8" T cells to Treg cells. (N) Percentages of
MDSCs (CD11b"Gr-17) in tumors. Levels of (Q) IFN-y, (P) TNF-a, (Q) IL-6, (R) IL-12, and (S) IL-
10 in 50 mg tumor tissues. *p<0.05, **p<0.01, ***p<0.005. n=4. Data are presented as mean =+

standard error of the mean. Statistical significance was calculated via one-way ANOVA with a Tukey

TNF-¢ in tumor tissues (pg)

post hoc test for multiple comparisons. a.u., arbitrary unit.
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Figure 6. Local treatment of aPD-1@CAP-gels for systemic antitumor immune response. (A)
Treatment schedule in an experimental distant TNBC mouse model. Tumors on the left side were
designated as ‘primary tumors’ and treated with aPD-1@CAP-gel treatment, while tumor on the right
side were designated as ‘distant tumors’ and remained untreated. (B) Individual and (C) average
tumor growth kinetics of both primary and distant tumors. (n=10 in control group and n=8 in aPD-
1@CAP-gel group). Growth curves were stopped when the first mouse reached to the endpoints.
Percentages of (D) all immune cells (CD45"), (E) TILs (CD3"), (F) CD4" T cells (CD3'CD4"), (G)
CD8" T cells (CD3'CD8"), (H) M2 macrophages (F4/80°CD206), (I) M1 macrophages
(F4/80"CD80™), (J) Treg cells (CD3"CD4 Foxp3™), (K) MDSCs (CD11b"Gr-17) in tumors. Levels of
(L) IFN-y, (M) TNF-a, (N) IL-6, (O) IL-12, and (P) IL-10 in 50 mg tumor tissues. Percentages of
(Q) CD3'Tcells, (R) CD4" T cells (CD3"CD4"), and (S) CD8" T cells (CD3"CD8") in blood. *p<0.05,
*#p<0.01, ***p<0.005. n=4. Data are presented as mean =+ standard error of the mean. Statistical
significance was calculated via one-way ANOVA with a Tukey post hoc test for multiple comparisons,

via Student’s t-test for two-group comparisons. a.u., arbitrary unit.
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Figure S1. CAP preservation efficiency and stability of (A) ROS and (B) RNS in CAP-treated DI water, (C)

ROS and (D) RNS in 20 wt% Pluronic hydrogels. Dotted lines at Day 16.



Figure S2. SEM of Pluronic hydrogels.
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Figure S3. In vitro efficacy of CAP treatment in Killing B16F10 cells. Intracellular (A) ROS and (B) RNS
levels in B16F10 cells. (C) Cytotoxicity of CAP treatment to B16F10 cells. (D) Intensity of surface-exposed
CRT, (E) relative ATP content, (F) relative HMGBI intensity and (G) LSCM images of HMGBI in B16F10
cells. Scale bar, 50 pm. *p<0.05, **p<0.01, ***p<0.005. n=3 (n=5 in (C)). Data are presented as mean =+
standard error of the mean. Statistical significance was calculated via one-way ANOVA with a Tukey post hoc

test for multiple comparisons. a.u., arbitrary unit.
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Figure S4. Intracellular (A) ROS and (B) RNS levels in NIH/3T3 cells after CAP pretreatment. *p<0.05,
**p<0.01. n=3. Data are presented as mean + standard error of the mean. Statistical significance was calculated

via one-way ANOVA with a Tukey post hoc test for multiple comparisons. a.u., arbitrary unit.
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Figure S5. Cytotoxicity of CAP treatment to (A) NIH/3T3 cells and (B) macrophages. n=5 in (A) and n=3 in
(B). Data are presented as mean + standard error of the mean. Statistical significance was calculated via one-

way ANOVA with a Tukey post hoc test for multiple comparisons.
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Figure S7. In vitro DC maturation and macrophages polarization induced by CAP-treated B16F10 cells.
(A) The gating and (B) percentages of matured DCs (CD80"CD86"). (C) The gating and (D) percentages of
immune-suppressive M2 phenotype macrophages (CD206). (E) The gating and (F) percentages of immune-
supportive M1 phenotype macrophages (CD80"). (G) The ratio of M2 to M1 phenotype macrophages. *p<0.05.
n=3. Data are presented as mean + standard error of the mean. Statistical significance was calculated via one-

way ANOVA with a Tukey post hoc test for multiple comparisons.
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Figure S8. In vivo antitumor efficacy of direct CAP treatment on TNBC. Mice bearing 4T1 TNBC tumor

received direct CAP treatment on the skin above tumors. Data are presented as mean + SD (n=7).
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Figure S9. Average body weights in all groups, and body weight of each mouse bearing orthotopic TNBC

during treatment. Data are presented as mean + standard error of the mean.
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Figure S10. In vivo antitumoral effect of treatments on orthotopic melanoma model. (A) Experiment

schedule. (B) Individual tumor growth curve. (C) Average body weights in all groups, and body weight of each

mouse. n=7-9. Data are presented as mean + standard error of the mean.
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Figure S11. The gating of immunological analyses of cells from orthotopic TNBC. (A) All immune cells
(CD45%); (B) M2 macrophages (F4/80"CD206" in F4/80"); (C) M1 macrophages (F4/80"CD80" in F4/80");
(D) Treg cells (CD4"Foxp3" in CD3"CD4"); (E) MDSC (CD11b*Gr-17).
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Figure S12. In vivo antitumoral effect of treatments on distant TNBC model. (A) Weights of extracted
tumors after injections. (B) Average body weights in all groups. (C) Body weight of each mouse with distant
TNBC models in the therapeutic period. ***p<0.005. n=10 in control group and n=8 in aPD-1@CAP-gel
group. Data are presented as mean + standard error of the mean. Statistical significance was calculated via

Student’s t-test for two-group comparisons.
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Figure S13. Immunological analyses of cells from primary and distant TNBC. (A) Intensity of calreticulin
exposure on cells. (B) Percentages matured DC (CD80"CD86" in CD11c") in tumors. Ratios of (C) CD4" T
cells to Treg and (D) CD8" T cells to Treg. The gating of (E) All immune cells (CD45"); (F) Matured DC
(CD80'CD86" in CDllc"); (G) CD4" T cells (CD3'CD4"); (H) CD8" T cells (CD3'CDS8"); (I) M2
macrophages (F4/80°CD206" in F4/80%); (J) M1 macrophages (F4/80°CD80" in F4/80"); (K) Treg cells
(CD4'Foxp3" in CD3*CD4"); (L) MDSC (CDI11b*Gr-1%). *p<0.05, **p<0.01, ***p<0.005. n=4. Data are
presented as mean =+ standard error of the mean. Statistical significance was calculated via Student’s t-test for

two-group comparisons. a.u., arbitrary unit.
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Figure S14. Immunological analyses of T cells and cytokines in blood of mice with distant TNBC models.
(A) The gating of CD4" T cells (CD3"CD4") and CD8" T cells (CD3*CD8") in blood. Levels of (B) IFN-y, (C)
TNF-o, (D) IL-6, (E) IL-12, and (F) IL-10 in blood serum. *p<0.05, **p<0.01. n=4. Data are presented as
mean + standard error of the mean. Statistical significance was calculated via Student’s t-test for two-group

comparisons.
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